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Objective: Glycogen synthase kinase-3β (GSK3β) has been implicated in the 
maintenance of synaptic plasticity, memory process, and psychostimulant-induced 
behavioral effects. Hyperactive GSK3β in the Cornu Ammonis 1 (CA1) subregion of 
the dorsal hippocampus (DHP) was associated with adolescent methamphetamine 
(METH) exposure-induced behavioral and cognitive deficits in adulthood. This study 
aimed to evaluate the possible therapeutic effects of GSK3β inhibition in adulthood 
on adolescent METH exposure-induced long-term neurobiological deficits.

Methods: Adolescent male mice were treated with METH from postnatal day (PND) 
45–51. In adulthood, three intervention protocols (acute lithium chloride systemic 
administration, chronic lithium chloride systemic administration, and chronic 
SB216763 administration within CA1) were used for GSK3β activity inhibition. The 
effect of GSK3β intervention on cognition, behavior, and GSK3β activity and synaptic 
ultrastructure in the DHP CA1 subregion were detected in adulthood.

Results: In adulthood, all three interventions reduced adolescent METH exposure-
induced hyperactivity (PND97), while only chronic systemic and chronic within 
CA1 administration ameliorated the induced impairments in spatial (PND99), 
social (PND101) and object (PND103) recognition memory. In addition, although 
three interventions reversed the aberrant GSK3β activity in the DHP CA1 subregion 
(PND104), only chronic systemic and chronic within CA1 administration rescued 
adolescent METH exposure-induced synaptic ultrastructure changes in the DHP 
CA1 subregion (PND104) in adulthood.

Conclusion: Rescuing synaptic ultrastructural abnormalities in the dHIP CA1 
subregion by chronic administration of a GSK3β inhibitor may be  a suitable 
therapeutic strategy for the treatment of behavioral and cognitive deficits in 
adulthood associated with adolescent METH abuse.
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Introduction

Methamphetamine (METH) is a highly addictive psychoactive 
substance, and its abuse has become an important global public health 
concern (UNODC, 2019). Adolescence is a special period of 
susceptibility to drug abuse, and METH use is often initiated during 
this period (Ye et al., 2014). Although a large number of METH users 
are adults, the number of adolescent METH users has increased 
rapidly over the past decade (Nazari et al., 2020; Basedow et al., 2021). 
Adolescence is also a substantial period of brain development, making 
this an especially vulnerable period for neurotoxic damage (Luikinga 
et al., 2018). METH exposure in adolescence can cause long-lasting 
effects on the developing brain, resulting in a series of abnormalities 
in behavior, cognition, and brain structures in adulthood, even after 
prolonged periods of drug abstinence (Spear, 2016). Thus, studying 
how to improve adolescent METH exposure-induced long-term 
neurobiological deficits in adulthood is necessary.

One key reason why adolescent METH exposure induces long-
lasting impairments is that METH may disorganize the normal 
pattern of growth and maturation of the brain (Westbrook et  al., 
2020). The hippocampus is one of the important regions of the limbic 
system, undergoing significant restructuring and maturation in 
adolescence (Fuhrmann et  al., 2015; Lee and Kim, 2019). The 
hippocampus not only plays a crucial role in learning, memory, and 
locomotion but is also a target for psychostimulants (Tanimizu et al., 
2017; Shukla and Vincent, 2021). Adolescent METH exposure induces 
profound impairments in reference memory and spatial memory, 
decreases hippocampal plasticity, and leads to hippocampal cell 
damage in adulthood (Vorhees et al., 2005; North et al., 2013; García-
Cabrerizo et al., 2018). In addition, a previous study showed that adult 
mice with a history of METH administration in adolescence exhibited 
significant alterations in locomotor activity, novel spatial exploration, 
and social recognition memory, as well as abnormalities in excitatory 
synapse density and postsynaptic density (PSD) thickness in the 
Cornu Ammonis 1 (CA1) subregion of the dorsal hippocampus 
(DHP; Yan et al., 2019). These results highlight that the hippocampus 
is sensitive to adolescent METH exposure-induced long-term nerve 
damage in adulthood, indicating that recovery of hippocampal 
function may be a treatment strategy for behavioral and cognitive 
deficits in adulthood associated with adolescent METH abuse.

Glycogen synthase kinase-3β (GSK3β) is a multifunctional Ser/
Thr kinase that is highly expressed in the hippocampus, prefrontal 
cortex, and other brain regions (Demuro et al., 2021). As a regulator 
of several cellular processes, GSK3β has a central position in the 
control of emotion, locomotion, and memory (Chen et al., 2021; Jung 
et  al., 2021). An increasing number of studies have indicated an 
important role of GSK3β in the effects of psychostimulants (Barr and 
Unterwald, 2020). METH exposure prominently modulates GSK3β 
activity, whereas inhibition of GSK3β activity can ameliorate METH 
exposure-induced hyperactivity, locomotor sensitization, and 
neurotoxicity (Xu et  al., 2011; Wu et  al., 2015; Xing et  al., 2015). 
Moreover, adolescent METH exposure significantly enhanced GSK3β 
activity in both the medial prefrontal cortex (mPFC) and DHP by 
regulating the phosphorylation pattern of GSK3β, but after prolonged 
METH abstinence, in adulthood, the increased GSK3β activity 
remained only in the DHP instead of the mPFC (Yan et al., 2019). 
Thus, METH exposure during adolescence induced long-term 
dysregulation of GSK3β activity in DHP, which may be a key factor in 

that induced deficit in cognition and behavior in adulthood. 
Dysfunction of GSK3β is involved in the pathogenesis of several 
psychoneuroses; therefore, GSK3β has been considered a therapeutic 
target for Alzheimer’s disease and bipolar disorder (Bhat et al., 2018; 
Ochoa, 2022). However, it is unclear whether recovering GSK3β 
activity in the DHP in adulthood is beneficial to adolescent METH 
exposure-induced long-term deficits.

The activity of GSK3β depends on site-specific phosphorylation, 
phosphorylation of Tyr216 (Y216) on GSK3β activates GSK3β, while 
phosphorylation of Ser9 (S9) on GSK3β inhibits its activity. The role 
of Ser9 phosphorylation may be much bigger than the role of Tyr216 
phosphorylation in GSK3β activity regulation (Takahashi-Yanaga 
et  al., 2004), and Ser9 phosphorylation is the most frequently 
suggested mechanism regulating GSK3β activity (Beurel et al., 2015). 
Lithium (Li) is the first GSK3β inhibitor to be identified and widely 
used in prescription medicine for bipolar disorder treatment (King 
et al., 2014), and SB216763 has been widely used in GSK3β-related 
studies and has been found to improve memory impairment, 
stimulants-induced hyperactivity, behavioral sensitization, and 
synaptic transmission dysfunction (Xu et al., 2011; Zhao et al., 2016; 
Lin et al., 2018). Both agents can inhibit GSK3β activity by increasing 
Ser9 phosphorylation (Xu et al., 2011; Demuro et al., 2021). In the 
present study, we performed three GSK3β intervention protocols by 
using Li chloride (LiCl) and SB216763, and aimed to investigate the 
possible therapeutic effects of GSK3β activity inhibition in adulthood 
on adolescent METH exposure-induced long-term alterations in 
behavior, cognition, and hippocampal synaptic plasticity.

