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Abstract

Schizophrenia is a severe chronic neuropsychiatric disorder, and it negatively affects individuals’ quality of life, but the patho-
genesis of schizophrenia remains unclear. This study aimed to explore whether the administration of ketamine in rats causes
changes in mTOR (mechanistic/mammalian target of rapamycin) expression in the hippocampus and prefrontal cortex. Ketamine
was used to establish an animal model of schizophrenia. Rats were randomly divided into four groups: control group (normal
saline), low-dose group (15 mg/kg ketamine), middle-dose group (30 mg/kg ketamine), and high-dose group (60 mg/kg keta-
mine). The rats were intraperitoneally injected with ketamine or normal saline twice a day (9 AM and 9 PM) for 7 consecutive
days. Immunohistochemistry was used to detect mTOR protein expression in the hippocampus and prefrontal cortex from rats at
13 h after the last treatment. Using immunohistochemistry, the expression of the mTOR protein was localized exclusively in the
CA3 region of the hippocampus and in the Cg1 region of the prefrontal cortexes. Ketamine at 60 mg/kg decreased the expression
of mTOR protein in the brain of rats. Ketamine successfully established a rat model of schizophrenia. This study helps elucidate

the mechanisms of ketamine-induced schizophrenia and provides novel insights for drug discovery and development.
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Introduction

Ketamine, a non-competitive and non-selective N-methyl-D-
aspartate (NMDA) receptor antagonist, has been widely used
as an anesthetic for inducing and maintaining anesthesia dur-
ing surgeries (Oh and Kingsley 2018; Hulsman et al. 2018;
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Forget and Cata 2017; Bonhomme et al. 2016). As a fast-
acting antidepressant, a single subanesthetic dose of ketamine
produces a therapeutic response within a few hours that lasts
for about 7 days (Zarate Jr. et al. 2006; Berman et al. 2000). As
a new-type drug, ketamine innately possesses strong mental
activity and is illegally consumed as a recreational drug in
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order to seek for euphoria (Liu et al. 2016; Sassano-Higgins
et al. 2016; Li and Vlisides 2016). It has been commonly
reported that long-term abusive usage of ketamine could pro-
duce symptoms of schizophrenia in rodent models and
humans (Matuszko et al. 2017; Haaf et al. 2018). In addition,
other negative features of exposure to ketamine, including hair
loss (Favretto et al. 2016), inhibition of human sperm function
(He et al. 2016), and induction of DNA damage (Leffa et al.
2016), have been reported.

Schizophrenia is a severe neuropsychiatric disorder, mainly
characterized by three categories of symptoms: positive (e.g.,
hallucinations and delusions), negative (e.g., social withdraw-
al), and cognitive impairments (e.g., impaired executive func-
tions and visual memory) (Skodlar and Henriksen 2019;
Seeman 2019; Loch 2019; Tandon et al. 2013). Both negative
symptoms and cognitive impairments are also strongly asso-
ciated with social functioning, which obviously influences
independent living skills and quality of life (Skodlar and
Henriksen 2019; Seeman 2019; Loch 2019; Tandon et al.
2013). The pathogenesis of schizophrenia still remains unclear
(Kuo and Liu 2019; Focking et al. 2019; Krajcovic et al. 2019;
Zhuo et al. 2019). Thus, there is an urgent need for identifying
the predictors of disease progression and treatment biomarkers
of schizophrenia.

