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ABSTRACT

Ketamine, a rapid-acting antidepressant drug, has
been used to treat major depressive disorder and
bipolar disorder (BD). Recent studies have shown
that ketamine may increase the potential risk of
treatment-induced mania in patients. Ketamine has
also been applied to establish animal models of
mania. At present, however, the underlying
mechanism is still unclear. In the current study, we
found that chronic lithium exposure attenuated
ketamine-induced mania-like behavior and c-Fos
expression in the medial prefrontal cortex (mPFC) of
adult male mice. Transcriptome sequencing was
performed to determine the effect of lithium
administration on the transcriptome of the PFC in
ketamine-treated mice, showing inactivation of the
phosphoinositide 3-kinase (PI13K)-protein kinase B
(AKT) signaling pathway. Pharmacological inhibition
of AKT signaling by MK2206 (40 mg/kg), a selective
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AKT inhibitor, reversed ketamine-induced mania.
Furthermore, selective knockdown of AKT via AAV-
AKT-shRNA-EGFP in the mPFC also reversed
ketamine-induced mania-like behavior. Importantly,
pharmacological activation of AKT signaling by SC79
(40 mg/kg), an AKT activator, contributed to mania in
low-dose ketamine-treated mice. Inhibition of PI3K
signaling by LY294002 (25 mg/kg), a specific PI3K
inhibitor, reversed the mania-like behavior in
ketamine-treated mice. However, pharmacological
inhibition of mammalian target of rapamycin (mTOR)
signaling with rapamycin (10 mg/kg), a specific
mTOR inhibitor, had no effect on ketamine-induced
mania-like behavior. These results suggest that
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chronic lithium treatment ameliorates ketamine-
induced mania-like behavior via the PI3K-AKT
signaling pathway, which may be a novel target for
the development of BD treatment.
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INTRODUCTION

According to the World Health Organization (WHO) World
Mental Health (WMH) Survey, more than 1% of the world’s
population suffers from bipolar disorder (BD) (Alonso et al.,
2011; Cardoso et al., 2018). BD is characterized by major
mood swings, including emotional highs (mania) and lows
(depression) (Grande et al., 2016). Mania is typified by
hyperactivity, irritability, hypersexuality, decreased need for
sleep, and cognitive deficits (Young et al., 2011).

Interestingly, a previous case report has described the
development of hypomania- and mania-like symptoms in a
patient receiving ketamine therapy for reflex sympathetic
dystrophy (Ricke et al.,, 2011). Additionally, evidence from
clinical case reports has shown that ketamine infusion
increases the risk of treatment-emergent mania in non-
psychiatric patients (Mandyam & Ahuja, 2017; Nichols et al.,
2016). Clinical reports have also found that ketamine
administration can alleviate depressive symptoms of major
depressive disorder (MDD) and BD within minutes but may
cause manic symptoms in non-psychiatric patients. These
findings indicate that the affective switch is associated with
ketamine use (Mclnnes et al., 2016).

Accumulating evidence suggests that acute and chronic
ketamine-induced mania-like behaviors in rodents can mimic
the clinical symptoms of BD (Debom et al., 2016; Ettenberg et
al., 2020; Gao et al., 2021; Ghedim et al., 2012; Spohr et al.,
2022). Recent studies have used lithium and valproate as
effective therapeutics for ketamine-induced mania-like
behaviors in rats (Ettenberg et al., 2020; Ghedim et al., 2012)
and mice (Gao et al, 2021). However, the molecular
mechanism underlying the effects of lithium treatment on
ketamine-induced mania-like behavior remains unclear.

Several studies have shown that lithium inhibits inositol
monophosphatase and decreases the synthesis of inositol
triphosphate, thereby regulating protein kinase B (AKT) to
promote cell growth, proliferation, and anabolism (Hermida et
al,, 2017; Malhi & Outhred, 2016; Zhang et al., 2022).
Moreover, lithium has been shown to enhance AKT
phosphorylation and inhibit glycogen synthase kinase-3 (GSK-
3) (Beaulieu et al., 2004; Liu et al., 2013). Male transgenic
mice overexpressing GSK-3beta display mania-like behaviors
and up-regulated AKT expression in the brain (Prickaerts et
al., 2006). In addition, mice with deletion of GSK-3beta in the
brain mimic antipsychotic efficacy and behaviors (Urs et al.,
2012), while lithium treatment increases behavioral responses
in GSK-3beta heterozygous mice (Beaulieu et al., 2008; Urs et
al., 2012). Previous studies have shown that the N-methyl-D-
aspartate receptor (NMDAR) antagonist ketamine activates
the a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic  acid
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receptor (AMPAR), which regulates phosphoinositide 3-kinase
(PI3K) and AKT (Cavalleri et al., 2018). Ketamine can also
rapidly activate the AKT-mammalian target of the rapamycin
(mTOR) signaling pathway, leading to increased synaptic
proteins and spine synapses in the medial prefrontal cortex
(mPFC) of rats (Li et al., 2010). In BD, the mPFC is
characterized by a decrease in volume, neuronal size, and
glial cell density, as well as changes in gene expression
(Savitz et al., 2014). However, the roles of the PI3K-AKT
signaling pathway in ketamine-induced mania-like behavior
remain largely unknown.

In this study, we utilized high-throughput transcriptome
sequencing to investigate the molecular mechanisms
regulating the effects of lithium on ketamine-induced mania in
mice. Furthermore, we used pharmacological and genetic
manipulations to explore the role of the PI3K-AKT signaling
pathway in ketamine-induced behaviors.

MATERIALS AND METHODS

Animals

Adult male C57BL/6 mice (8 weeks old) were purchased from
Chengdu Dossy Experimental Animals (Jianyang, China). The
mice were housed in an animal facility with food and water
available ad libitum and were maintained on a normal 12 h
light/dark cycle (lights on at 0700h, lights off at 1900h). All
procedures were performed in accordance with the
Institutional Animal Care and Use Committee of Sichuan
University (Approval No.: 2021270A). The guidelines used in
the present study were followed to minimize animal suffering
and the number of animals used.

