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Abstract

Schizophrenia is a neurological disorder that alters the behavior and affects the quality of life of a patient. It is characterized by
hallucinations, disorganized behavior, cognitive dysfunction, hyperlocomotion, and loss of the reward system. Schizophrenia con-
stitutes three symptoms’ domains, viz. positive, negative and cognitive. Typical and atypical antipsychotics do not fully resolve all
the symptoms’ domains thus paving the way to the genesis of the glutamatergic hypothesis, i.e. N-methyl-p-aspartate (NMDA)
receptor hypofunction in the pathophysiology of schizophrenia. Positive modulation of NMDA receptors by enhancing co-agonist,
glycine effect is proposed to produce a therapeutic effect in schizophrenia. Hence, sarcosine (N-methyl glycine), natural amino acid,
and a glycine transporter inhibitor (GlyT-1) which also acts on NMDA receptors were used in the present study. The present study
unravels the role of sarcosine in the attenuation of ketamine-induced three symptom domains in a rat model through modulation of
oxidative stress, mitochondrial dysfunction, and neuroinflammatory pathways. The animal model of schizophrenia was established
by injecting ketamine intraperitoneal (ip) at a 30 mg/kg dose for 10 consecutive days, after which sarcosine (300, 600 mg/kg, ip)
as a treatment was given for 7 days followed by behavioral, biochemical, molecular, and histopathological analysis. It was revealed
that sarcosine reversed ketamine-induced behavioral impairments. Moreover, sarcosine ameliorated oxidative and nitrosative stress,
mitochondrial dysfunction, and neuroinflammation and showed protective effects in histopathological examination by hematoxylin
and eosin staining. Hence, conclusively, sarcosine was regarded to attenuate the behavioural symptoms of schizophrenia by alleviat-
ing oxidative stress, neuroinflammation, and mitochondrial dysfunction established by the ketamine.
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Introduction

Schizophrenia is a neurological disorder in which the thinking
and behavior of an individual are severely affected (Bueno-Ante-
quera and Munguia-Izquierdo 2020). People with schizophrenia
often lose connection with reality followed by delusional behav-
ior. Schizophrenics usually manifest paranoid delusions and hal-
lucinations as positive symptoms; blunted effect and anhedonia
as negative symptoms along with different degrees of cognitive
impairment (Batinic 2019).

Various reviews and other biochemical and pharmaco-
logical studies form the basis for the dopamine (DA) hypoth-
esis which states that schizophrenia is dependent on rela-
tively higher DA-mediated neuronal activity. The dopamine
hypothesis arising due to dopamine hyperfunction results
in hallucinations and delusions (positive symptoms). Over
the year dopamine pathway was studied widely and gave
rise to different antipsychotics including risperidone which
acts by blocking the dopamine receptor-2 (D2). In addition,
risperidone has strong action to downregulate serotonergic
and dopaminergic pathways in the brain region, thereby pos-
sessing the potential to diminish schizophrenic signs and
symptoms (Karl et al. 2006). However, D2 blockers are not
effective in managing negative and cognitive symptoms, in
addition, positive symptoms are also not fully resolved by
these typical and atypical antipsychotics (Steeds et al. 2015).
More recently, various lines of findings have converged to
highlight the hypothesis of persistent dysregulation in the
transmission of glutamatergic transmission via N-methyl-
p-aspartate (NMDA) receptors. Hypofunction of NMDA
receptors is thought to recapitulate some of the behavioral
symptoms of schizophrenia by irregular glutamate trans-
mission through NMDA receptors which are evidenced in
various studies (Tanqueiro et al. 2021). Phencyclidine and
ketamine (ket) as NMDA receptor antagonists are being used
to induce animal models that more closely mimic the patho-
physiology of schizophrenia as compared to other models
(Wang et al. 2020). It was found that chronic antipsychotic
therapy is proficient to treat only positive symptoms amongst
all three symptoms domains but treatment resistance to
schizophrenia has been observed with the use of atypical
antipsychotics (Fattal et al. 2006). Hence, stimulation of glu-
tamatergic transmission using glutamate agonists could be
one of the possible targets for the treatment of schizophrenia.
Glutamate is an agonist while glycine act as a co-agonist to
NMDA receptor (Strzelecki et al. 2016).

Furthermore, NMDA receptor hypofunction and dysregu-
lated glutamatergic neurotransmission have been depicted to
be positively correlated to oxidative imbalance or oxidative
stress which can be the causative factors in schizophrenia
(Genius et al. 2013). In addition, neuroinflammatory mark-
ers like cytokines can also be the triggers of symptoms of
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schizophrenia, which is again linked to NMDA receptor
antagonism (Anderson and Maes 2013).