Materials and methods

Study design

To assess the therapeutic effects of GSK3β inhibition on cognition, 
behavior, and hippocampal ultrastructural deficits in adulthood 
associated with adolescent METH exposure, three intervention 
protocols were used, as schematically shown in Figure  1. In each 
protocol, mice received the same daily (o.d.) i.p. injection of METH 
(1 mg/kg) or saline (similar volume to METH) in late adolescence for 
7 days from PND 45 to 51 and participated in the same behavioral 
tests (Brust et al., 2015; Spear, 2015). In our previous study, we found 
adult mice with a history of METH administration in adolescence 
exhibited impairments in locomotor activity, novel spatial exploration 
behavior and social recognition memory, instead of working memory 
and anxiety-and depressive-like behaviors (Yan et al., 2019). According 
to this, in the present study, the behavioral tests were selected and 
performed in the following sequence: an open field test (OFT) for 
detecting locomotor activity (PND 97), a modified two-trial Y-maze 
test for detecting novel spatial exploration behavior (PND 99), a three-
chamber social behavior test for detecting sociability and social 
recognition memory (PND 101), and a novel object recognition 
(NOR) test for further detection of recognition memory (PND 103). 
Moreover, a standard two-trial Y-maze test was performed in a 
separate cohort to explain the results of the modified two-trial Y-maze 
test and to detect spatial recognition memory (PND 99). An overview 
of the timing of the behavioral tests is provided in Figure 1.

In the acute systemic intervention protocol (Li–acute) (Figure 1A), 
the mice were randomly divided into the following groups: 
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saline × vehicle–acute, saline × Li–acute, METH × vehicle–acute, and 
METH × Li–acute. In each group, LiCl (100 mg/kg, i.p.) or saline 
(similar volume to LiCl, i.p.) was injected 30 min before the behavioral 
tests and sacrifice.

In the chronic systemic intervention protocol (Li–chronic) 
(Figure 1B), mice were randomly divided into the following groups: 
saline × vehicle–chronic, saline × Li–chronic, METH × vehicle–chronic, 
and METH × Li–chronic. LiCl (100 mg/kg, i.p., o.d.) or saline (similar 
volume to LiCl, i.p., o.d.) injection was carried out at 18:00 on each day 
from PND 90 to PND 103.

The therapeutic potential of GSK3β is highly dependent on 
the brain region. Thus, in the chronic CA1 intervention protocol 
(SB–CA1) (Figure  1C), we  investigated the effect of GSK3β 
inhibition within the CA1 subregion of the DHP. Mice were 
randomly divided into the following groups: saline × vehicle–
CA1, saline × SB216763–CA1, METH × vehicle–CA1, and 
METH × SB216763–CA1. SB216763 (1 ng/side, CA1 infusion, 
o.d.) or vehicle (similar volume to SB216763, CA1 infusion, o.d.) 
injection was carried out at 18:00 on each day from PND 90 to 
PND 103.

A

B

C

D

FIGURE 1

Schematic diagram of GSK3β intervention protocols and experimental time courses. Acute systemic intervention (A), chronic systemic intervention (B), 
and chronic intervention within CA1 (C) were performed to detect the therapeutic effects of GSK3β inhibition on adolescent METH exposure-induced 
cognitive, behavioral, and hippocampal ultrastructural deficits in adulthood. To further explain the results of novel spatial exploration, spatial 
recognition memory was detected in a separate cohort of mice (D).
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Animals

All adolescent male C57BL/6 J mice were obtained at PND 35 and 
were housed in pathogen-free rooms in groups of four under 
controlled conditions (12-h light/dark cycle, 50 ± 5% humidity, and 
22 ± 3°C temperature control) with food and water ad libitum. All 
mice were acclimated to the environment for 7 days and handled daily 
for 4 days before the experiment. All animal procedures were approved 
by the Institutional Animal Care and Use Committee of Xi’an 
Jiaotong University.

Drug preparation and administration

Methamphetamine hydrochloride (The Third Research 
Institute of The Ministry of Public Security, Shanghai, China) and 
LiCl (Sigma, St. Louis, MO, United States) were dissolved in 0.9% 
saline to final concentrations of 0.1 and 10 mg/mL, respectively. 
SB216763 (Sigma, St. Louis, MO, United States) was dissolved in 
3% (vol/vol) DMSO, 3% (vol/vol) Tween 80, and distilled water 
(3:3:94) to a final concentration of 2 ng/μL. All drugs were freshly 
prepared before use and i.p. injected at a volume of 10 ml/kg or 
microinfused into CA1 at a volume of 0.5 μL/side.

For CA1 microinfusions, stereotaxic surgery was performed on 
PND 79–81 to prevent the effects of surgery on brain development. 
The mice were anesthetized with sodium pentobarbital (65 mg/kg, i.p.) 
and fixed in a stereotaxic frame. Stainless steel guide cannulae (27G, 
RWD Life Science, Shenzhen, China) were bilaterally implanted into 
the CA1 subregion of the DHP at the following stereotaxic coordinates: 
AP −2.00 mm, ML ± 1.50 mm, and DV −1.00 mm (Gyu et al., 2012). 
The guide cannulae were secured to the skull using dental cement, and 
dummy cannulae were inserted. The mice were allowed to recover for 
1 week after surgery. For intracranial injection, the mice were 
restrained carefully, and the dummy cannulae were replaced by 
internal cannulae (0.5 mm longer than the guide cannulae). SB216763 
or the vehicle was bilaterally infused into CA1 at a rate of 0.1 μL/min, 
and the internal cannula remained in the guide cannula for 5 min after 
the infusion to ensure the proper delivery of the reagents.

The drug doses used in the present study were chosen based on 
previous reports and can produce significant biological effects (Kamei 
et al., 2006; Xu et al., 2011; Gyu et al., 2012; Yan et al., 2019).

Behavioral tests

All behavioral tests were performed from 8:00 to 16:00 on each 
test day. Tests were recorded and analyzed using the Any-maze 5.2 
software (Stoelting Co., Wood Dale, IL, United States). An entry was 
defined as all four paws in one area. The apparatus was cleaned using 
50% ethanol for different trials and phases. The distal cues consisted 
of different geometric shapes (including rectangle, circle, triangle, 
pentagon, and irregular polygon), and were changed between different 
types of behavioral tests. In all behavioral tests, a white LED light with 
diffuser plate was suspended 2.5 meters above the center of the 
apparatus, and the illumination of the apparatus floor was 
approximately 50 Lux. Previous study reported this illumination may 
have neither anxiogenic stimulus nor anxiolytic stimulus (Neuwirth 
et al., 2022).

Open field test (locomotor activity)
Mice were individually placed in a plastic box (45 × 45 × 30 cm) 

and allowed to freely explore the arena for 60 min. The center area 
(30 × 30 cm) and four corner areas (7.5 × 7.5 cm) were marked using 
Any-maze 5.2 software. The distance moved, movement duration, and 
movement in the center and at the four corners were measured.