Drugs

Ketamine (National Institutes for Food and Drug Control,
China) and lithium chloride (Sigma Aldrich, USA) were
separately dissolved in saline solution (vehicle). Rapamycin
(HY-10219), LY294002 (HY-10108), MK2206 dihydrochloride
(HY-10358), and SC79 (HY-18749) were obtained from
MedChem Express (MCE, USA). Rapamycin, LY294002, and
MK2206 dihydrochloride were dissolved in 10% dimethyl
sulfoxide (DMSO) and saline solution (vehicle), while SC79
was dissolved in a saline solution containing 10% DMSO and
10% sulfobutylether-B-cyclodextrin  (SBE-B-CD, vehicle).
Lithium chloride (47.5 mg/kg (Chaves Filho et al., 2020), twice
daily for 8 days), ketamine (20 mg/kg (Crawford et al., 2020),
single dose), rapamycin (10 mg/kg (Xing et al., 2019), daily for
3 days), LY294002 (25 mg/kg (Xing et al., 2019), daily for 2
days), MK2206 dihydrochloride (40 mg/kg (He et al., 2020),
daily for 3 days), and SC79 (40 mg/kg (Su et al., 2014), daily
for 3 days) were intraperitoneally (i.p.) injected into mice
according to weight.

The dosages of chronic lithium treatment were based on
previous studies (Hopkins & Gelenberg, 2000; Ishii et al.,
2021; Katz et al., 2022; Shvartsur et al., 2022) indicating safe
and therapeutic lithium plasma levels (0.4 mEq/L). According
to our previous study (Gao et al., 2021), plasma analysis
showed a lithium plasma level of 0.0484+0.0022 mEg/L in the
control group and 0.5523+0.1615 mEq/L in the lithium-treated
group, maintained within the patient therapeutic range, i.e., 0.4
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mEq/L to 1.0 mEqg/L (Ishii et al., 2021). Therapeutic lithium
levels in plasma can be maintained at 0.5 mEq/L for >2 h
after a single administration lithium or chronic lithium
treatment in rodents (Morrison et al., 1971).

Stereotaxic surgery

Adult mice were deeply anesthetized using 1% pentobarbital
sodium (60 mg/kg, i.p.). The mouse head was fixed in a digital
stereotaxic frame (Stoelting Company, USA). The incisor bar
was adjusted until the heights of the lambda and bregma skull
points were equal to achieve a flat skull position. A sagittal
incision was made along the midline of the head. Mice were
stereotaxically implanted with two guide cannulas (RWD,
China) bilaterally in the mPFC with the following coordinates
(anteroposterior: +1.80 mm from interaural line, mediolateral:
1+0.30 mm from midline, dorsoventral: =2.10 mm from dura)
(Franklin & Paxinos, 2007). The tips of the guide cannulas
were positioned 0.5 mm dorsal to the injection site. Three
stainless steel screws and the guide cannulas were fixed to
the skull with dental cement. Two dummy cannulas were
inserted into the two guide cannulas to prevent clogging and
infection. After surgery, all mice were allowed to survive for 7
days and were then euthanized.

Adeno-associated virus-mediated gene transfer

AKT knockdown was performed using an adeno-associated
virus (AAV) selectively expressing AKT-short hairpin RNA with
enhanced green fluorescent protein (AAV-AKT-shRNA-
EGFP). First, the coding regions of AKT were amplified from
mouse cDNA by polymerase chain reaction (PCR) and cloned
into pAAV-U6-shRNA-CMV  bGlobin-eGFP-3Flag. These
recombinant plasmids were then packaged into AAV9
particles together with an AAV helper plasmid (pAAV) and
purified by CsCl density gradient centrifugation and
ultrafiltration. These procedures were conducted by
GeneChem (China). The titers of the recombinant AAV
supernatant were determined by quantitative PCR: AAV-AKT-
shRNA-EGFP (AKT-shRNA), 1.22x10'3; AAV-Control-shRNA-
EGFP (Control-shRNA), and 1.17x10" (genome copies/mL),
diluted to 5x10'2 before the experiments. The scrambled AKT-
shRNA and Control-shRNA sequences are 5-GGCCC
AACACCTTTATCAT-3' and 5-CCATGATTCCTTCATATT
TGC-3', respectively.

At least one week after stereotaxic surgery, intra-mPFC
infusions of AAV-Control-shRNA-EGFP/AAV-AKT-shRNA-
EGFP into the cannulas were performed bilaterally at a rate of
0.2 pybL/min (1 pL/side) using a 10 pL Hamilton syringe
connected to a dual-channel syringe pump (RWD Life
Science, China) via injection needle extending 0.5 mm below
the guide cannula into the mPFC. At the end of each injection,
the injection needle was left in place for an additional 10 min.
All mice were allowed to survive for three weeks and were
then euthanized.

Behavioral testing

Before behavioral testing, each mouse was handled for 2 min
per day for 3 days for habituation to experimental
manipulation. On the day of testing, all mice were allowed to
acclimate to the behavioral testing room for 30 min before
behavioral testing. The mice were tested successively using

the open-field test (OFT) and elevated plus-maze (EPM) test.
All tests were performed between 0900h and 1700h under dim
light. The recorded videos were analyzed using EthoVision
(v12.0) tracking software (Noldus, Netherlands). Except for
OFT described in Figure 1, all behavioral tests were
performed within 20 min of ketamine administration.

Open-field test

Five minutes after ketamine administration, the OFT was
applied to evaluate locomotor exploration in mice, as
described previously (Ni et al., 2020a). The open-field
apparatus was a square arena (40 cmx40 cmx35 cm)
consisting of a white Plexiglas box. Each mouse was placed in
the corner and permitted to explore the apparatus for 5 min
freely. After each test, the open-field apparatus was cleaned
with a 75% alcohol solution to remove any trace of odor.
During the 5 min test period, total distance moved, total
cumulative duration of not moving (velocity<1.75 cm/s), time
spent in the center zone, and number of center entries in the
OFT were analyzed using the video tracking system (Noldus,
Netherlands).

Elevated plus-maze test

Each mouse was subjected to the EPM test to evaluate
anxiety-related behavior, with additional information on motor
activity (Dawson & Tricklebank, 1995). The EPM was
constructed of a white Plexiglas box with two opposite-set
open arms (30 cmx7 cm, lengthxwidth) and two opposite-set
closed arms (30 cmx7 cmx16 cm, lengthxwidthxheight) in a
plus configuration, elevated 60 cm above the ground. A video
camera was fixed above the EPM to record movements for
analysis. The mice were individually placed at the center of
the EPM, facing one of the closed arms, and allowed to freely
explore the apparatus for 5 min. The apparatus was cleaned
with a 75% alcohol solution after each trial to remove any
trace of odor. During the 5 min test period, the video tracking
system was used to quantify the total distance moved, total
cumulative duration of not moving (velocity<1.75 cm/s),
number of arm entries, and time spent on the open arms.