Recent clinical evidence shows the involvement of gly-
cine transporter inhibitor (GlyTI) in brain diseases, owing to
their presence in brain regions controlling mood, memory,
and behavior, especially in schizophrenia (Fleischhacker
et al. 2021). GlyTI has been investigated pre-clinically in
an acute model of schizophrenia and Alzheimer’s disease
which depicted its role in working memory deficit but there
are no shreds of evidence that suggest the role of GlyTI
in ameliorating the cognitive dysfunction along with posi-
tive and negative symptoms of schizophrenia (Harada et al.
2012). Interestingly, most of the studies of glycine trans-
porter inhibitor/s have not investigated its role in chronic
ketamine-induced animal models of schizophrenia. In this
regard, our study could be considered a novel one. Further-
more, chronic ketamine administration in our study resulted
in all three symptom domains of schizophrenia; positive,
negative, and cognitive. Positive symptoms include halluci-
nations and delusions which are demonstrated by hyperloco-
motion while negative symptoms include anhedonia evident
by the sucrose preference test. Moreover, for the cognitive
symptoms, authors have performed Barnes Maze Test and a
novel object recognition test. The authors have tried to eluci-
date the mechanism of action of glycine transporter inhibitor
(Sarcosine) by various molecular and histological analyses.

Sarcosine is N-methyl glycine in chemical nature and a gly-
cine transporter inhibitor that also has the potential to decline
the levels of reactive oxygen species (Pinto et al. 2012). This
feature of sarcosine could regulate mitochondrial energy genera-
tion since oxidative stress is correlated to a neuronal mitochon-
drial abnormality in schizophrenia (Prabakaran et al. 2004). The
present study explores the role of glycine transporter inhibitor
(sarcosine) in positive, negative, and cognitive symptoms of
schizophrenia by different behavioral and biochemical estima-
tions in ketamine-induced schizophrenia.

Material and methods
Animals

Male Wistar rats (adult) aged 4 weeks and weighed around
180-250 g were used in this study. Animals were obtained
and housed in the Central animal house (CAH), Panjab Uni-
versity, Chandigarh, India. Free access to food and water was
given to the animals placed in respective cages under a 12-h
dark and light cycle at 23 + 1 °C in a 60% relative humidity-
controlled environment. The experimentation procedure was
approved by Institutional Animal Ethics Committee, Pan-
jab University, Chandigarh, India (Approval No.: PU/45/99/
CPCSEA/TAEC/2017/12).
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Drugs/chemicals

Marketed formulation of ketamine hydrochloride
(KETMIN®50) to induce schizophrenia-like symptoms. Sar-
cosine and risperidone were obtained from Tokyo chemical
industry (TCI) India, Pvt. Ltd. Chemicals used for biochemical
estimation were of analytical grade. Ketamine, sarcosine, and
risperidone were dissolved in 0.9% saline and injected intraperi-
toneally (ip) at a dose of 0.2 mg/kg. Drugs were freshly prepared
and administered ip at a volume of 5 mL/kg.

Experimental design

Animals were randomly divided into six groups having the
same number of animals (n = 8) in each group (Table 1).
Animals were subjected to ketamine injection (ip) for 10
days at a 30 mg/kg dose (Nikiforuk and Popik 2012). Drug
treatment was done for 7 days starting from the 10th day
of protocol (Fig. 1). All the treatments were given between
periods of 9:00 a.m. to 5:00 p.m. The behavioral tests were
performed from the 17th day to the 23rd day as per Fig. 1.
Sarcosine and risperidone were given at preselected doses
based on a previous study (Kumar et al. 2016).

Behavioral parameters
Locomotion

The locomotion of the animal was evaluated by an instru-
ment named an actophotometer obtained from IMCORP,
Ambala, India. Each animal was placed in an actophotom-
eter for 5 min to habituate the chamber after that ambulatory
and rearing parameters were recorded digitally in the instru-
ment (Yadav et al. 2018).

Open field test (OFT)

OFT was conducted using a larger circular arena of 110 cm
in diameter (Bruijnzeel et al. 2016). Each animal was placed
at the center of the instrument for 5 min of habituation. After
that total number of line crossing, rearing, and center entries
were video-recorded for 5 min for further analysis. While
counting the scores, the observer was blinded to the groups.

Sucrose preference test (SPT)

SPT was conducted using sucrose solution (1%) and tap
water. It is used to evaluate negative symptoms, especially
anhedonia (Sun et al. 2017). Animals were placed in each
animal per cage with access to food. Two identical bottles
of equal volumes were filled with sucrose and tap water,
respectively, placed on the two sides of a cage for 72 h.
Meanwhile, both bottles were switched three times at the

interval of 24 h. Sucrose preference was determined by
measuring the amount of final volume of each bottle at the
end of 24 h for 3 consecutive days (Kandratavicius et al.
2015). Sucrose preference was calculated by the percentage
of the ratio of sucrose intake (mL) to the sum of sucrose and
water intake (mL).

Novel object recognition test (NORT)

NORT evaluates recognition memory. The test was conducted
on an open field arena with two different objects of similar
heights and volume. Animals were habituated by allowing them
to explore the empty arena for 10 min and after 24 h they were
subjected to explore the arena with two similar objects. On the
very next day, one object was replaced by a novel object, and
animals were placed to explore to test the recognition memory
(Akhtar et al. 2020). The entire procedure was video-recorded
for further analysis. The experimenter was blinded to the
groups while observing exploration time. Exploration time was
counted as sniffing, touching, etc. The discrimination index was
calculated.