Modified two-trial Y-maze test (novel spatial 
exploration)

This test was performed as described in previous study (Yan et al., 
2019). We used a Y-maze in which the wall of one of the three arms 
was marked with a black-and-white stripe and defined as the novel 
arm. Each arm of the Y-maze was 30 cm in length, 6 cm in width, and 
15 cm in height. The apparatus was rotated by +60° between tests. 
First, the novel arm was blocked, and the mice were allowed to 
habituate to the Y-maze for 5 min. After 30 min of rest, the novel arm 
was opened, and the mice were allowed to freely explore all three arms 
for 5 min. The time spent in the novel arm (%) was defined as the time 
spent in the novel arm divided by the time spent in all three arms. 
Entries into the novel arm (%) were defined as the number of entries 
into the novel arm divided by the total number of entries into all three 
arms. The latency to the first entry and the longest single visit to the 
novel arm were also recorded.

Three-chamber social behavior test (sociability 
and social recognition memory)

The test apparatus was a three-chambered box with two lateral 
chambers (lateral, 35 × 20 × 30 cm; middle, 35 × 15 × 30 cm). Mice 
were first allowed to habituate to the apparatus for 5 min, followed 
by two successive phases (T1 and T2) to investigate their sociability 
and social recognition memory. In the T1 phase (sociability test), 
an unfamiliar C57BL/6J male mouse (stranger), which had no prior 
contact with the subject mouse, was placed into one of the two 
lateral chambers and enclosed in a circular acrylic cage that only 
allowed nose contact between the cage bars. Another empty cage of 
the same design was placed in the other lateral chamber. The subject 
mice were placed in the central chamber and allowed to freely 
explore the test apparatus for 10 min. The location of the stranger 
mouse in the left or right chamber was interchanged between the 
trials. In the T2 phase (social recognition memory test, a second 
10 min period), 30 min after the T1 phase, a second unfamiliar 
mouse (novel) was placed in the lateral chamber that had been 
empty in the T1 phase and enclosed in the circular acrylic cage. The 
subject mouse had a choice between the first, already investigated 
unfamiliar mouse (stranger (T1), familiar (T2)), and the novel 
unfamiliar mouse. The interaction was defined as the sniffing or 
direct contact when the subject animal oriented its nose or initiated 
physical contact within 2 cm of the stranger/novel mouse contained 
in the wired cage (Leung et al., 2018). Sociability was expressed 
using sociability scores that were defined as the difference between 
the interaction time with the stranger and empty chambers. Time 
in contact with the stranger (%) was defined as the interaction time 
with the stranger divided by the total interaction time; entries into 
the stranger chamber (%) were also recorded. Social recognition 
memory was expressed using social recognition scores that were 
defined as the difference between the interaction time with the 
novel and familiar mice. Time in contact with the novel (%) was 
defined as the interaction time with the novel animal divided by the 
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total interaction time; entries in the novel chamber (%) were 
also recorded.

Novel object recognition test (object recognition 
memory)

The test apparatus was a rectangular box (35 × 20 × 30 cm). This test 
consisted of three phases: habituation, training, and testing (Leger et al., 
2013). On day 1 (habituation phase, PND 102), the mice were habituated 
to the apparatus twice for 10 min each. On day 2 (PND 103), in the training 
phase, two identical objects were symmetrically fixed to the floor of the 
apparatus, 10 cm from the walls, and the mice were allowed to freely 
explore the apparatus for 10 min. In the testing phase, 30 min after the 
training phase, one of the objects used during the training phase was 
replaced with a novel object, and the mice were placed back in the 
apparatus for free exploration for 5 min. The objects used in this test were 
similar in size but different in color, shape, and texture and had a similar 
preference for mice. Object exploration was defined as sniffing or touching 
an object while looking at it at a distance of <2 cm. The object preference 
in training (%) was defined as the exploration time of one of the two 
identical objects divided by the total exploration time of all objects, and the 
novel preference in testing (%) was defined as the exploration time of the 
novel object divided by the total exploration time of both objects. The total 
exploration time in the training and testing phases was also recorded.

Standard two-trial Y-maze test (spatial 
recognition memory)

The standard two-trial Y-maze test was used to assess spatial 
recognition memory (Dellu et  al., 2000). This test was also 
conducted using a Y-maze, which had three identical arms, and 
one of the three arms was defined as the novel arm. The protocol 
and data recorded in this test were the same as those of the 
modified two-trial Y-maze test.

Molecular and histological analysis

Western blot
Mouse brains were rapidly mounted onto a cryostat, and coronal 

sections of the DHP CA1 subregion were obtained according to 
Paxino and Franklin’s Stereotaxic Atlas, 2nd edition (Franklin and 
Paxinos, 2001); they were then stored at −80°C until processing. 
Western blotting was conducted as previously described (Wang et al., 
2017). The dilutions of primary antibodies were as follows: 
phosphorylated pGSK3β-S9 (1:1000, Cell Signaling Technology, 
Beverly, MA, United States), total-GSK3β (t-GSK3β) (1:2000, Cell 
Signaling Technology), GAPDH (internal control, 1:2000, Pioneer 
Biotechnology, Xi’an, China). All species-appropriate horseradish 
peroxidase-conjugated secondary antibodies (Pioneer Biotechnology) 
were used at a dilution of 1:10,000.

Immunohistochemistry
Mice were anesthetized with sodium pentobarbital and intracardially 

perfused with 4% paraformaldehyde in 0.1 M phosphate buffer (PB; pH 
7.4). Brains were immediately removed and post-fixed in 4% 
paraformaldehyde. After being saturated in 30% (w/v) sucrose in 0.1 M PB 
buffer (pH 7.4), the brains were serially cut into 20-μm thick transverse 
sections with a freezing microtome (CM1950, Leica). 
Immunohistochemical staining was performed according to the 

manufacturer’s protocol using a Biotin-Streptavidin HRP Detection 
System (SP-9001, ZSGB-BIO, Beijing, China) (Yan et  al., 2019). The 
dilution of the primary antibody pGSK3β-S9 (Cell Signaling Technology) 
was 1:100. Images of the processed sections were captured using a Leica 
MZFL III microscope. The integrated optical density (IOD) in the CA1 
subregion of the DHP was evaluated using Image-Pro Plus 6.0 software 
(IPP, Media Cybernetics, Wokingham, United Kingdom).