Tissue preparation

To investigate the quantitative levels of c-Fos in the mPFC,
the mice were transcardially perfused 120 min after ketamine
injection. At 120 min post single injection, the c-Fos signal can
peak in the brain, as confirmed in mice previously (Xiu et al.,
2014). The mice were transcardially perfused with 0.9%
sodium chloride and 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS; 0.1 mol/L; pH 7.4), with
whole brains then removed, post-fixed in 4% PFA, dehydrated
through sucrose solution, and sectioned at 40 ym on a Leica
microtome (Leica CM3050S, Germany).

Antibody characterization and immunohistochemistry
The specificity of the primary antibody rabbit anti-c-Fos
(D120415, Sangon Biotech, China) has been tested
extensively (Gao et al., 2021; Li et al., 2019).

To identify the activated regions in the mPFC of each group,
we used immunocytochemistry to examine the expression
levels of c-Fos, a molecular marker of neuronal activity. The
brain sections were processed as described previously (Gao
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Figure 1 Effects of lithium on ketamine-induced mania-like behavior and density of c-Fos-positive neurons induced by ketamine in the
mPFC of mice

A: Timeline of the experiment. B: Line plots depict distance traveled in the open field arena as a function of 5 min bins during 90 min open-field
session before and after single administration of ketamine or saline in lithium- or saline-treated mice. Sal+Sal vs. Sal+Ket: ": P<0.05; ": P<0.01;
Li+Ket vs. Sal+Ket: #: P<0.05; #: P<0.01 (n=12, each group). C: Total distance moved during 75 min open-field session. D: Total cumulative
duration of immobility (velocity<1.75 cm/s) during 75 min open-field session. E: Percentage of mice that fell off the platform during 5 min EPM test
(green, without falling off; red, falling off). F: Latency to fall off open arms in each group (n=17-18, each group). G: Percentage of cumulative
duration of movement (moving, velocity>1.75 cm/s) in the EPM. H: Percentage of time spent in open arms during 5 min EPM test. I: Latency to
open arms in each group. J: Anatomical organization of the mPFC, including the MO, IL, and PrL. K-M: Density of c-Fos-positive neurons in the
MO, IL, and PrL of each group (Sal+Sal: n=8, Li+Sal: n=5, Sal+Ket: n=6, Li+Ket: n=5). N: High-magpnification photomicrograph illustrating c-Fos
immunoreactivity in the PrL of each group. Scale bars: 100 um in E. Ket, ketamine; Li, lithium; Sal, saline. ": P<0.05; ™: P<0.01; ™: P<0.001.
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et al., 2021), with sequential incubation in permeating solution
(0.3% hydrogen peroxide and 0.3% triton in PBS), 5% normal
goat serum (Solarbio, China) in PBST (PBS containing 0.3%
Triton X-100), primary antibody rabbit anti-c-Fos (1:2 000; 4 °C
for 48 h), biotinylated goat anti-rabbit immunoglobulin G (IgG)
(1:200; Vector Laboratories, USA), avidin-biotin peroxidase
complex (1:200; ABC Kit; Vector Laboratories, USA), and
chromogen solution consisting of 0.05% 3,3’-diaminobenzidine
(Sigma-Aldrich, USA), 0.25% nickel ammonium sulfate
(Sigma-Aldrich, USA), and 0.03% H,0,.

Transcriptome sequencing and data analysis

The brains used for RNA sequencing were removed from
euthanized mice 24 h after ketamine injection, and the PFC
was excised. The PFC samples from 12 lithium- and
ketamine-treated mice were submitted to RNA extraction,
RNA quantification, cDNA library preparation, and library
quality assessment following standardized protocols by
Novogene Co., Ltd. (China). After clustering and lllumina
sequencing using the lllumina NovaSeq platform at Novogene,
qualified sequences were aligned to the reference genome
using Hisat2 v2.0.4. All downstream analyses were based on
high-quality clean reads with Unique Molecular Identifiers.
Differential expression analysis of the two groups was
performed using the DESeq R package (v1.18.0). The
resulting P-values were adjusted using the Benjamini and
Hochberg approach for controlling the false discovery rate
(FDR). Genes with an adjusted P<0.05 by DESeq were
assigned as differentially expressed genes (DEGs). Gene
Ontology (GO) enrichment analysis of the DEGs was
implemented using the GOseq R package. GO terms with an
adjusted P<0.05 were considered significantly enriched in

Table 1 Primer sequences used for qRT-PCR experiments

DEGs. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) database allows analysis of high-level functions and
utilities of biological systems, such as cells, organisms, and
ecosystems, at the molecular level, especially large-scale
molecular datasets generated by genome sequencing and
other high-throughput technologies (http://www.genome.
jp/kegg/). KOBAS was used to test statistical enrichment of
the KEGG pathways in the DEGs.

Quantitative real-time PCR (qRT-PCR)

To validate the transcriptome sequencing data, 10 DEGs were
randomly selected for verification by qRT-PCR, as described
previously (Ding et al., 2021; Li et al., 2020; Ye et al., 2021;
Zhang et al., 2021). Specific primers were designed according
to reference sequences in the NCBI database with Primer-
BLAST or PrimerBank and are listed in Table 1. The primers
were synthesized by Sangon Biotech (China). Total RNA was
extracted from the PFC using TRIzol reagent and reverse-
transcribed into cDNA wusing HiScript Ill All-in-One RT
SuperMix Perfect for gPCR Kit (Cat# R333, Vazyme, China).
After reverse transcription, gqRT-PCR was carried out on a
QuantStudio™ 1 Applied Biosystem Real-Time PCR System
(ThermoFisher Scientific, USA). The 20 uL reaction system
contained 10 pL of PowerUp SYBR Green Master Mix (Cat.
No. A25742; Applied Biosystems, USA), 0.5 pL of each primer
(forward and reverse), 4 yL of cDNA template, and 5 pL of
nuclease-free deionized water. The two-step method was
performed for amplification with denaturation at 95 °C for 3
min, followed by 40 cycles at 95 °C for 5 s and 60 °C for 30 s;
and final elongation at 95 °C for 15 s, 60 °C for 1 min, and
95 °C for 15 s. The relative mRNA expression levels of
selected genes were calculated with the 2722t method using