Discrimination index

Differnece between the novel and familiar object time
Sum of novel + familiar time '

Barnes maze test

The Barnes maze test is used to measure spatial learning
and memory. It consisted of a black, circular platform with
a diameter of 122 cm and an elevation of 70 cm from the
ground. The maze has 20 evenly spaced holes (diameter 10
cm), 5 cm from the maze perimeter. An escape box designed
as a goal location was placed under one of the holes. The test
consisted of 7 days. On the first day of the training session,
each animal was habituated in an escape cage for 2 min and
then placed over the center of the maze for 5 min to find the
escape box. Similarly, for the rest of the days, animals were
trained by placing them at the center of the maze for 5 min.
Latency is the time taken by the animal to find the escape
box and errors when the animal placed its head or paw on
fake holes were noted Gawel et al. 2019.

Biochemical estimations

Preparation of blood samples

The rats were anesthetized after the completion of behavioral
assessments and blood was collected via retro-orbital plexus.
For the collection of plasma from the blood, EDTA was used
as an anticoagulant, and blood was centrifuged at 10,000
rpm for 10 min. Plasma was separated and further stored at
— 80 °C for further analysis.
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Preparation of brain homogenate

The rats were killed, and their brains were isolated followed
by the removal of the cerebral cortex and hippocampus for
further biochemical assays. Cortex and hippocampi tis-
sues were divided into two halves for further biochemical
and mitochondrial estimations and ELISA. Tissues were
then homogenized in 10% (w/v) homogenization buffer
(consisting of 10 mM Tris—HCI, 150 mM MgCl,, ImM
EDTA, 1% Triton X 100, pH 7.4). The post-nuclear frac-
tion was obtained by centrifugation of the homogenates at
4000g for 20 min at 4 °C. The post-nuclear fraction as brain
homogenate obtained was used for estimation of superoxide
dismutase (SOD) lipid peroxidation (LPO), catalase, and
reduced glutathione (GSH) in both cortex and hippocampus.

Lipid peroxidation
Lipid peroxidation was quantitatively determined in the form of
thiobarbituric acid reactive substances by a previously described

method (Bose et al. 1989). Tris—HCI (0.5 mL) was added to 0.5
mL of brain homogenate supernatant and incubated for 2 h at 37

Table 1 Experimental groups

SN Groups

1 Vehicle control

2 Ketamine (30 mg/kg)

3 Ketamine (30 mg/kg) + sarcosine (300 mg/kg)
4 Ketamine (30 mg/kg) + sarcosine (600 mg/kg)
5 Ketamine (30 mg/kg) + risperidone (0.2 mg/kg)
6 Ketamine (30 mg/kg) + sarcosine (300 mg/

kg) +risperidone (0.2 mg/kg)

°C followed by the addition of 1 mL of 10% trichloroacetic acid
and centrifugation at 300g for 10 min. The supernatant was col-
lected and 1 mL of supernatant was mixed with an equal volume
of 0.67% of thiobarbituric acid and kept in boiling water for 10
min. 1 mL of double distilled water was added after cooling.
Absorbance was measured at 532 nm (Perkin Elmer UV/Vis
Spectrophotometer, Lambda 20). The concentration of malon-
dialdehyde (MDA) was calculated by a molar extinction coef-
ficient of 1.56 x 105 M~! cm™! and expressed as nanomoles of
MDA equivalents per milligram protein.

Catalase

Catalase activity was measured according to the previously
designed method (Escarabajal et al. 2000). The final volume
of 3 mL was made by mixing 1.95 mL phosphate buffer
of 0.05 M, pH 7.0, 1 mL of 0.019 M of hydrogen perox-
ide, and 0.05 mL of 10% of brain homogenate supernatant.
Absorbance changes were recorded at 240 nm using a Spec-
trophotometer (Perkin Elmer UV/Vis, Lambda 20) for 1 min.
Quantification of catalase activity was measured by mM
extinction coefficient of H,0, (0.07 mM) and expressed as
uM of H,0, decomposed per minute per milligram protein.

Reduced glutathione (GSH)

1 mL of 10% of brain homogenate supernatant was precipi-
tated with an equal volume of 4% of sulfosalicylic acid (4%)
and kept at 4 °C for 1 h. Centrifuged the solution at 1200
rpm for 15 min. The method was previously described for
GSH by Jollow et al. (1974). Final volume was made by add-
ing 0.1 mL supernatant, 2.7 mL phosphate buffer (0.1 M, pH
7.4), and 0.2 mL of Ellman’s reagent (0.1 mM, pH 8.0). The
absorbance of the developed yellow color was measured at

Experimental Design
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412 nm using a Spectrophotometer (Perkin Elmer UV/Vis,
Lambda 20). The concentration of GSH was calculated by
a molar extinction coefficient of 1.36 x 10* M~! cm~! and
expressed as UM per milligram protein.