Transmission electron microscopic analysis
Mice were anesthetized with sodium pentobarbital and 

intracardially perfused with saline and then with 0.1 M PB buffer (pH 
7.4) containing 4% paraformaldehyde and 0.25% glutaraldehyde. 
Brains were removed immediately and stored in 0.1 M PB buffer (pH 
7.4) with 4% paraformaldehyde and 2.5% glutaraldehyde at 4°C. The 
CA1 subregion of the DHP was extracted and dissected into ~1 mm3 
pieces. The samples were then fixed in a fresh solution of 1% osmium 
tetroxide for 90 min, dehydrated in ethanol, and embedded in epon-
araldite resin. Ultrathin sections were cut and placed onto grids, 
stained with 2% aqueous uranyl acetate, and counterstained with 
0.3% lead citrate. The sections were imaged using a Hitachi 7,650 
electron microscope operated at 80 kV. Synapses were identified by 
clear pre-and postsynaptic membranes and the presence of synaptic 
vesicles in the presynaptic terminals. The number of gray type-1 
asymmetric synapses (excitatory synapses), the thickness of the PSD 
at the thickest part, the length of the active zone, and the width of the 
synaptic cleft in asymmetrical synapses were measured. 
Quantification was performed using 10 random sections (more than 
60 asymmetric synapses) per mouse.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 9.0 
(GraphPad Software Inc., La Jolla, CA, United States) and SPSS 25 (IBM, 
Armonk, NY, United  States). The results are presented as the 
mean ± SEM. The parametric test (two-way ANOVA with Bonferroni’s 
post-hoc test) was applied when normality and homogeneity of variance 
assumptions were satisfied; otherwise, the nonparametric test (Kruskal-
Wallis with Dunn’s post-hoc test) was used. For two-way ANOVA, when 
there was a statistical interaction were between groups comparisons done; 
if not, the post-hoc test was performed on the main effect variables that 
were significant. The investigators were blinded to the allocation of the 
groups and outcome assessments for all the experiments. All statistically 
significant differences were defined as p < 0.05. Detailed statistics are 
provided in Supplementary Table S1.

Results

The effects of GSK3β activity inhibition on 
the adolescent METH exposure-induced 
behavioral and cognitive deficits in 
adulthood

Inhibition of GSK3β activity reduced adolescent 
METH exposure-induced hyperactivity in 
adulthood

For the OFT, in the acute systemic intervention (Figure 2A), the 
adolescent METH × vehicle–acute mice were markedly more active than 
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the saline × vehicle–acute and the METH  ×  Li–acute mice, and 
saline × Li–acute mice were less active than the saline × vehicle–acute mice 
(Figure  2B) (two-way ANOVA: FInteraction(1,60) = 1.038, p = 0.3124, 
FMETH(1,60) = 9.279, p < 0.01, FLi-acute(1,60) = 21.99, p < 0.0001). In addition, the 
saline × Li–acute mice traveled less distance in the center than the 
saline × vehicle–acute and METH × Li–acute mice 
(Supplementary Figure S1A) (two-way ANOVA: FInteraction(1,60) = 2.486, 
p = 0.1201, FMETH(1,60) = 6.507, p < 0.05, FLi-acute(1,60) = 20.21, p < 0.0001), and 
the METH × vehicle–acute mice traveled more distance in the corner than 
the saline × vehicle–acute mice (Supplementary Figure S1B) (two-way 
ANOVA: FInteraction(1,60) = 1.192, p = 0.2794, FMETH(1,60) = 7.982, p < 0.01, FLi-

acute(1,60) = 3.446, p < 0.0638). Furthermore, the saline × Li–acute mice stayed 
shorter in the center and longer in the corner than saline × vehicle–acute 
mice, and the METH × Li–acute mice stayed shorter in the center and 
longer in the corner than METH × vehicle–acute mice (Figure 2C and 
Supplementary Figure S1C) (two-way ANOVA: time spent in center zone, 
FInteraction(1,60) = 2.640, p = 0.1095, FMETH(1,60) = 0.05235, p  = 0.8198, 

FLi-acute(1,60) =  62.82, p < 0.0001; time spent in corner zone, 
FInteraction(1,60) = 0.2303, p = 0.6331, FMETH(1,60) = 0.7871, p  = 0.3785, FLi-

acute(1,60) = 16.63, p < 0.001).
In the chronic systemic intervention (Figure 2D), the adolescent 

METH × vehicle–chronic mice traveled more distance than the 
saline × vehicle–chronic and METH × Li–chronic mice (Figure  2E) 
(two-way ANOVA: FInteraction(1,60) = 4.781, p < 0.05, FMETH(1,60) = 6.403, p < 0.05, 
FLi-chronic(1,60) = 14.13, p < 0.001). In addition, the METH × vehicle–chronic 
mice traveled more distance in the corner than the saline × vehicle–
chronic and METH × Li–chronic mice (Supplementary Figure S1E) 
(two-way ANOVA: FInteraction(1,60) = 9.256, p < 0.01, FMETH(1,60) = 7.432, p < 0.01, 
FLi-chronic(1,60) = 14.74, p < 0.001). There was no statistical significance of the 
time spent in the center between groups (Figure 2F).

In the chronic CA1 intervention (Figure  2G), the 
METH × vehicle–CA1 mice traveled a greater distance than the 
saline × vehicle–CA1 and METH × SB–CA1 mice (Figure  2H) 
(two-way ANOVA: FInteraction(1,59) = 2.223, p = 0.1413, 
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FIGURE 2

Effect of GSK3β inhibition on adolescent METH exposure-induced hyperactivity in adulthood. Acute systemic intervention (A–C), chronic 
systemic intervention (D–F), and chronic intervention within CA1 (G–I) reduced adolescent METH exposure-induced hyperactivity in 
adulthood, but Li–acute administration attenuated locomotor activity and led to anxiety-like behavior. Representative heat maps show the 
location of the mice during the OFT (A,D,G). Histograms show the total distance moved (B,E,H) and time spent in the center (C,F,I) during 
the OFT. Data are presented as the mean +/− SEM, each symbol represents the independent of a single animal; two-way ANOVA followed 
by the Bonferroni post hoc test; n  = 16 ~ 17/group; *p  < 0.05, **p  < 0.01, ***p  < 0.001, and ****p  < 0.0001, comparison between the two indicated 
groups. See also Supplementary Figure S1.
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FMETH(1,59) = 12.27, p < 0.001, FSB-CA1(1,59) = 4.125, p < 0.05). Moreover, 
METH × vehicle–CA1 mice traveled more distance in the corner 
than saline × vehicle–CA1 and METH × SB–CA1 mice 
(Supplementary Figure S1H) (Kruskal-Wallis test: H = 13.15, 
p < 0.01). There was no statistical significance of the time spent 
in the center between groups (Figure 2I).