As a serine/threonine-protein kinase, the mechanistic/
mammalian target of rapamycin (mTOR) is a master regulator
of protein synthesis (Saxton and Sabatini 2017) and also con-
trols several neuronal functions (e.g., neural plasticity)
(Switon et al. 2017; Lee 2015; Huang et al. 2018; Yoon
et al. 2008). Aberrant changes in mTOR signaling are associ-
ated with some neurological disorders such as schizophrenia
(Ryskalin et al. 2018; Pham et al. 2016; Gururajan and van
den Buuse 2014). Ketamine has been demonstrated to activate
the mTOR pathway rapidly and to lead to increased synaptic
signaling proteins and increased number and function of new
spine synapses in the prefrontal cortex of rats, while blockade
of mTOR signaling could completely block ketamine induc-
tion of synaptogenesis and behavioral responses in models of
depression (Li et al. 2010). Similarly, ketamine can also acti-
vate the mTOR signaling in rat brain in vivo (Wesseling et al.
2015) and rat hippocampal neurons in vitro (Liu et al. 2019).
These reports have revealed that abnormal mTOR expression
is identified in rat brain tissues after an acute ketamine admin-
istration. Nevertheless, how mTOR expression is affected un-
der the condition of a chronic ketamine treatment remains
largely unknown.

In this study, we established an animal model of schizo-
phrenia through the administration of ketamine in rats for 7
consecutive days. To explore whether ketamine causes chang-
es in brain mTOR expression, we used immunohistochemistry
to localize and assess mTOR expression in rat hippocampus,
and prefrontal cortex tissues from rats received different doses
of ketamine.

@ Springer

Materials and Methods
Animals

Sprague-Dawley (SD) rats (male, 3 weeks old) were pur-
chased from Beijing Vital River Laboratory Animal
Technology Co., Ltd. (Beijing, China). They were maintained
in the experimental animal center of Kunming Medical
University (Kunming, China) at 22-24 °C with 45-55% hu-
midity and a 12-h alternating light-dark cycle. Standard diet
and water were given ad libitum. The rats were euthanized
after anesthesia with ether.

All animal experiments were performed according to the
Guide for the Care and Use of Laboratory Animals 8th
Edition. The study was approved by the Ethics Committee
of Kunming Medical University (Kunming, China).

Drug Administration

The SD rats were acclimatized for 1 week. Subsequently, 24
male SD rats at the age of 4 weeks were randomly divided into
four experimental groups: control group, low-dose group,
middle-dose group, and high-dose group (n =6 per group).
The rats in three drug-treatments groups were intraperitoneal-
ly administered with ketamine (ketamine hydrochloride injec-
tion; cat. no. H35020148, Fujian Gutian Pharmaceutical Co.,
Ltd., Fujian, China), with doses of 15 (low-dose group), 30
(middle-dose group), and 60 (high-dose group) mg/kg. The
rats in the control group received an equal volume of normal
saline (0.9% sodium chloride saline). The injection frequency
was twice (9 AM and 9 PM) per day, and all the groups were
continuously treated for 7 days.

Tissue Preparation

All the rats were euthanized at 13 h after the last administration of
ketamine or saline. They were perfused with normal saline until
the livers became white, and the effluent was clear. After head
dissection, the brain tissues were obtained and kept on ice. The
tissues were fixed in 4% paraformaldehyde (PFA). The hippo-
campal and prefrontal cortex tissues were collected, embedded in
paraffin, and prepared for immunohistochemistry.

Immunohistochemistry

The paraffin-embedded tissues were cut at 5 um as serial
coronal sections. The coronal sections were respectively
placed on slides and were dried at 70 °C for 3 h. The sections
were deparaffinized and rehydrated through a graded series of
ethanol. Antigen retrieval was performed using 1% (w/w) cit-
rate buffer (pH 6.0). Endogenous peroxidase was blocked
using hydrogen peroxide. The sections were incubated at
room temperature (RT) for 10 min and washed three times
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for 2 min each time with phosphate-buffered saline (PBS).
After blocking with 5% normal goat serum in PBS at 37 °C
for 10 min, the sections were incubated with rabbit monoclo-
nal anti-mTOR antibody (1:400 dilution; cat. no. ab32028,
Abcam, Cambridge, UK) at 4 °C overnight. The next day,
the sections were incubated at 37 °C for 30 min, followed
by three washes in PBS, 2 min each time. The sections were
stained with reaction enhanced reagent and incubated at 37 °C
for about 20 min at RT. After washing three times, the sections
were stained with goat anti-mouse/rabbit IgG polymer marked
horseradish peroxidase and then incubated at 37 °C for about
30 min. Finally, after washing three times, the sections were
stained with 3’-diaminobenzidine (DAB; DAB Detection kit,
cat. no. PV-9000, Beijing Zhong Shan Jin Qiao
Biotechnology Co. Ltd., Beijing, China) for 5 min before they
were washed with tap water. The sections were rapidly
dehydrated using a graded series of ethanol, and
dimethylbenzene was used to clear them. The sections were
sealed with neutral gum. Images were acquired under a mi-
croscope (Bx53; Olympus, Tokyo, Japan) and analyzed using
the Image-pro plus 6.0 software (Media Cybernetics,
Rockville, MD, USA). The gray value of mTOR protein
was measured by the analysis system and converted into op-
tical density (OD) value. The ratio of optical density value to
the area, namely OD/area, was calculated, and the expression
of mTOR protein was quantified by the value of the OD/area
ratio.