Superoxide dismutase (SOD)

The assay consisted of a mixture of 0.1 mM EDTA, 50
mM sodium carbonate, and 96 mM of nitro blue tetrazo-
lium (NBT). 2 mL of the mixture was transferred in the
cuvette, and 0.05 mL of hydroxylamine and 0.05 mL of the
brain homogenate supernatant were added. Auto-oxidation
of hydroxylamine was measured absorbance (Perkin Elmer
UV/Vis Spectrophotometer, Lambda 20) at 560 nm for 2:30
min intervals (Kono 1978).

Plasma nitrite

Plasma and Griess reagent was mixed at equal volume (0.1%
naphthyl ethylene diamine dihydrochloride and 1% sulpha-
nilamide in 5% phosphoric acid) according to the method
followed by Green et al. (1982). The mixture was kept in
dark for 10 min for incubation at room temperature and
absorbance was measured at 540 nm. Sodium nitrite was
used as standard and levels of plasma nitrite were calculated
by standard curve.

Mitochondrial estimation
Isolation of mitochondria

The cerebral cortex and hippocampus were separated from the
rat brain. Mitochondrial isolation was done using an ice-cold
isolation buffer. Buffer was maintained at 7.2 pH and prepared
by mannitol (215 mM), sucrose (75 mM), BSA (0.1%), HEPES
(20 mM), and 1 mM of EGTA with EGTA. Prepared homoge-
nates were centrifuged at 1000g for 5 min at 4 °C and pellets
were re-suspended with buffer containing EGTA. Re-spun the
solution at 13,000g for 5 min at 4 °C. Supernatants were col-
lected and topped off using isolation buffer with EGTA, again
spun at 13,000g for 10 min at 4 °C. Repeated the centrifugation
process with pellet re-suspended at 13,000g for 5 min at 4 °C
and incubated with 1 mL digitonin for 10 min. The mixture was
centrifuged for one last time at 13,000g for 10 min at 4 °C (King
et al. 2006). Mitochondria were re-suspended in pellet having
isolation buffer without EGTA.

Complex | activity

Complex I known as nicotinamide adenine dinucleotide
(NADH) dehydrogenase was assessed in the cerebral cortex
and hippocampus. The method involved catalytic oxidation of
NADH to NAD+ with subsequent reduction of cytochrome

c. The reaction mixture was prepared by mixing 0.2 M gly-
cyl glycine buffer with 6 mM NADH in 2 mM glycyl glycine
buffer, and 10.5 mM cytochrome c. Mitochondrial sample was
solubilized with the reaction mixture, and absorbance change
was noted at 550 nm for 3 min at a 1-min interval. The results
were calculated as moles of NADH oxidized/min/mg protein.

Complex Il activity

Succinate dehydrogenase activity or complex II activity was
measured in the cortex and hippocampal region of the rat
brain according to the method previously described by Cas-
sina and Radi (1996). The reaction occurs at the oxidation
of succinate by an artificial electron acceptor potassium fer-
ricyanide. The reaction mixture was prepared by the addition
of phosphate buffer (0.2 M) at pH 7.8 with 1% BSA, succinic
acid (0.6 M), and potassium ferricyanide (0.03 M). A mito-
chondrial sample was added to the reaction mixture to initi-
ate the reaction and absorbance change was measured at 420
nm for 3 min at 1 min interval. The results were expressed
as n moles of substrate/min/mg protein.

Complex Ill activity

Methylthiazolyldiphenyltetrazolium bromide (MTT) is
used to assess the complex III activity. MTT is a pale yel-
low substrate that produces purple color product when the
mitochondrial sample is added. Solubilization with dimethyl
sulfoxide (DMSO) measures the number of viable cells per
well-concerning production of the purple product. Mito-
chondrial samples were incubated with 10 uL of MTT in
each well in a humidified atmosphere (5% CO, 95% air) at
37 °C for 3 h. the medium was aspirated off and lysed with
DMSO (50%). Absorbance change was measured by ELISA
reader at 580 nm Han et al. 2015.

Complex IV activity

Complex IV (cytochrome oxidase) activity was assessed in
the cortex and hippocampal mitochondrial samples. The assay
mixture was prepared by reduced cytochrome ¢ (3 mM) in
phosphate buffer (75 mM) (Galpern and Cudkowicz 2007). A
mitochondrial sample was added to the assay mixture to initiate
the reaction. Absorbance change was recorded at 550 nm for 3
min at a 1-min interval. The results were expressed as 1 moles
of cytochrome-c reductase/min/mg protein.

ELISA
Estimation of IL-6 levels

Interleukin-6 (IL-6) is a pleiotropic cytokine that acts in the
acute phase reaction and neuroinflammation. The method was
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followed according to the manual provided by the ELISA kit
procured from R&D systems.

Procedure

The reagents, samples, and standard dilutions were used as directed
by the manufacturer’s instructions. Assay diluent (50 puL) was
added to the center of each well. Each well was filled with 100
pL of standard/control/sample. The plate was incubated for 2 h
at room temperature and covered with an adhesive strip provided
with the kit. Wash buffer 400 pL was used to aspirate and wash
each well four times. After that, the plate was inverted and blotted
against the clean paper. Biotinylated detection antibody was added
at 100 pL volume and incubated for 1 h at room temperature. The
plate was washed 4 times and 100 pL of rat IL-6 conjugate was
added to each well. The reaction mixture was incubated for 2 h at
room temperature. Washing was repeated and 100 uL of substrate
solution was added to each well followed by incubation for 30 min
at room temperature. Stop solution (uL) was added to each well
and immediately the readings were taken using an ELISA reader
at 450 nm.