No significant effects of inhibition of GSKβ 
activity on adolescent METH exposure-induced 
novel spatial exploration impairment

For the modified two-trial Y-maze test, the apparatus and 
placement of the mice for this test are shown in Figure 3A. In each 
intervention protocol, adolescent METH-exposed mice spent less 
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FIGURE 3

Effect of GSK3β inhibition on adolescent METH exposure-induced novel spatial exploration impairment in adulthood. Apparatus and placements of the 
mice for the modified two-trial Y-maze test (A). There was no significant influence by the acute systemic intervention (B–D), chronic systemic intervention 
(E–G), or chronic intervention within CA1 (H–J) in adolescent METH exposure-induced novel spatial exploration impairment in adulthood. Representative 
heat maps show the location of the mice during the testing phase (B,E,H). Histograms show the time spent (%) (C,F,I) and entries (%) (D,G,J) in the novel arm 
in this test. Data are presented as the mean +/− SEM, each symbol represents the independent of a single animal; two-way ANOVA followed by the 
Bonferroni post hoc test; n = 16 ~ 17/group; **p < 0.01 and ***p < 0.001, comparison between the two indicated groups. See also Supplementary Figure S2.
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time in the novel arm (%) than control mice (Figures  3C,F,I) 
(two-way ANOVA: acute systemic intervention, FInteraction(1,59) = 2.338, 
p = 0.1315, FMETH(1,60) = 11.89, p < 0.01, FLi-acute(1,60) = 2.210, p = 0.1423; 
chronic systemic intervention, FInteraction(1,62) = 1.693, p = 0.1981, 
FMETH(1,62) = 12.76, p < 0.001, FLi-chronic(1,62) = 0.1917, p = 0.663; chronic 
CA1 intervention: FInteraction(1,60) = 0.08186, p = 0.7758, 
FMETH(1,60) = 26.69, p < 0.0001, FSB-CA1(1,60) = 0.3371, p = 0.5637); 
however, METH × GSKβ inhibitor mice and METH × vehicle mice 
showed similar characteristics in this test (Figure  3 and 
Supplementary Figure S2).

Chronic treatment with the GSKβ inhibitors 
ameliorated adolescent METH exposure-induced 
social recognition memory impairment in 
adulthood

For the sociability test, two-way ANOVA revealed that all tested 
mice showed similar sociability characteristics in each intervention 
protocol (Supplementary Figure S3).

For social recognition memory, in the acute systemic intervention 
(Figure 4A), the METH × vehicle–acute and METH × Li–acute mice 
obtained a lower average social recognition score and decreased time 
in contact with the novel (%) than the saline × vehicle–acute mice 
(Figures  4B,C) (two-way ANOVA: social recognition score, 
FInteraction(1,60) = 1.326, p = 0.254, FMETH(1,60) = 22.73, p < 0.0001, FLi-

acute(1,60) =  0.7555, p = 0.3882; time in contact with the novel, 
FInteraction(1,60) = 0.3973, p = 0.5309, FMETH(1,60) = 15.22, p < 0.001, FLi-

acute(1,60) = 1.839, p = 0.1802).
In the chronic systemic intervention (Figure  4D), 

METH × vehicle–chronic mice obtained a lower average social 
recognition score than saline × vehicle–chronic and METH × Li–
chronic mice (Figure  4E) (two-way ANOVA: FInteraction(1,62) = 4.850, 
p < 0.05, FMETH(1,62) = 9.470, p < 0.01, FLi-chronic(1,62) = 11.34, p < 0.01). In 
addition, METH × vehicle–chronic mice spent less time in contact 
with the novel (%) than the saline × vehicle–chronic mice (Figure 4F) 
(two-way ANOVA: FInteraction(1,62) = 6.962, p < 0.05, FMETH(1,62) = 2.596, 
p = 0.1122, FLi-chronic(1,62) = 8.562, p < 0.01).
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FIGURE 4

Effect of GSK3β inhibition on adolescent METH exposure-induced social recognition memory impairment in adulthood. Acute systemic intervention 
(A–C) had no significant effects on adolescent METH exposure-induced social behavioral deficit, while chronic systemic intervention (D–F) and 
chronic intervention within CA1 (G–I) rescued adolescent METH exposure-induced social recognition memory impairment in adulthood. 
Representative heat maps show the location of the mice during the social recognition memory test (A,D,G). Histograms show the social recognition 
score (B,E,H) and time in contact with the novel (%) (C,F,I) during the social recognition memory test. Data are presented as the mean +/− SEM, each 
symbol represents the independent of a single animal; two-way ANOVA followed by the Bonferroni post hoc test; n = 16 ~ 17/group; *p < 0.05, **p < 0.01, 
and ***p < 0.001, comparison between the two indicated groups. See also Supplementary Figure S3.
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In the chronic CA1 intervention (Figure 4G), compared to the 
saline × vehicle–CA1 and METH × SB–CA1 mice, the 
METH × vehicle–CA1 mice had a lower average social recognition 
score and spent less time in contact with the novel (%) (Figures 4H,I) 
(two-way ANOVA: social recognition score, FInteraction(1,60) = 4.013, 
p < 0.05, FMETH(1,60) = 11.59, p < 0.01, FSB-CA1(1,60) = 9.474, p < 0.01; time in 
contact with the novel, FInteraction(1,60) = 6.518, p < 0.05, FMETH(1,60) = 8.344, 
p < 0.01, FSB-CA1(1,60) = 1.761, p = 0.1896).

Chronic treatment with the GSKβ inhibitors 
improved adolescent METH exposure-induced 
object recognition memory deficits in 
adulthood

For the NOR test, in the training phase, all test mice exhibited 
similar behavioral characteristics in each intervention protocol 
(Supplementary Figure S4).

In the testing phase, for the total exploration time, no significant 
differences were observed among the groups for each intervention 
protocol (Figures 5B,E,H).

For the exploratory preference of novel objects, in the acute 
systemic intervention (Figure  5A), the METH × vehicle–acute 
and METH × Li–acute mice exhibited significantly  
decreased novel preference (%) compared with the 
saline × vehicle–acute mice (Figure  5C) (two-way ANOVA: 
FInteraction(1,60) = 4.791, p < 0.05, FMETH(1,60) = 27.00, p < 0.0001, FLi-

acute(1,60) = 2.092, p = 0.1533).
In the chronic systemic intervention (Figure  5D), the 

METH × vehicle–chronic mice showed a significantly decreased novel 
preference (%) compared to the saline × vehicle–chronic and 
METH × Li–chronic mice (Figure  5F) (two-way ANOVA: 
FInteraction(1,62) = 5.281, p < 0.05, FMETH(1,62) = 19.99, p < 0.0001, FLi-

chronic(1,62) = 7.543, p < 0.01).
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FIGURE 5

Effect of GSK3β inhibition on adolescent METH exposure-induced object recognition memory impairment in adulthood. Compared with the effect of 
the acute systemic intervention (A–C), chronic systemic intervention (D–F) and chronic intervention within CA1 (G–I) improved adolescent METH 
exposure-induced object recognition memory impairment in adulthood. Representative heat maps show the location of the mice during the testing 
phase (A,D,G). Histograms show the total exploration time (B,E,H) and novel preference (%) (C,F,I) during the testing phase. Data are presented as the 
mean +/− SEM, each symbol represents the independent of a single animal; two-way ANOVA followed by the Bonferroni post hoc test; n = 16 ~ 17/
group; *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001, comparison between the two indicated groups. See also Supplementary Figure S4.
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In the chronic CA1 intervention (Figure  5G), 
METH × vehicle–CA1 mice showed significantly decreased novel 
preference (%) compared to saline × vehicle–CA1 and 
METH × SB–CA1 mice (Figure  5I) (two-way ANOVA: 
FInteraction(1,60) = 6.040, p < 0.05, FMETH(1,60) = 14.26, p < 0.001, FSB-

CA1(1,60) = 4.433, p < 0.05).