ltems Direction Sequences
Hif3a Forward primer TACCTTATTCACCCCTCTTTGGA
Reverse primer AGCCAGGACAATTTTTCCGGT
Tcap Forward primer GATGCGCCTGGGTATCCTC
Reverse primer GATCGAGACAGGGTACGGC
Hspa8 Forward primer TCTCGGCACCACCTACTCC
Reverse primer CTACGCCCGATCAGACGTTT
Iqgap2 Forward primer TCCTCCAGACCAAACCTTCAT
Reverse primer TTGAGCAACAGGTATTCTTCCC
Thbs4 Forward primer ACGGCTGAACAAAGCCATC
Reverse primer TTGCTCAGTCTCAGGAGAACC
Foxp2 Forward primer AGTGTGCCCAATGTGGGAG
Reverse primer CATGATAGCCTGCCTTATGAGTG
Ciart Forward primer CTGAACGGACTCAAGATGGGT
Reverse primer ACCTCCTGAGGATGACTTCTG
Pla2g4e Forward primer ATGGTGACAGACTCCTTCGAG
Reverse primer CCTCTGCGTAAAGCTGTGG
Nptx2 Forward primer TCAAGGACCGCTTGGAGAG
Reverse primer CGAGGTCTCATTATGAAGCAGG
Mami3 Forward primer GCATCCCACACAACCAATCC
Reverse primer TGCGAGAGAGCCGAGTTCA
Gapdh Forward primer AGGTCGGTGTGAACGGATTTG
Reverse primer GGGGTCGTTGATGGCAACA

Zoological Research 43(6): 989—1004, 2022 993



GAPDH as an internal reference. Each sample was tested in
duplicate.

Western blot analysis

Western blotting was performed following previous protocols
of our laboratory (Ni et al., 2018). Tissues were homogenized
with  a  TGrinder Tissue Homogenizer (Tiangen
Biotechnologies, China) in cold denaturing buffer from the
Minute™ Total Protein Extraction Kit (SD-001, Invent
Biotechnologies, USA), protease inhibitor cocktail (Sigma-
Aldrich, USA), and phosphatase inhibitor cocktail Il (Sigma-
Aldrich, USA). Tissue homogenates were centrifuged at
15 000 r/min and 4 °C for 15 min to clear cellular debris.
Cultured cells were harvested and lysed in cold denaturing
buffer from the Minute™ Total Protein Extraction Kit (SD-001,
Invent Biotechnologies, USA), protease inhibitor cocktail
(Sigma-Aldrich, USA), and phosphatase inhibitor cocktail II
(Sigma-Aldrich). Total protein was measured using a Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific, USA). The
supernatant was then mixed with 5xloading buffer (Sangon
Biotech, China) and boiled for 10 min. The protein sample was
run on an 8% sodium dodecyl sulfate (SDS) polyacrylamide
gel (120 V, 1 h), then transferred to a polyvinylidene fluoride
membrane (Millipore, USA) using a constant current of
300 mA for 2.5 h at 4 °C. Membranes were blocked for 1 h at
37 °C in PBS-tween buffer (0.01 mol/L PBS and 0.05%
Tween-20) containing 5% non-fat milk and incubated for 2 h at
room temperature with primary antibodies monoclonal mouse
anti-FLAG (1:2 000; #F1804; Sigma-Aldrich, USA) and
mouse anti-GAPDH (1:3 000; sc-32233; Santa Cruz
Biotechnology, USA) diluted in PBS-tween buffer with 0.5%
non-fat milk. The membranes were then incubated at 4 °C
overnight. After washing, the membranes were incubated for
1.5 h at room temperature with anti-mouse-horseradish
peroxidase (HRP) (1:2 000; sc-2005; Santa Cruz
Biotechnology, USA). After rinsing, subsequent detection was
performed using the ECL Western Blot System (SuperSignal
West Pico Chemiluminescent Substrate, Pierce, USA).
Immunoreactive bands were recorded using the ChemiDoc
Touch Imaging System (Bio-Rad Laboratories, USA).

Digital photomicrographs and data quantification
Representative images of the PFC sections were taken using
a whole slide scanner (Nanozoomer XR, Hamamatsu, Japan).
To count the c-Fos-immunoreactive (c-Fos-ir) cells, ImageJ
v1.46r (National Institutes of Health, USA) software was used
to select the mPFC and count c-Fos-ir nuclei, as described
previously (Gao et al., 2021). According to previous studies, a
150 um interval between adjacent sections was used to avoid
oversampling the same c-Fos-ir cells (Coggeshall & Lekan,
1996; Ni et al., 2020b). An observer blind to group assignment
analyzed the sample sections at 200x magnification. The c-
Fos-ir nuclear profiles (solid round or oval shaped) should be
larger than 4 ym in diameter. In Imaged, a random grid was
applied to each image with an area of 200 um?. Nuclear profile
density was measured based on the number of positive cells
per mm? in each grid.

Statistical analysis
All data are presented as meanststandard error of the mean

994  www.zoores.ac.cn

(SEM), and no data were excluded. Significant differences
were determined using two-way analysis of variance (ANOVA)
and Fisher's LSD post hoc test for comparison with SPSS v25
software (SPSS Inc., USA). For non-normally distributed data,
latency to open arms and frequency of entries into the central
area and open arms of the maze were compared using the
Kruskal-Wallis H test with Bonferroni correction in pairwise
analyses. Repeated measures ANOVA followed by
Bonferroni's post hoc test was also used to evaluate the
significance of distance moved and cumulative duration in the
OFT every 1 min or 5 min. For comparisons between more
than two groups, the chi-square test was used to analyze
whether the percentage of mice that fell off the platform
differed significantly among groups, followed by pairwise
comparisons with Fisher's exact test (using a correction) to
determine which groups were significantly different. Unpaired
t-test was used to compare the means between two groups. A
probability value of P<0.05 was considered statistically
significant in all cases. Histograms were plotted using
GraphPad Prism (GraphPad Software, USA).