Hematoxylin and eosin (H&E) staining
for histopathological analysis

Animal brains were kept in formaldehyde (10% v/v) solution after
killing. Brain tissues were processed in a series of alcohol (50, 70,
80, 95, and 100%) for dehydration and treated with xylene solu-
tion. Now the tissues were kept in hot paraffin solution for 2 h and
blocks were prepared in paraffin by embedding brain tissues. The
brain sections of 5-10 pm thickness were cut and mounted on
slides for staining using a microtome. Slides were dewaxed and
stained with hematoxylin and eosin. Finally, slides were subjected
to observation under alight microscope (Snyder et al. 2013).

Statistical analysis

Graph pad Prism software was used for data analysis. Values were
measured as mean + SEM. For behavioral and biochemical analysis,
one-way ANOVA followed by Tukey’s test for multiple comparisons
was applied however, Barnes maze test (behavioral parameter), oxida-
tive stress parameters were analyzed by two-way ANOVA followed
Bonferroni post hoc test for multiple comparisons. The significance
level was considered at p < 0.05.

Results

Effect of sarcosine, risperidone, and combination
of both on ketamine-induced hyperlocomotion

Testing animals for locomotor activity has been widely
used in modeling the positive symptoms of schizophrenia,
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and ketamine in the present study induced hyperlocomo-
tion in rats. However, sarcosine (300, 600 mg/kg, ip)
and risperidone (0.2 mg/kg, ip) injection significantly
decreased the locomotion in ketamine pre-treated groups
as compared to the ketamine alone group. Combination
of sarcosine (300 mg/kg, ip) and risperidone (0.2 mg/
kg, ip) also significantly decreased the locomotion in
ketamine pre-treated rats as compared to ketamine group
alone and their individual effects [F(s5 3, = 23.39, p <
0.05] (Fig. 2).

Effect of sarcosine, risperidone, and combination
of both on open field test in ketamine-induced rats

(A) Ambulatory score Ambulatory score was evaluated by a
total number of line crossings. Sarcosine (300, 600 mg/
kg, ip) and risperidone (0.2 mg/kg, ip) in ketamine-
induced rats significantly decreased the ambulatory
score when compared to the ketamine group. Com-
bination of sarcosine (300 mg/kg, ip) and risperidone
(0.2 mg/kg, ip) in ketamine injected rats have signifi-
cantly decreased the line crossing response as com-
pared to ketamine treated group alone [Fs ,5=6.877,
p<0.0004] (Fig. 3A).

(B) Rearing Sarcosine (300, 600 mg/kg, ip) and risperi-
done (0.2 mg/kg, ip) in ketamine-induced rats signifi-
cantly reduced rearing. Combination drugs also signifi-
cantly decreased ketamine-induced increased rearing
[F(s.25y=11.84, p<0.0001] (Fig. 3B).

(C) Frequency of center entry Increased frequency of
center crossing represents avoidance behavior in rats
while being at the periphery shows anxiety. Sarcosine
(300, 600 mg/kg, ip) and risperidone (0.2 mg/kg, ip)
in ketamine injected rats significantly increased the
exploratory behaviour measured by center entries when
compared with ketamine group alone [Fs ,5=6.954,
p <0.05] (Fig. 3C).

Effect of sarcosine, risperidone, and combination
of both on sucrose preference test (SPT)
in ketamine-induced rats

The sucrose preference test was measured by % consumption
of sucrose preference. Percentage sucrose preference was
significantly reduced in ketamine treated groups as com-
pared to vehicle control representing negative symptoms of
schizophrenia. Sarcosine (300, 600 mg/kg, ip), risperidone
(0.2 mg/kg, ip) and their combination (sarcosine 300 mg/kg
+ risperidone 0.2 mg/kg) in ketamine pre-treated rats have
significantly increased the percent sucrose preference when
compared with ketamine alone group [F(s ,5) = 115.0, p <
0.05] (Fig. 4).
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Effect of sarcosine, risperidone, and combination
of both on novel object recognition (NORT) test
in ketamine-induced rats

Novel object recognition test is evaluated by discrimination
index (DI). Sarcosine (300, 600 mg/kg, ip), risperidone (0.2
mg/kg, ip) and their combination (sarcosine 300 mg/kg +
risperidone 0.2 mg/kg) in ketamine pre-treated rats have
significantly increased DI as compared to ketamine group
[Fs.25)= 1491, p < 0.05] (Fig. 5).