Chronic treatment with the GSK3β inhibitors 
ameliorated adolescent METH exposure-induced 
spatial recognition memory impairment in 
adulthood

For the standard two-trial Y-maze test, the apparatus and 
placement of the mice for this test are shown in Figure 6A. In the acute 
systemic.intervention (Figure 6B), reduced time spent and entries into 
the novel arm (%) were displayed by METH × vehicle–acute mice and 
METH × Li–acute mice (Figures 6C,D) (two-way ANOVA: time spent 
in the novel arm, FInteraction(1,36) = 0.7398, p = 0.3954, FMETH(1,36) = 19.83, 
p < 0.0001, FLi-acute(1,36) = 0.01305, p = 9,097; entries in the novel arm, 
FInteraction(1,36) = 0.02909, p = 0.8655, FMETH(1,36) = 15.52, p < 0.001, FLi-

acute(1,36) = 1.230, p = 0.2748).
In the chronic systemic intervention (Figure  6E), the 

METH × vehicle–chronic mice showed significantly decreased time 
spent and entries into the novel arm (%) than the saline × vehicle–
chronic and METH × Li–chronic mice (Figures  6F,G) (two-way 
ANOVA: time spent in the novel arm, FInteraction(1,36) = 7.652, p < 0.01, 
FMETH(1,36) = 12.8, p < 0.01, FLi-chronic(1,36) = 2.303, p = 0.1379; entries in the 
novel arm, FInteraction(1,36) = 9.491, p < 0.01, FMETH(1,36) = 5.378, p < 0.05, FLi-

chronic(1,36) = 3.972, p = 0.0539).
In the chronic CA1 intervention (Figure  6H), the 

METH × vehicle–CA1 mice showed significantly decreased time 
spent and entries into the novel arm (%) compared to 
saline × vehicle–CA1 and METH × SB–CA1 mice (Figures  6I,J) 
(two-way ANOVA: time spent in the novel arm, FInteraction(1,30) = 4.959, 
p < 0.05, FMETH(1,30) = 8.989, p < 0.01, FSB-CA1(1,30) = 6.439, p < 0.05; 
entries in the novel arm, FInteraction(1,30) = 7.493, p < 0.05, 
FMETH(1,30) = 4.911, p < 0.05, FSB-CA1(1,30) = 3.811, p = 0.0603).

Taken together, these results suggest that, in adulthood, all three 
GSK3β interventions reduce the adolescent METH exposure-induced 
long-lasting hyperactivity; but only chronic systemic and chronic 
within CA1 interventions improve that induced social, object, and 
spatial recognition memory impairments; in addition, acute Li 
exposure reduces locomotor activity and leads to anxiety-like 
behavior; for novel spatial exploration impairment, all three 
interventions have no significant effects.

Inhibition of GSK3β activity restored 
adolescent METH exposure-induced 
increase in the GSK3β activity of the DHP 
CA1 subregion in adulthood

Previous study reported that in adulthood, increased GSKβ 
activity of the DHP CA1 subregion may be the reason for behavioral 
and cognitive impairments induced by adolescent METH exposure, 
we investigated the effects of GSKβ inhibitors on GSKβ activity in the 
DHP CA1 subregion (Yan et al., 2019).

Western blot analysis (Figures 7A,F,K). demonstrated no changes 
in the expression level of total-GSK3β in the DHP CA1 subregion 

among the groups in any intervention protocol (Figures 7C,H,M). 
However, the adolescent METH-exposed mice showed a significant 
decrease in the ratio of pGSK3β-Ser9/t-GSK3β compared to the 
control mice and the METH × GSK3β inhibitor mice in each 
intervention protocol (Figures  7B,G,L), and Li–acute significantly 
enhanced the ratio of pGSK3β-Ser9 to t-GSK3β in the DHP CA1 
subregion (Figure 7B) (two-way ANOVO: acute systemic intervention: 
FInteraction(1,16) = 1.080, p = 0.3141, FMETH(1,16) = 17.93, p < 0.001, FLi-

acute(1,16) = 28.24, p < 0.0001; chronic systemic intervention: 
FInteraction(1,16) = 4.998, p < 0.05, FMETH(1,16) = 11.42, p < 0.01, FLi-

chronic(1,16) = 11.80, p < 0.01; chronic CA1 intervention: 
FInteraction(1,16) = 4.763, p < 0.05, FMETH(1,16) = 15.52, p < 0.01, FSB-

CA1(1,16) = 9.219, p < 0.01).
Next, immunochemical analysis (Figures 7D,I,N). was performed to 

confirm the effects of GSK3β inhibitors. In agreement with the results of 
western blot analysis, adolescent METH-exposed mice showed a 
significant decrease in the IOD of pGSK3β-Ser9 compared to control 
mice and METH × GSKβ inhibitor mice in each intervention protocol 
(Figures  7E,J,O) (two-way ANOVO: acute systemic intervention: 
FInteraction(1,11) = 4.067, p = 0.0688, FMETH(1,11) = 24.47, p < 0.001, FLi-

acute(1,11) = 24.95, p < 0.001; chronic systemic intervention: 
FInteraction(1,12) = 9.346, p < 0.01, FMETH(1,12) = 23.30, p < 0.001, FLi-

chronic(1,12) = 20.73, p < 0.001; chronic CA1 intervention: FInteraction(1,12) = 4.928, 
p < 0.05, FMETH(1,12) = 19.54, p < 0.001, FSB-CA1(1,12) = 13.76, p < 0.01).

These results suggest that, in adulthood, GSK3β interventions 
restore adolescent METH exposure-induced long-lasting changes in 
GSKβ activity in the DHP CA1 subregion.

Chronic treatment with the GSK3β 
inhibitors rescued adolescent METH 
exposure-induced excitatory synaptic 
ultrastructure alterations of the DHP CA1 
subregion in adulthood

To determine the structural basis underlying the therapeutic 
effects of GSK3β inhibition on adolescent METH exposure-induced 
behavioral and cognitive deficits in adulthood, we  examined the 
synaptic ultrastructure in the DHP CA1 subregion using transmission 
electron microscopy (Figure 8 and Supplementary Figure S6).