Statistical Analysis

All data were presented as mean + standard error of the mean
(SEM). The statistical analysis and graphs were conducted
using the GraphPad Prism 5 software (San Diego, CA,
USA). Statistical analysis was performed using one-way anal-
ysis of variance (ANOVA), followed by the Newman-Keuls
post hoc test. A P value <0.05 was considered statistically
significant.

Results

Localization and Expression of mTOR Protein in Rat
Hippocampus After Ketamine Administration

We treated the SD rats with ketamine at various doses (15, 30,
and 60 mg/kg) and observed their behavior phenotype daily.
Only the rats in the ketamine high-dose group displayed
symptoms of schizophrenia and apparent aggressive behavior
on the third day of ketamine administration. In order to inves-
tigate the influence of ketamine on the localization and expres-
sion level of brain mTOR protein, we carried out immunohis-
tochemistry in rat hippocampus and prefrontal cortex tissues.

The results showed that the mTOR-positive cells were lo-
calized predominately in the CA3 region of the hippocampus,
and the mTOR expression was significantly decreased in the
high-dose group in comparison with the control group
(Fig. 1). Compared with the control group, the low-dose and
middle-dose groups displayed slightly lower expression of
mTOR, although the differences were not statistically signifi-
cant (one-way ANOVA, Newman-Keuls post hoc test).
Nevertheless, there was a significant difference in mTOR ex-
pression levels in hippocampus tissues between the high-dose
and control groups (Fig. 2).

Localization and Expression of mTOR Protein in Rat
Prefrontal Cortex After Ketamine Administration

The immunohistochemistry results of prefrontal cortex tissues
revealed that the mTOR-positive cells were exclusively local-
ized in the Cgl region of the prefrontal cortex, and mTOR
expression was markedly decreased upon ketamine adminis-
tration (Fig. 3). Compared with the control group, the low-
dose and middle-dose groups displayed slightly lower expres-
sion of mTOR in the prefrontal cortex, although the differ-
ences were not statistically significant (one-way ANOVA,
Newman-Keuls post hoc test). Nevertheless, there was a sig-
nificant difference in mTOR expression levels in prefrontal
cortex tissues between the high-dose and control groups
(Fig. 4).

Taken together, ketamine at 60 mg/kg in rats seemed to
cause a downregulation of mTOR expression in the CA3 re-
gion of the hippocampus and the Cgl region of the prefrontal
cortex. Ketamine at 60 mg/kg could result in significantly
lower mTOR expression in those brain regions after 7 days
of treatment in rats.