Effect of sarcosine, risperidone, and combination
of both on Barnes maze test in ketamine-induced
rats

The Barnes maze is used to evaluate spatial learning and
memory. It was assessed by two parameters, latency (sec-
onds) and the number of errors. Ketamine (30 mg/kg)
administration significantly increased latency and number of
errors in the Barnes maze test when compared with vehicle
control on days 4, 5, 6, and 7. Sarcosine (300, 600 mg/kg, ip)
treatment significantly decreased latency to enter the escape
box only on day 7 as compared to ketamine. Risperidone
(0.2 mg/kg) and its combination with sarcosine (300 mg/kg)
significantly decreased latency to enter escape boxes com-
pared to the ketamine group on days 5, 6, and 7. Sarcosine
(300, 600 mg/kg, ip) and its combination with risperidone
significantly decreased number of errors in ketamine treated
rats when compared with ketamine group on day 4, 5, 6 and
7 [F, 175)=31.74, p < 0.05] [F (6 75y = 40.02, p < 0.05]
(Fig. 6A, B).

Effect of sarcosine, risperidone, and combination
of both on parameters of oxidative stress
in ketamine-induced rats

Sarcosine (300, 600 mg/kg, ip), risperidone (0.2 mg/kg,
ip) and their combination significantly increased SOD,
GSH, and catalase levels in isolated brain regions (cortex
and hippocampus) as compared to ketamine (30 mg/kg)
(Fig. 7A-C). A significant increase in MDA levels were
observed in cortex and hippocampus of rats treated with
ketamine for 10 days. However, sarcosine (300, 600 mg/
kg, ip), risperidone (0.2 mg/kg, ip) and their combina-
tion (sarcosine 300 mg/kg + risperidone 0.2 mg/kg) treat-
ment significantly decreased MDA levels as compared to
ketamine group, thus, suggesting attenuation of oxida-
tive stress in rat cortex and hippocampus (Fig. 7D). SOD
[F(s.12)= 16.86, p < 0.05] [F (s 15, =7.989, p <0.05], GSH
[F(s.12)=31.53, p <0.05] [F (5,15, = 6.531, p < 0.05], cata-
lase [F s 15y =4.623, p < 0.05] [F 5, 15, = 5.286, p < 0.05]

and MDA [F s 15, =8.212, p <0.05] [F(5,1,,=10.62,p <
0.05] (Fig. 7A-D).

Effect of sarcosine, risperidone, and combination
of both on plasma nitrite level in ketamine-induced
rats

Sarcosine (300, 600 mg/kg, ip), risperidone (0.2 mg/kg,
ip) and combination (sarcosine 300 mg/kg + risperidone
0.2 mg/kg) treatment significantly decreased plasma nitrite
levels as compared to ketamine group [Fs 1,y = 7.136,
p<0.05] (Fig. 8).

Effect of sarcosine, risperidone, and combination

of both on mitochondrial complexes (I, II, lll, and IV)
in cortex and hippocampus of ketamine-induced
rats

Sarcosine (300, 600 mg/kg, ip), risperidone (0.2 mg/kg,
ip) and combination (sarcosine 300 mg/kg + risperidone
0.2 mg/kg) treatment significantly increased the activity of
these complexes in both cortex and hippocampus when com-
pared with ketamine group (Fig. 9A-D). Complex-1 [F s 5,
= 22.53, p < 0.05] [F(5, 12) = 11.94, p < 0.05], complex-
Il [F(s 15 = 11.20, p < 0.05] [F s 15 = 51.86, p < 0.05],
complex-III [Fs5 1) =20.47, p < 0.05] [F s 15y = 21.52, p
< 0.05] and complex-1V [F s 15y =57.34, p < 0.05] [F5, 1
=58.57, p < 0.05].
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Fig.2 Effect of sarcosine, risperidone, and combination of both
on ketamine induced hyperlocomotion: one-way ANOVA followed
by Tukey’s multiple comparison test was used in obtained data val-
ues and expressed as mean+SEM. *p <0.05 as compared to vehicle
control, *p <0.05 as compared to ket (30), $p<0.05 as compared to
[ket (30) +sar (300)], &p<0.05 as compared to [ket (30)+risp (0.2)].
Ket (30): ketamine (30 mg/kg); sar (300): sarcosine (300 mg/kg); sar
(600): sarcosine (600 mg/kg); risp (0.2 mg/kg): risperidone (0.2 mg/
kg)
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Fig. 3 Effect of sarcosine, risperidone, and combination of both on
open field test in ketamine-induced rats: one-way ANOVA followed
by Tukey’s multiple comparison test was used in obtained data val-
ues and expressed as mean+SEM. *p <0.05 as compared to vehicle

Effect of sarcosine, risperidone, and combination
of both on interleukin-6 (IL-6) in isolated

brain regions (cortex and hippocampus)

of ketamine-induced rats

Sarcosine (300, 600 mg/kg, ip), risperidone (0.2 mg/kg, ip)
and combination (sarcosine 300 mg/kg + risperidone 0.2
mg/kg) treatment significantly decreased the levels of IL-6
in cortex (Fig. 10A) and hippocampus (Fig. 10B) when com-
pared with ketamine treated animals. [F5 |, = 8.963, p <
0.05] [F5, 1, =10.20, p < 0.05].