In the acute systemic intervention, reduced excitatory synapse 
density and PSD thickness in the CA1 subregion were displayed by 
METH × vehicle–acute mice compared with saline × vehicle–acute 
mice, and reduced excitatory synapse density in the CA1 subregion 
was also displayed by METH × Li–acute mice compared with 
saline × Li–acute mice (Figures 8A–C) (two-way ANOVA: density of 
excitatory synapses, FInteraction(1,12) = 0.5632, p = 0.4674, FMETH(1,12) = 40.01, 
p < 0.0001, FLi-acute(1,12) = 0.01149, p = 0.9164; PSD thickness, 
FInteraction(1,12) = 1.599, p = 0.23, FMETH(1,12) = 10.02, p < 0.01, FLi-

acute(1,12) = 0.7341, p = 0.4083).
In the chronic systemic intervention, the METH × vehicle–chronic 

mice showed significantly decreased excitatory synapse density and 
PSD thickness in the CA1 subregion compared to the saline × vehicle–
chronic and METH × Li–chronic mice (Figures  8D–F) (two-way 
ANOVA: density of excitatory synapses, FInteraction(1,12) = 9.045, p < 0.05, 
FMETH(1,12) = 23.16, p < 0.001, FLi-chronic(1,12) = 26.14, p < 0.001; PSD 
thickness, FInteraction(1,12) = 0.3332, p = 0.5745, FMETH(1,12) = 11.23, p < 0.01, 
FLi-chronic(1,12) = 10.27, p < 0.01).
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In the chronic CA1 intervention, the METH × vehicle–CA1 mice 
showed significantly decreased excitatory synapse density and PSD 
thickness in the CA1 subregion compared with the saline × vehicle–
CA1 and METH × SB–CA1 mice (Figures 8G–I) (two-way ANOVA: 
density of excitatory synapses, FInteraction(1,11) = 12.03, p < 0.01, 

FMETH(1,11) = 19.30, p < 0.01, FSB-CA1(1,11) = 20.12, p < 0.0001; PSD thickness, 
FInteraction(1,11) = 5.084, p < 0.05, FMETH(1,11) = 6.977, p < 0.05, FSB-

CA1(1,11) = 14.18, p < 0.01).
These results suggest that, compared with acute treatment, chronic 

treatment with the GSK3β inhibitors is more effectiveness in the 
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FIGURE 6

Effect of GSK3β inhibition on adolescent METH exposure-induced spatial recognition memory impairment in adulthood. Apparatus and placements of 
the mice for the standard two-trial Y-maze test (A). Compared with the effect of the acute systemic intervention (B–D), chronic systemic intervention 
(E–G) and chronic intervention within CA1 (H–J) ameliorated adolescent METH exposure-induced spatial recognition memory impairment in 
adulthood. Representative heat maps show the location of the mice during the testing phase (B,E,H). Histograms show the time spent (%) (C,F,I) and 
entries (%) (D,G,J) in the novel arm in this test. Data are presented as the mean +/− SEM, each symbol represents the independent of a single animal; 
two-way ANOVA followed by the Bonferroni post hoc test; n = 8 ~ 10/group; *p < 0.05, **p < 0.01, and ***p < 0.001, comparison between the two indicated 
groups. See also Supplementary Figure S5.
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adolescent METH exposure-induced excitatory synaptic 
ultrastructural alterations of the DHP CA1 subregion in adulthood.

Discussion

Developmental METH exposure causes long-lasting 
neuropsychiatric consequences (Teixeira-Gomes et al., 2015). To the 
best of our knowledge, this is the first study to investigate how to 
improve adolescent METH exposure-associated behavioral and 
cognitive alterations in adulthood. We demonstrated that treatment 
with a GSK3β inhibitor in adulthood significantly ameliorated 
adolescent METH exposure-induced long-term deficits in locomotor 
activity and recognition memory by reversing the aberrant GSK3β 
activity and synaptic ultrastructure in the DHP CA1 subregion.

Glycogen synthase kinase-3β has extensive biological functions, 
and abnormal regulation of GSK3β has been observed in the onset 
and progression of different conditions (Beurel et al., 2015). GSK3β 
inhibition is not only an effective therapy for several neurological 
and psychiatric disorders, but is also beneficial for addictive drug-
induced neurotoxicity (Takahashi-Yanaga, 2013; Barr and 
Unterwald, 2020). Therefore, many GSK3β-targeted 
pharmacological agents are being evaluated in preclinical and 
clinical trials (Demuro et al., 2021). In this study, we verified two 
GSK3β inhibitors: LiCl and SB216763, we found both agents were 
promising for treating adolescent METH exposure-induced 
behavioral and cognitive deficits in adulthood. It is well known that 
establishing adequate administration protocol is critical to correctly 
evaluate the therapeutical effects of drugs (Kim et al., 2008; Wang 
et  al., 2021; Hiratsu et  al., 2022). Herein, we  performed acute 

(systemic) and chronic (systemic and within CA1) intervention 
protocols, and the results revealed that both protocols had a certain 
effect, but chronic intervention seemed to be better. Specifically, 
both protocols were effective against adolescent METH exposure-
induced hyperactivity in adulthood, these results further highlight 
the efficacy of GSK3β-targeted therapeutic intervention in 
hyperactivity-associated behaviors (Mines, 2013). Compared with 
the ventral hippocampus, the DHP plays a more important role 
in  locomotion (Fanselow and Dong, 2010), and local lesions of 
serotonin projections into DHP reduced amphetamine-induced 
locomotor hyperactivity (Kusljic and van den Buuse, 2004). 
Serotonin regulates the GSK3B activity by type 1 and type 2 
serotonin receptors, in turn, GSK3β selectively interacts with 
5-hydroxytryptamine-1B receptors (5-HT1BR) for modulating 
5-HT1BR activity (Li and Polter, 2011). Thus, we presumed that 
rebalancing of the serotonin system in the DHP CA1 subregion may 
be  one reason for improving hyperactivity by GSK3B activity 
inhibition. Nevertheless, for social, object, and spatial recognition 
memory impairments, only the chronic intervention had a 
positive impact.

The hippocampus is a complex brain structure that plays a vital role 
in memory (Borczyk et al., 2021). GSK3β has been regarded as a switch 
for synaptic plasticity, and hyperactivation of GSK3β is associated with 
memory deficiencies (Salcedo-Tello et al., 2011). Hypoxic brain damage 
is one of the most common manifestations of METH exposure, and 
among the various brain regions, the hippocampus is more vulnerable to 
hypoxia; thus, adolescent METH exposure may induce long-term 
hippocampal damage by disturbing development (Zhu et  al., 2012; 
Weaver et al., 2014). Liang et al. (2022) recently reported that adult mice 
exposed to METH in adolescence had abnormal changes in the structural 
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FIGURE 7

Effects of GSK3β inhibition on abnormal GSK3β activity in the adult DHP CA1 subregion induced by adolescent METH exposure. Acute systemic 
intervention (A–E), chronic systemic intervention (F–J), and chronic intervention within CA1 (K–O) restored the adolescent METH exposure-induced 
increase in the GSKβ activity of the DHP CA1 subregion in adulthood. Representative western blot of total and phosphorylated GSK3β in the DHP CA1 
extract (A,F,K). The relative changes in the ratio of phosphorylation of residues Ser9 (indicative of inactive protein) (B,G,L) and the expression of total 
GSK3β (C,H,M) were analyzed. Representative immunostaining of pGSK3β-Ser9 in the DHP CA1. The boxes indicate regions shown at higher 
magnification in the lower panels; scale bars represent 250 μm under low magnification and 50 μm under high magnification (D,I,N). The relative 
changes in the IOD of pGSK3β-Ser9 in the DHP CA1 subregion were analyzed (E,J,O). Data are presented as the mean +/− SEM, each symbol 
represents the independent of a single animal; two-way ANOVA followed by the Bonferroni post hoc test; n = 5/group in western blot, n = 4/group in 
immunohistochemistry; *p < 0.05, **p < 0.01, and ***p < 0.001, comparison between the two indicated groups.
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FIGURE 8