RESULTS

Chronic lithium exposure attenuated ketamine-induced
mania-like behavior

To determine whether ketamine-induced mania-like behavior
is sensitive to chronic lithium treatment, we injected (i.p.) mice
with lithium or saline for 8 days, followed by a single dose of
ketamine (Figure 1A). Acute ketamine treatment markedly
increased locomotor activity in the first 25 min after injection
(Figure 1B). However, this effect was partially reversed by
chronic lithium exposure (Figure 1B; F(3, 44)=15.900,
P<0.01). A single dose of ketamine significantly increased the
total distance moved and cumulative duration of immobility
(velocity<1.75 cm/s) during the 75 min open-field session,
while pretreatment with chronic lithium for 8 days significantly
reversed these changes (Figure 1C; lithium pretreatment:
(F(1, 44)=10.322, P<0.01), ketamine treatment: (F(1, 44)=
41.798, P<0.01), lithiumxketamine interaction: (F(1, 44)=
7.863, P<0.01); Figure 1D; lithium pretreatment: (F(1, 44)=
8.109, P<0.01), ketamine treatment: (F(1, 44)=22.645,
P<0.01), lithiumxketamine interaction: (F(1, 44)=9.353,
P<0.01)). In the EPM test, no saline- or lithium-treated mice
fell off the platform. However, 76.47% (13/17) of ketamine-
treated mice fell off the platform, which declined to 33.33%
(6/18) of ketamine-treated mice under lithium pretreatment
(Figure 1E; P<0.001, Fisher's exact test). In addition,
ketamine administration reduced the latency to fall off the
open arms (Figure 1F; Kruskal-Wallis H test, H=34.009,
P<0.001) and the latency to open arms in each group
(Figure 1I; Kruskal-Wallis H test, H=12.372, P<0.01) and
increased the cumulative duration of movement (velocity>
1.75 cm/s; Figure 1G; two-way ANOVA, P<0.05) and time
spent in the open arms (Figure 1H; Kruskal-Wallis H test,

H=33.541, P<0.01). Chronic lithium exposure partially
attenuated these ketamine-induced behavioral changes
(Figure 1F-I).
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Chronic lithium exposure reversed ketamine-induced c-
Fos expression in the mPFC

We determined the quantitative expression of c-Fos
immunoreactivity in the mPFC of adult male mice in the
saline/saline-, lithium/saline-, saline/ketamine-, and lithium/
ketamine-treated groups (Figure 1J-N). Two-way ANOVA
revealed that the significant increase in c-Fos expression
induced by a single injection of ketamine was blocked by
chronic lithium administration for 8 days in the medial orbital
cortex (MO; Figure 1K; lithium pretreatment: (F(1, 20)=3.368,
P>0.05), ketamine treatment: (F(1, 20)=6.793, P<0.05),
lithiumxketamine interaction: (F(1, 20)=11.901, P<0.01)),
infralimbic cortex (IL; Figure 1L; lithium pretreatment: (F(1,
22)=3.309, P>0.05), ketamine treatment: (F(1, 20)=7.522,
P<0.05), lithiumxketamine interaction: (F(1, 20)=6.060,
P<0.05)), and prelimbic cortex (PrL; Figure 1M; lithium
pretreatment: (F(1, 20)=4.320, P>0.05), ketamine treatment:
(F(1, 20)=10.964, P<0.01), lithiumxketamine interaction: (F(1,
20)=13.736, P<0.01)). In the PrL, sparse c-Fos-ir cells were
observed in the saline/saline-, lithium/saline-, and
lithium/ketamine-treated mice, whereas a high density of c-
Fos-ir cell nuclei was found in the saline/ketamine-treated
mice (Figure 1N).

Effects of lithium on ketamine-induced transcriptome in
the PFC

To identify potential drug targets for the lithium- and/or
ketamine-treated mice, we analyzed global gene expression in
the PFC of the saline/saline-, saline/ketamine-, and lithium/
ketamine-treated mice by transcriptome sequencing (RNA
sequencing). In total, 235 DEGs were identified in the PFC of
the saline/ketamine-treated mice (P-adjusted<0.05, |log,(fold-
change)|>1) compared to the saline/saline-treated mice
(Figure 2A). Of these genes, 202 were up-regulated and 33
were down-regulated (Figure 2A). In addition, 448 genes were
identified in the saline/ketamine-treated vs. lithium/ketamine-
treated mice, including 207 up-regulated and 241 down-
regulated genes (Figure 2B). We also conducted hierarchical
cluster analysis of DEGs among samples from the
saline/saline-, saline/ketamine-, and lithium/ketamine-treated
mice (Figure 2C). The identified DEGs were grouped into four
clusters. To identify common DEGs among groups, we
generated a Venn diagram showing the overlap of four
significant targets (Figure 2D). Moreover, GO analysis of the
DEGs (Figure 2E-F) identified many significantly enriched GO
terms in the saline/ketamine-treated vs. lithium/ketamine-
treated mice (Figure 2F). Furthermore, 20 significantly
enriched KEGG pathways were identified (Figure 2G, H), with
the Notch signaling pathway and circadian rhythm found to be
the top significantly enriched pathways. Interestingly, the top
enriched genes were involved in the PI3K-AKT signaling
pathway among all pairwise comparisons (seven and 17
genes in Figure 2G and H, respectively). The location of these
enriched genes is shown in the simplified PISK-AKT signaling
pathway (Figure 3A, B). Results showed that 71.4% (5 of 7) of
the enriched DEGs in the PI3K-AKT signaling pathway were
up-regulated in the saline/saline-treated vs. saline/ketamine-
treated mice, while 64.7% (11 of 17) were down-regulated in
the saline/ketamine-treated vs. lithium/ketamine-treated mice

(Figure 3A, B).

To verify the reliability of the DEGs obtained from RNA
sequencing, we randomly selected 10 genes (Pla2g4e,
lqgap2, Mami3, Ciart, Hspa8, Hif3a, Nptx2, Tcap, Foxp2, and
Thbs4) for qRT-PCR (Figure 3C). The results were nearly
consistent with the RNA sequencing trends, indicating that our
transcriptome sequencing analysis was accurate and reliable.

Inhibition of AKT reversed ketamine-induced mania-like
behavior

To determine the role of AKT in the mPFC in the development
of mania-like behavior, we tested the effects of AKT-shRNA,
used to selectively knockdown AKT, on ketamine-induced
mania-like behavior in mice (Figure 4A). Knockdown efficiency
of AKT-shRNA was initially demonstrated by western blot
analysis (Figure 4C). The AKT-shRNA and control shRNA
viruses were injected into the bilateral mPFC of male mice at 8
weeks of age through the pre-implanted cannulas (Figure 4B).
After surgery, the mice were allowed to recover and express
the virus for 3 weeks before the behavioral experiments were
performed (Figure 4D). Mice treated with AKT-shRNA gained
significantly more body weight compared to the control mice
(Figure 4E; t,;=-2.195, P<0.05). In addition, the ketamine-
treated mice treated with AKT-shRNA displayed a lower
frequency of entries into the central area (Figure 4F; AKT-
shRNA pretreatment: (F(1, 24)=1.847, P>0.05), ketamine
treatment: (F(1, 24)=13.997, P<0.01), AKT-shRNAxketamine
interaction: (F(1, 24)=5.330, P<0.05)) and less time spent in
the central area (Figure 4G; F(3, 24)=8.032, P<0.01;
Figure 4H, I; F(3, 24)=8.723, P<0.001) during the 10 min OFT
than the ketamine-treated mice treated with the control
shRNA.