Effect of sarcosine on histopathological changes in cortex
and hippocampus region of ketamine-induced rats

The tissue architecture of the cortical and hippocampal
region of vehicle control was found to be normal. Histo-
pathological analysis of ketamine-induced rats demonstrated
necrosis (evident by hyperchromatic pyknotic nuclei) and
perinuclear vacuolated tissue in rat cortical and hippocam-
pal (CA3) region while no morphological changes were
found in the hippocampus, especially CA1 and CA?2 region.
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control, #p <0.05 as compared to ket (30). Ket (30): ketamine (30 mg/
kg); sar (300): sarcosine (300 mg/kg); sar (600): sarcosine (600 mg/
kg); risp (0.2 mg/kg): risperidone (0.2 mg/kg)

Treatment with sarcosine caused significantly diminished
ketamine-induced histopathological hyperchromatic nuclei
and perinuclear vacuolization in the cortex and hippocampus
(CA3) region (Fig. 11A-D).

Discussion

NMDA receptor antagonist drugs like ketamine often cause
symptoms and behavioral alterations closely related to
observed in schizophrenia and are well-established tools
for inducing schizophrenia-like behavior in animal model.
Moreover, several clinical and animal studies have demon-
strated that alteration in glutamate transmission is involved
in the pathophysiology of schizophrenia. This is further sup-
ported by several environmental and genetic factors converg-
ing on the N-methyl-p-aspartate (NMDA) receptor-mediated
glutamate transmission and resulting in NMDA receptor
hypofunction in the limbic system (Zhang et al. 2009).
However, direct activation of NMDA receptors using ago-
nists can enhance excitotoxicity globally. Given that there
may be less of a chance for neurotoxicity and seizures, the
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Fig.4 Effect of sarcosine, risperidone, and combination of both on
sucrose preference test in ketamine induced rats: one-way ANOVA
followed by Tukey’s multiple comparison test was used in obtained
data values and expressed as mean+SEM. *p <0.05 as compared to
vehicle control. *p <0.05 as compared to ket (30). Ket (30): ketamine
(30 mg/kg); sar (300): sarcosine (300 mg/kg); sar (600): sarcosine
(600 mg/kg); risp (0.2 mg/kg): risperidone (0.2 mg/kg)

glycine binding site is a more desirable target for improving
NMDAR function than the glutamate binding site. Because
they might raise the glycine concentration available to acti-
vate these receptors, sarcosine and other GlyT1 inhibitors
offer a potential method for improving NMDAR function-
ality (Reilly et al. 2006). Therefore, a better approach is
focused on the glycine modulatory site of the NMDA recep-
tor (Fig. 12).

Risperidone targets dopamine receptors (D2) and is ideal
for positive and negative symptoms of schizophrenia. Addi-
tionally, a study suggested that risperidone worsens spatial
memory in patients with schizophrenia (Zhou et al. 2018).
While many other studies decline the fact that atypical
antipsychotic risperidone worsens cognitive impairments.
A recent clinical trial suggested the role of risperidone
in improving cognitive functions in patients with schizo-
phrenia. The possible mechanism of action for improving
memory function might be due to strong antagonism of
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Fig.5 Effect of sarcosine, risperidone, and combination of both
on novel object recognition test in ketamine-induced rats: one-way
ANOVA followed by Tukey’s multiple comparison test was used
in obtained data values and expressed as mean+SEM. *p <0.05 as
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Fig.6 Effect of sarcosine, risperidone, and combination of both on
Barnes maze test in ketamine-induced rats. A Latency, B number
of errors: two-way ANOVA followed by Bonferroni’s post hoc test
was used in obtained data values and expressed as mean+SEM. Ket

No. of errors

compared to vehicle control. *p <0.05 as compared to ket (30). Ket
(30): ketamine (30 mg/kg); sar (300): sarcosine (300 mg/kg); sar
(600): sarcosine (600 mg/kg); risp (0.2 mg/kg): risperidone (0.2 mg/
kg)
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(30) *p<0.05 as compared to vehicle control and #p<0.05 as com-
pared to ket (30). Ket (30): ketamine (30 mg/kg); sar (300): sarcosine
(300 mg/kg); sar (600): sarcosine (600 mg/kg); risp (0.2 mg/kg): risp-
eridone (0.2 mg/kg)

@ Springer



460

Experimental Brain Research (2023) 241:451-467

A Loo- B 1.0 1
0.8
150 # =
g L g 0.6 4
S 100 - H g
50 1 E 0.2
0_ E 0.0 -
Cortex Hippo
c D 15-
- 081
g #
E By # T 1.0
. N # 5
g ¢ \ 1IN S
s § | § 5 o054
g \ =[N
N \ D 00

Hippo

Fig. 7 Effect of sarcosine, risperidone and combination of both on
parameters of oxidative stress in ketamine induced rats. A SOD, B
GSH, C Catalase and D LPO: two-way ANOVA followed by Bonfer-
roni’s post hoc test was used in obtained data values and expressed as

the D2 receptor and alteration in the serotonergic system
(Moghaddam and Javitt 2012).