Effects of GSK3β inhibition on synaptic ultrastructural changes in the adult DHP CA1 subregion induced by adolescent METH exposure. Compared with 
the effect of the acute systemic intervention (A–C), chronic systemic intervention (D–F) and chronic intervention within CA1 (G–I) resumed adolescent 
METH exposure-induced alterations in synaptic ultrastructure of the DHP CA1 subregion in adulthood. Representative electron micrographs of the 
DHP CA1 subregion. The straight crimson arrows indicate Gray’s type-1 asymmetric synapses (excitatory synapses), the boxes indicate regions shown 
at higher magnification in the lower panels, and scale bars represent 500 nm under low magnification and 100 nm under high magnification (A,D,G). 
Histograms show the relative changes in the total number of excitatory synapses (B,E,H) and the thickness of postsynaptic density (PSD) at the thickest 
part (C,F,I). More than 60 randomly chosen excitatory synapses from each animal were analyzed. Data are presented as the mean +/− SEM, each 
symbol represents the independent of a single animal; two-way ANOVA followed by the Bonferroni post hoc test; n = 4 ~ 5/group; *p < 0.05, **p < 0.01, 
and ***p < 0.001, comparison between the two indicated groups. See also Supplementary Figure S6.
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plasticity of the DHP. Yan et al. (2019) also found adolescent METH 
exposure caused decreased excitatory synapse density and PSD thickness 
of the DHP in adulthood, which were predominantly located in the CA1 
subregion rather than in the CA3 and DG subregions. Thus, recovering 
synaptic ultrastructural alterations in the DHP CA1 subregion should 
be effective against adolescent METH exposure-induced cognitive and 
behavioral impairments in adulthood. However, our results indicated 
transient inhibition of GSK3β activity was not sufficient to resume 
synaptic ultrastructural alterations, which may explain why the chronic 
intervention is more effective than acute intervention for recognition 
memory impairment.

Lithium has been used for more than 70 years as one of the most 
effective agents for the treatment of major mood disorders (Gómez-Sintes 
and Lucas, 2010). However, because of the narrow therapeutic window 
index, several side effects of lithium maintenance treatment have been 
reported in clinical studies, including polyuria, polydipsia, tremor, and 
weight gain (Gitlin, 2016; Schoot et al., 2020). In this study, we used 
medium doses of GSK3β inhibitors, and previous studies reported that 
these dosages significantly inhibited GSK3β activity but rarely caused 
behavioral and cognitive deficits (Mines, 2013; Xing et al., 2016; Nguyen 
et al., 2017; Pan et al., 2018; Xiang et al., 2021). Accordingly, our results 
indicated that chronic GSK3β intervention (systemic and within CA1) 
did not affect locomotor activity, recognition memory, or CA1 synaptic 
ultrastructure during the treatment phase. However, acute systemic 
GSK3β intervention decreased locomotor activity and induced anxiety-
like behavior in the OFT. Previously, striatal dopaminergic circuits were 
implicated in locomotor activity and anxiety disorders (Macpherson and 
Hikida, 2019; Casado-Sainz et  al., 2022), while striatal physiology is 
affected preferentially by GSK3β inhibition compared with some other 
brain regions (Gómez-Sintes and Lucas, 2010); thus, the acute side effects 
may be due to the targeted effects of systemic administration of LiCl on 
the striatum. Anxiety-like behavior may also be  associated with the 
aversive effect of LiCl, as LiCl was a classical agent for inducing condition 
place aversion (Cloutier et al., 2018). Therefore, the potential side effects 
of GSK3β inhibitors should be carefully considered when treating adult 
deficits associated with adolescent METH abuse, and brain region-
targeting therapy may be a good strategy.

We used the modified two-trial Y-maze test to detect novel 
spatial exploration behavior; however, our results showed that 
both acute and chronic GSK3β interventions had no significant 
therapeutic effects on adolescent METH exposure-induced novel 
spatial exploration impairment in adulthood. Novel spatial 
exploration critically depends on the intact function of novel 
exploration and recognition memory (Melnikova et  al., 2006; 
Szalardy et al., 2018). To further confirm which function was more 
difficult to improve by GSK3β inhibition, we performed a standard 
two-trial Y-maze test in a separate cohort. We verified that chronic 
GSK3β intervention rescued adolescent METH exposure-induced 
spatial recognition memory impairment in adulthood. Moreover, 
the mice avoided the novel arm in the modified two-trial Y-maze 
test because the average time spent in the novel arm (%) was less 
than one-third, which is typical if the mice have no preference for 
each arm (Dellu et al., 2000). Anxiety also gives rise to exploration 
behavioral deficits; however, previous study confirmed that adult 
mice with adolescent METH exposure did not exhibit anxiety-like 
behavior in a similar time window (Yan et  al., 2019). In the 
modified two-trial Y-maze test, to increase recognition and 
navigation in the novel space, the wall of the novel arm was 

marked integrally with a black-and-white stripe that was entirely 
different from the other arms, and we speculated that this novel 
space would generate mild stress in mice, causing avoidance 
behavior (Aylward et al., 2019; Vogel and Schwabe, 2019; Kondev 
et al., 2022). The stress-related avoidance behavior in this study 
may be because some other brain regions are also damaged by 
adolescent METH exposure, which is difficult to ameliorate by 
GSK3β inhibition in adulthood. Further studies are required to 
confirm these results.

This study has three limitations that must be addressed. First, LiCl 
and SB216763 directly inhibit GSK3α and GSK3β. Although GSK3α is 
involved in fewer signaling pathways than GSK3β, and its expression level 
is relatively lower and decreases with age (KEGG pathway)1 (Giese, 2009), 
the effect of GSK3α cannot be eliminated in the present study. Second, 
although LiCl and SB216763 could rescue hyperactivation of GSK3β in 
several disease-associated rodent models (Maixner and Weng, 2013; Barr 
and Unterwald, 2020), in the present study, there was still an interval of 
several days between behavioral tests and the molecular and 
ultrastructural analysis, suggesting that alterations in molecular and 
synaptic plasticity may not perfectly reflect behavioral alterations. Third, 
this study is still a preclinical work, mice cannot fully mimic human drug 
abuse behavior, and the side effects of GSK3β inhibitor remain elusive, 
investigating GSK3β inhibitor-related toxicity, behavioral and cognitive 
alterations is necessary in future studies.

In summary, the present results revealed that chronic GSK3β 
inhibition attenuates chronic METH exposure-induced hyperactivity 
and recognition memory impairment by rescuing synaptic 
ultrastructural abnormalities in the DHP CA1 subregion in adulthood. 
This extends the scope of potential applications of GSK3β inhibitors 
and suggests that chronic administration of GSK3β inhibitors maybe 
an option for treating behavioral and cognitive deficits associated with 
adolescent METH abuse in adulthood.
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