To further test whether the PI3K-AKT signaling pathway is
responsible for mania-like behavior in ketamine-treated mice,
we analyzed the effects of AKT signaling inhibition by
MK2206, a selective AKT inhibitor (Figure 5A). Male mice
received MK2206 or vehicle once/day for three consecutive
days. The behavioral tests were performed at 60 min after the
third administration of MK2206 and completed within 30 min of
the single administration of ketamine. In the 10 min OFT,
MK2206 treatment significantly decreased total distance
traveled (Figure 5B, C; MK2206 pretreatment: (F(1, 24)=
202.706, P<0.001), ketamine treatment: (F(1, 24)=33.624,
P<0.001), MK2206xketamine interaction: (F(1, 24)=19.871,
P<0.001); Figure 5D; F(3, 24)=85.400, P<0.001) and time
spent in the central area (Figure 5F; F(3, 24)=6.136, P<0.01)
compared to ketamine-treated mice receiving the vehicle
treatment. Moreover, treatment with MK2206 significantly
increased the total cumulative duration of immobility
(velocity<1.75 cm/s) in the ketamine-treated mice (Figure 5E;
MK2206 pretreatment: (F(1, 24)=141.559, P<0.001), ketamine
treatment: (F(1, 24)=24.272, P<0.001), MK2206xketamine
interaction: (F(1, 24)=7.368, P<0.05)). In the 5 min EPM test,
the ketamine-treated mice administered three injections of
MK2206 (40 mg/kg) showed a significant decrease in total
distance traveled (Figure 5G; MK2206 pretreatment: (F(1,
24)=72.954, P<0.001), ketamine treatment: (F(1, 24)=12.862,
P<0.01), MK2206xketamine interaction: (F(1, 24)=6.137,
P<0.05)) and time spent in the open arms (Figure 5I; F(3,
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Figure 2 Effects of lithium on ketamine-induced transcriptome in the PFC

A: Volcano plot of DEGs in the PFC between Sal+Sal and Sal+Ket groups (n=4, each group). Red dots represent genes with up-regulated
expression, green dots represent genes with down-regulated expression, and blue dots represent non-DEGs. Labels are given as gene symbols for
the top genes by unadjusted P-value rank (Zbed4), top three genes were enriched in the PI3K-AKT signaling pathway. B: Volcano plot of DEGs in
the PFC between Sal+Ket and Li+Ket groups (n=4, each group). Labels are given as gene symbols for the top genes by unadjusted P-value rank
(Ciart), top six genes were enriched in the PI3K-AKT signaling pathway. C: Hierarchical cluster analysis of DEGs among samples in the Sal+Sal,
Sal+Ket, and Li+Ket groups (red, up-regulated; blue, down-regulated). D: Venn diagram showing distribution of DEGs among the three groups. E:
Top 30 significantly enriched GO categories of biological process, cellular component, and molecular function terms between Sal+Sal and Sal+Ket
groups. X-axis indicates number of DEGs. Y-axis indicates GO terms. Asterisks represent significant differences. F: Top 30 significantly enriched
GO categories of biological process and molecular function terms between Sal+Ket and Li+Ket groups. G: Scatter plots showing top 20 enriched
KEGG pathways between the Sal+Sal and Sal+Ket groups. Y-axis indicates KEGG pathways. X-axis indicates Rich factor (i.e., ratio of the number
of DEGs annotated in this pathway term to the number of all genes annotated in this pathway term). The Q-value is a corrected P-value ranging
from 0 to 1. Size and color of the bubble represent number of DEGs and significance of enrichment in the pathway. H: Scatter plots showing top 20
enriched KEGG pathways between Sal+Ket and Li+Ket groups. Ket, ketamine; Li, lithium; Sal, saline.
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Figure 3 Simplified PI3K-AKT signaling pathway showing location of significant genes based on KEGG pathway enrichment analysis

A: Enriched PI3K-AKT signaling pathway between Sal+Sal and Sal+Ket groups. Red frame genes represent up-regulated DEGs, green frame
genes represent down-regulated DEGs, and yellow frame genes represent DEGs with up-regulated and down-regulated expression. B: Enriched
PI3K-AKT signaling pathway between Sal+Ket and Li+Ket groups. C: Validation of DEG expression by qRT-PCR (n=5, each group). Ket, ketamine;
Li, lithium; Sal, saline. ": P<0.05; ™: P<0.01.
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Figure 4 Effects of selective AKT knockdown by AKT-shRNA on ketamine-induced mania-like behavior in mice

A: Timeline of the experiment. B: Localization of guide cannula tips in the mPFC of mice. C: Western blot analysis demonstrated the knockdown
efficiency of AKT-shRNA in 293T cells using AAV-AKT-shRNA-EGFP. D: Fluorescence microscopy images showing transfection efficiency of AKT-
shRNA and control shRNA in mouse mPFC (green). Top row: low-magnification images illustrating EGFP- and Hoechst-labeled cells in the mPFC
(shaded area in b, dotted lines delineate medial boundary of the cerebral hemisphere); bottom row: high-magpnification images showing EGFP- and
Hoechst-labeled cells (boxed areas in top row). E: Body weight gain following treatment with AKT-shRNA and control shRNA. F: Frequency of entry
into central area during 10 min OFT in each group. G: Time in central area in 1 min bins for each group. Con-shRNA+Sal vs. Con-shRNA+Ket: ™
P<0.01; AKT-shRNA+Ket vs. Con-shRNA+Ket: #: P<0.01. H: Total time spent in central area in OFT. |: Representative heatmaps showing
cumulative duration spent by each group throughout the compartment during 10 min OFT. Dashed lines represent central areas. Con-shRNA,
control shRNA; Ket, ketamine; Sal, saline. ": P<0.05; ™: P<0.01 (n=7-8, each group).
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Figure 5 Effects of MK2206 (selective AKT inhibitor) and SC79 (AKT activator) on mania-like behavior in mice