Discussion

Similarity between the cognitive and behavioral effects of
ketamine in animals and humans has suggested that abnormal-
ities in the NMDA receptor function might contribute to the
pathogenesis of schizophrenia (Abi-Saab et al. 1998; Javitt
et al. 2012; Krystal et al. 2003; Lahti et al. 2001).
Individuals with persisting ketamine-induced psychosis dem-
onstrate a more similar symptom factor structure of schizo-
phrenia than the individuals receiving a single dose of keta-
mine (Xu et al. 2015). The mTOR signaling cascade is in-
volved in the intracellular regulation of protein synthesis, spe-
cifically for proteins involved in controlling neuronal mor-
phology and facilitating synaptic plasticity (Gururajan and
van den Buuse 2014). In this study, we investigated the effects
of a relatively long-term administration of ketamine in rats on
the expression of the mTOR protein in rat hippocampus and
prefrontal cortex tissues. This is of importance since mTOR
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Fig. 1 The expression of mTOR
in rat hippocampus tissues was
detected by
immunohistochemistry. Male
Sprague-Dawley (SD) rats at the
age of 4 weeks were randomly
assigned into four groups (n = 6/
group): the control group (treated
with equal volume of normal sa-
line), low-dose group (ketamine
at 15 mg/kg body weight),
middle-dose group (ketamine at
30 mg/kg), and high-dose group
(ketamine at 60 mg/kg). The rats
were intraperitoneally
administered ketamine or normal
saline twice (9 AM and 9 PM) per
day for 7 days. The rats were
sacrificed at 13 h after the last
injection of ketamine or saline.
The hippocampal tissues were
subjected to
immunohistochemistry. Images
are a representative of staining for
mTOR protein in the CA3 region
of the hippocampus tissues. Scale
bar, 20 pm
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Fig. 2 Quantitation on the mTOR protein expression levels in the CA3

region of the hippocampus tissues from rats treated with normal saline or

different doses of ketamine. Experimental procedures were as described

in Fig. 1. The relative expression levels of mTOR protein in the CA3

region of the hippocampus tissues from the indicated groups were

quantified by OD/area. n=6 for each group; *P < 0.05, compared with
the control group
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holds a central role in neurons, astrocytes, microglia, and var-
ious cells of the central nervous system by regulating cell
growth, gene expression and translation, and metabolic bal-
ance. Of note, brain mTOR dysfunction has been implicated
in neurological diseases such as epilepsy, autism, and neuro-
degenerative conditions (Lipton and Sahin 2014). Therefore,
mTOR might be involved in schizophrenia.

As a highly potent amphetamine derivative, methamphet-
amine (N-methyl-alpha-methylphenethylamine) is a strong
psychostimulant that can induce psychosis among recreational
and chronic users (Wearne and Cornish 2018; Li et al. 2014).
Some users of methamphetamine can develop a persistent psy-
chotic syndrome that shows similarities to schizophrenia
(Wearne and Cornish 2018; Li et al. 2014). Although
methylamphetamine has been reported to be used to establish a
kind of animal model of schizophrenia, this model could only
reflect the positive symptoms of schizophrenia (Atkins et al.
2001; Arai et al. 2008; Ma and Leung 2000). Therefore, in this
study, ketamine was used to establish an animal model that can
reflect both the positive and negative symptoms of schizophre-
nia. In the high-dose group (60 mg/kg), we could observe
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Fig. 3 The expression of mTOR
in the prefrontal cortex from rats
by immunohistochemistry.
Experimental procedures were as
described in Fig. 1, except that the
mTOR protein expression was
examined in the prefrontal cortex.
Images are a representative of
staining for mTOR protein in the
Cgl region of the prefrontal
cortex. Scale bar, 20 um

Low-dose , " o

Middle-dose

High-dose
0.20-
—_— —
3 - x
(\U O 15' ——
>
B
© 0.104
©
T
O
= 0.05-
®)
0.00 T T T T
> 2 %) 2
S G O
OO $¢ \Q)’ \(\/
(¢ bb Q

Fig. 4 Quantification of the mTOR protein expression levels in the Cgl
region of the prefrontal cortex from rats treated with normal saline or
different doses of ketamine. Experimental procedures were as described
in Fig. 1. The relative expression levels of mTOR protein in the Cgl
region of the prefrontal cortex from the indicated groups were
quantified by OD/area. n=6 for each group; *P < 0.05, compared with
the control group