A: Timeline of the experiment. B: Representative traces of mouse movement (red lines) in each group during 10 min OFT. Dotted lines delineate
center area. C: Total distance moved during 10 min OFT. D: Distance traveled in 1 min bins for each group (n=7, each group). Veh+Sal vs.
Veh+Ket: ”: P<0.01; MK+Ket vs. Veh+Ket: #: P<0.01. E: Total cumulative duration of not moving (velocity<1.75 cm/s). F: Time in center area during
10 min OFT. G: Total distance moved during 5 min EPM test in each group. H: Total cumulative duration of immobility (velocity<1.75 cm/s) in EPM
test. I: Time spent in open arms during 5 min EPM test. J: Timeline of the experiment. K: Representative traces of mouse movement (red lines) in
each group (n=12-13, each group) during 10 min OFT. Dotted lines delineate center area. L: Total distance moved during 10 min OFT. M: Distance
traveled in 1 min bins in open field. Veh+Sal vs. Veh+Ket: ": P<0.05, ”: P<0.01; SC79+Ket vs. SC79+Sal: : P<0.05, %: P<0.01. N: Total cumulative
duration of immobility (velocity<1.75 cm/s). O: Frequency of entry into central area during 10 min OFT in each group. P: Time spent in open arms
during 5 min EPM test. Q: Frequency of entry into open arms of maze. R: Body weight following treatment with SC79 and ketamine. Ket, ketamine;
MK, MK2206; Sal, saline; Veh, vehicle. ": P<0.05; "": P<0.01.
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24)=3.303, P<0.05). Additionally, the total cumulative duration
of immobility was significantly increased in the MK2206- and
ketamine-treated mice compared to the ketamine-treated mice
(Figure 5H; F(3, 24)=33.115, P<0.001).

Activation of AKT contributed to mania-like behavior in
low-dose ketamine-treated mice

To determine whether activation of the AKT signaling pathway
is required for mania-like behavior development in ketamine-
treated mice, we examined the effects of SC79, an AKT
activator, on behaviors induced by low-dose ketamine (5
mg/kg) in mice (Figure 5J). Mice were treated with SC79 (40
mg/kg) or vehicle daily for three consecutive days. The
following behavioral tests were conducted 60 min after the
third administration of SC79 and completed within 30 min of
the single administration of ketamine (Figure 5J). Compared to
the SC79-treated mice, administration of ketamine in the
SC79-treated mice markedly increased the total distance
traveled (Figure 5K, L; Kruskal-Wallis H test, H=9.678,
P<0.05) and frequency of entries into the center (Figure 50;
Kruskal-Wallis H test, H=7.904, P<0.05) in the OFT. The
distance traveled in 1 min bins throughout the 10 min OFT
was measured (Figure 5M; F(3, 43)=3.784, P<0.05). Two-way
ANOVA revealed significant differences in the total cumulative
duration of immobility (Figure 5N; F(3, 43)=3.592, P<0.05).
Moreover, single low-dose ketamine treatment significantly
increased the time spent in the open arms (Figure 5P;
Kruskal-Wallis H test, H=10.321, P<0.05) and the frequency of
entries into the open arms of the maze (Figure 5Q; Kruskal-
Wallis H test, H=9.339, P<0.05) in the SC79-treated mice but
not in the vehicle-treated mice. No differences in body weight
were observed among the four groups (Figure 5R).

Inhibition of PI3K reversed ketamine-induced mania-like
behavior

To investigate whether PI3K is required for ketamine-induced
mania-like behavior, we used LY294002, a specific PI3K
inhibitor (Figure 6A). Naive mice received an i.p. injection of
LY294002 (25 mg/kg) and vehicle daily for two consecutive
days, and the OFT was performed 60 min after the second
administration (Figure 6A). LY294002 treatment significantly
inhibited the total distance traveled (Figure 6B, C; F(3,
28)=16.194, P<0.001; Figure 6D; F(3, 28)=18.068, P<0.001)
and frequency of entries into the central area (Figure 6F;
Kruskal-Wallis H test, H=16.449, P<0.01) in the ketamine-
treated mice compared to the vehicle injection. In addition,
treatment with LY294002 significantly increased the total
cumulative duration of immobility compared with the vehicle
treatment in the ketamine-treated mice (Figure 6E; Kruskal-
Wallis H test, H=20.969, P<0.001).

Inhibition of mTOR had no effect on ketamine-induced
mania-like behavior

To examine whether the mTOR signaling pathway is required
for ketamine-induced mania-like behavior, we treated mice
with rapamycin, a specific mTOR inhibitor (Figure 6G). Male
mice were administered rapamycin (10 mg/kg) or vehicle
once/day for 3 days (Figure 6G). Two-way ANOVA revealed
that ketamine administration significantly increased the total
distance moved (Figure 6H-J), time spent in the central area

1000 www.zoores.ac.cn

(Figure 6K), and frequency of entries into the central area
(Figure 6L) compared with the control group, and these effects
were not reversed by rapamycin pretreatment.

DISCUSSION

In the present study, we found that chronic lithium exposure
attenuated ketamine-induced mania-like behavior and c-Fos
expression in the mPFC of adult male mice. Furthermore, to
determine the effects of lithium administration in ketamine-
treated mice on the PFC transcriptome, RNA sequencing
confirmed the inactivation of the PI3K-AKT signaling pathway.
Inhibition  of the PI3K-AKT signaling pathway by
pharmacological and genetic manipulation reversed ketamine-
induced mania-like behavior. However, inhibition of mTOR
had no effect on ketamine-induced mania-like behavior.
Importantly, activation of the PI3K-AKT signaling pathway
contributed to mania-like behavior in low-dose ketamine-
treated mice.

Numerous studies have supported the dose-dependent
effects of ketamine on rodent behavior (Radford et al., 2017;
Wu et al., 2020). Low-dose ketamine (10 mg/kg) shows
antidepressant activity in rodents via its metabolites, which
activate AMPAR (Qin et al.,, 2021; Zhou et al., 2014). In
contrast, high doses of sub-anesthetic and anesthetic
ketamine (>40 mg/kg) produce long-lasting psychotomimetic
phenotypes by activating NMDAR and brain-derived
neurotrophic factor (BDNF) (Qin et al., 2021; Wu et al., 2020).
Moderate doses of ketamine (20-30 mg/kg) can also induce
hyperactivity and manic behaviors in mice (Acevedo & Siegel,
2022; Gao et al., 2021; Openshaw et al., 2020).

Acute and repeated exposure to ketamine in rodents can
mimic aspects of manic episodes in BD patients (Hu et al.,
2021; Nichols et al., 2016; Ricke et al., 2011). In this study,
acute ketamine exposure in mice induced mania-like behavior,
consistent with previous findings in mice (Gao et al., 2021)
and rats (Ettenberg et al., 2020; Ghedim et al., 2012; Krug
et al.,, 2019). Chronic lithium administration is the gold-
standard treatment for BD and can attenuate ketamine-
induced mania-like behavior in male mice (Gao et al., 2021)
and rats (Krug et al.,, 2019), as shown in our study. Acute
ketamine treatment can also increase c-Fos expression (an
indicator of increased neuronal activity) in the lateral septal
nucleus, hypothalamus, amygdala, and hippocampus of male
mice (Gao et al., 2021). Consistently, our findings showed that
the mPFC was activated by a single dose of ketamine.
Interestingly, lithium moderated the effects of single-dose
ketamine on c-Fos expression in the mPFC. Clinical studies
have found abnormal activity in the PFC of BD patients
(Bjertrup et al., 2022; Chai et al., 2011; Yang et al., 2020) and
documented the neuroprotective effects of lithium on the PFC
in BD patients (Altinay et al., 2018; Hajek et al., 2012).

This study is the first to illustrate the transcriptional
programs in the PFC activated in response to lithium
administration in ketamine-treated mice. At the transcriptional
level, our data demonstrated the presence of common
enriched pathways between the saline/saline-treated vs.
saline/ketamine-treated mice and the saline/ketamine-treated
vs. lithium/ketamine-treated mice. KEGG pathway analysis
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Figure 6 Effects of LY294002 (specific PI3K inhibitor) and rapamycin (specific mTOR inhibitor) on ketamine-induced mania-like behavior
in mice

A: Timeline of the experiment. B: Representative traces of mouse movement (red lines) in each group (n=8, each group) during 10 min OFT. Dotted
lines delineate center area. C: Distance moved in 1 min bins for each group. Veh+Sal vs. Veh+Ket: ": P<0.05, ”: P<0.01; LY+Ket vs. Veh+Ket: #:
P<0.01. D: Total distance moved during 10 min OFT. E: Total cumulative duration of not moving (velocity<1.75 cm/s) in open field. F: Frequency of
entry into central area during 10 min OFT in each group. G: Timeline of the experiment. H: Representative heatmaps showing cumulative duration
spent by each group (n=11, each group) throughout the compartment during 10 min OFT. Dashed lines represent central areas. I: Distance moved
in 1 min bins for each group. Veh+Sal vs. Veh+Ket: ": P<0.05, ™: P<0.01; Rap+Ket vs. Rap+Sal: %: P<0.05, %: P<0.01. J: Total distance moved
during 10 min OFT. K: Total time spent in central area in OFT. L: Frequency of entry into central area during 10 min OFT in each group. Ket,
ketamine; LY, LY294002; Rap, rapamycin; Sal, saline; Veh, vehicle. ": P<0.05; ”: P<0.01.

indicated that the top enriched genes in the three groups were the whole blood (Machado-Vieira et al., 2015) and PFC of BD
involved in the PI3K-AKT signaling pathway. Consistently, patients (Vanderplow et al., 2021). Chronic ketamine exposure
changes in the AKT signaling pathway have been reported in produces a resilient phenotype mediated by changes in the
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AKT signaling pathway and neuronal activity in the brains of
adolescent mice (Parise et al., 2021). In addition, lithium
exerts its neuroprotective activity via the PI3K-AKT signaling
pathway (Ates et al., 2022; Pan et al., 2011). GSK-3beta,
presumably through the AKT signaling pathway, mediates the
hyperlocomotion-suppressing effects of lithium in rodent
models of mania (Urs et al., 2012; Valvassori et al., 2017).
These findings demonstrate that the PI3K-AKT signaling
pathway, as a common signaling pathway for ketamine and
lithium, plays a critical role in mania-like behaviors.

To determine whether the PI3K-AKT signaling pathway is
responsible for mania-like behavior in ketamine-treated mice,
we used pharmacological and genetic manipulations to
specifically alter AKT and PI3K and investigate behavioral
changes in ketamine-treated mice. We first demonstrated that
selective AKT knockdown by viral delivery of AKT-shRNA in
the mPFC reversed ketamine-induced mania-like behavior in
mice. Recent research has indicated that viral-mediated down-
regulation of AKT expression in the ventral tegmental area
blocks the effects of repeated ketamine treatment on chronic
social defeat stress-induced behavioral deficits in mice (Parise
et al., 2021). Moreover, the selective AKT inhibitor MK2206
produced anti-manic effects in ketamine-treated mice in our
study. Experimental evidence suggests that low-dose
ketamine administration has no effect on locomotor activity in
mice (Akillioglu et al., 2012; Aleksandrova et al., 2020;
Khakpai et al., 2019). Intriguingly, we found that low-dose
ketamine itself could not effectively induce mania, but
significant effects were observed when combined with the
AKT activator SC79. However, further study is required to
determine whether low-dose ketamine induces mania-like
behavior in AKT-overexpressing transgenic mice. Exposure to
the specific PI3K inhibitor LY294002 is reported to inhibit
locomotor activity during the OFT (Shin et al., 2021; Xing et
al., 2019). Our data also confirmed that LY294002 significantly
decreased locomotor activity in mice. Importantly, inhibition of
PI3K also reversed ketamine-induced mania-like behavior.
However, the specific mTOR inhibitor rapamycin did not inhibit
locomotor activity in the OFT in naive controls, consistent with
previous research (Hadamitzky et al., 2018; Xing et al., 2019),
and inhibition of MTOR had no effect on locomotor activity in
the saline-treated mice or on mania-like behavior in the
ketamine-treated mice. Thus, our experimental findings
suggest that PI3K and AKT, but not mTOR, may be novel
therapeutic targets for treating mania. However, our study is
not without limitations and further research is required to
investigate the signaling mechanism downstream of PI3K-AKT
signaling molecules.

In conclusion, chronic lithium exposure attenuated mania-
like behavior in ketamine-treated mice via the PI3K-AKT
signaling pathway in the mPFC. Inhibition of the PI3K-AKT
signaling pathway rescued ketamine-induced mania-like
behavior. Our study thus identified PI3K-AKT signaling as a
new therapeutic target for BD.
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