Left prefrontal cortex Right prefrontal cortex

Control

LS
¥4
. %

ot

i/

7

symptoms of schizophrenia, including apparent aggressive be-
havior, starting on the third day of ketamine administration. On
the other hand, the rats receiving lower doses of ketamine (15
and 30 mg/kg) did not exhibit the evident symptoms of schizo-
phrenia even after completing the scheduled treatments, suggest-
ing that higher doses of ketamine is a prerequisite in chronic
ketamine exposure-induced rat models of schizophrenia.
Corresponding to the eliciting of symptoms of schizophre-
nia only in the rats treated with high-dose ketamine, immuno-
histochemistry showed that significant downregulation of the
expression levels of the mTOR protein in the hippocampus
and prefrontal cortex tissues were only observed in rats receiv-
ing high-dose ketamine, compared with the saline-treated rats.
Aberrant changes in mTOR signaling in brain tissues are as-
sociated with neurological disorders such as schizophrenia
(Ryskalin et al. 2018; Pham et al. 2016; Gururajan and van
den Buuse 2014). Using selected reaction monitoring mass
spectrometry (SRM-MS) profiling of rat brain tissues,
Wesseling et al. reported that the mTOR protein levels in the
frontal cortex and the hippocampus tissues of rat were signif-
icantly increased at 2 h after 10 mg/kg ketamine treatment
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(Wesseling et al. 2015). A previous study showed that the fast
antidepressant actions of ketamine are associated with the
transient and dose-dependent activation of mTOR signaling
in rat prefrontal cortex (Li et al. 2010). A low dose of ketamine
(10 mg/kg) was able to activate mTOR signaling in the rat
prefrontal cortex starting 30 min after ketamine administration
(Li et al. 2010). Moreover, a recent report from Liu et al.
indicated that ketamine could dose-dependently promote the
apoptosis of in vitro cultured rat hippocampal neurons with
the upregulation of p-mTOR and its downstream regulators
(p-4E-BP-1 and p-p70S6K), which can be reversed by the
administration of mTOR inhibitor rapamycin (Liu et al. 2019).

Previous studies reported a dose-dependent effect of keta-
mine on mTOR (Lietal. 2010; Liu et al. 2019), which was not
observed here in the low- and middle-dose groups. This might
be associated with the detrimental effects of long-term treat-
ment with ketamine on cell proliferation, survival, and metab-
olism (Wu et al. 2014; Weckmann et al. 2014; Cheung and
Yew 2019).

This study has limitations. The number of animals in each
group was small. In addition, no ketamine dose higher than
60 mg/kg was used, preventing the determination of the optimal
dose for modeling of schizophrenia in rats. Third, only one ani-
mal model was used, and it was not compared with other known
models of schizophrenia. Finally, the pharmacological modula-
tion of mTOR might be a treatment of neurological conditions
associated with mTOR dysfunction (Lipton and Sahin 2014), but
such interventions were not examined in the present study.

In future studies, we will examine a wider range of keta-
mine doses on the occurrence of schizophrenia in rats. This
should allow the optimization of the model and potentially
examine a dose-dependent response. Future studies will also
include other rat models of schizophrenia (Jones et al. 2011;
Winship et al. 2019). Finally, future studies will examine the
effects of mMTOR pharmacological modulation in those animal
models.

Conclusions

First, the in vivo administration of ketamine in rats affects the
expression of the mTOR protein in rat hippocampus and pre-
frontal cortex. Second, ketamine at 60 mg/kg could be used
for establishing a rat model of schizophrenia. Third, the
mTOR-positive cells seem to be localized in the CA3 region
in the hippocampus and the Cgl region in the prefrontal cor-
tex. The expression of mTOR is decreased upon high-dose
ketamine treatment in rats. This study might provide novel
insights on the mTOR protein distribution and expression in
the encephalic regions of rats that are chronically treated with
ketamine, and provides novel insights for drug discovery and
development for the therapy of schizophrenia.
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