Therefore, the author tests the alternative therapy to check
the other possible molecular mechanism of sarcosine and its
combination with risperidone. We found that all the symp-
toms domains of schizophrenia, i.e. positive negative and
cognitive are reversed by sarcosine as well as risperidone
and their combination. In relation to the results, we found
that sarcosine might be acting on other molecular targets
including glycine transporter inhibition. Recent study found
attenuated psychotic effects of NMDA receptor antagonists
after using glycine and p-serine glycine site agonists (Tollef-
son et al. 1995). Hence, investigation and identification of
positive modulators of NMDA receptors using the ketamine
model of schizophrenia can serve as a prospect and possibil-
ity for the treatment of schizophrenia.

The present study evaluated the effect of sarcosine after
the administration of ketamine in rats. Ketamine adminis-
tration for 10 days produced a pattern of neurochemical and
behavioral changes that produced a model of schizophrenia
in this study. Furthermore, chronic administration of keta-
mine produced both positive (hyperlocomotion) and negative
(anhedonia) symptoms. Moreover, it decreased discrimina-
tion capacity in novel object recognition tests and increased
latency and number of errors to find the escape cage in the
Barnes maze test, thus, depicting cognitive deficits, these

@ Springer
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compared to ket (30), $p<0.05 as compared to sar (300). Ket (30):
ketamine (30 mg/kg); sar (300): sarcosine (300 mg/kg); sar (600):
sarcosine (600 mg/kg); risp (0.2 mg/kg): risperidone (0.2 mg/kg)
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Fig. 8 Effect of sarcosine, risperidone, and combination of both on
plasma nitrite level in ketamine-induced rats: one-way ANOVA fol-
lowed by Tukey’s multiple comparison test was used in obtained
data values and expressed as mean+SEM. *p <0.05 as compared to
vehicle control, *p <0.05 as compared to ket (30). Ket (30): ketamine
(30 mg/kg); sar (300): sarcosine (300 mg/kg); sar (600): sarcosine
(600 mg/kg); risp (0.2 mg/kg): risperidone (0.2 mg/kg)

findings are in-line with previous findings on ketamine
(Kandratavicius et al. 2015). There are several reports that
GlyT-1 inhibitors are the positive modulator of NMDA
receptors and improve cognitive deficits in animal behavior
(Heresco-Levy 2006).

Ketamine-induced hyperlocomotion represented positive
symptoms of psychosis. Overactive dopaminergic system
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Fig.9 Effect of sarcosine, risperidone and combination of both on
mitochondrial complexes I, II, III and IV in cortex and hippocampus
of ketamine-induced rats. A Complex-I, B Complex-II, C Complex-
III, D Complex-IV: one-way ANOVA followed by Tukey’s multiple
comparison test was used in obtained data values and expressed as

in rodents leads to hyperlocomotion, (horizontal locomo-
tor activity and rearing) or stereotypy at higher doses. Sar-
cosine significantly reduced hyperlocomotion and combi-
nation treatment with risperidone produced a potentiated

#
—
—
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—
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mean+SEM. *p<0.05 as compared to vehicle control, #p<0.05 as
compared to ketamine, ®p <0.05 as compared to [ket+sar (300)] and
&p<0.05 as compared to [ket+ sar (300)+risp (0.2)]. Ket (30): keta-
mine (30 mg/kg); sar (300): sarcosine (300 mg/kg); sar (600): sarco-
sine (600 mg/kg); risp (0.2 mg/kg): risperidone (0.2 mg/kg)

effect in reducing hyperlocomotion. In addition, sarcosine
significantly reversed ketamine-induced anhedonia, explora-
tory behavior and produced a significant increase in dis-
crimination index, indicating improvement in cognition.
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Fig. 10 Effect of sarcosine, risperidone, and combination of both on
interleukin-6 (IL-6) in cortex and hippocampus of ketamine-induced
rats: one-way ANOVA followed by Tukey’s multiple comparison
test was used in obtained data values and expressed as mean +SEM.
*p<0.05 as compared to vehicle control, p<0.05 as compared
to ketamine. Ket (30): ketamine (30 mg/kg); sar (300): sarcosine
(300 mg/kg); sar (600): sarcosine (600 mg/kg); risp (0.2 mg/kg): risp-
eridone (0.2 mg/kg)

Similarly, improvement in cognitive function was observed
when tested in the Barnes maze. We found that sarcosine
decreased latency and number of errors in the Barnes maze
test and significantly increased discrimination ability in the
novel object recognition test. Thus, we can say that sarcosine
was found to be effective in attenuating positive, negative,
and cognitive symptoms. Sarcosine treatment in this study
is in synchronous with the findings of previous studies. Pre-
liminary clinical studies suggest that sarcosine improves the
positive and negative symptoms of schizophrenia. Moreover,
in previous clinical and preclinical evaluations, sarcosine
alone or add-on treatment has been reported to attenuate
all three symptoms’ domains in schizophrenic patients (Pei
et al. 2019; Ben-Azu et al. 2016).

To activate the NMDA receptors, sarcosine targets the
glycine transporter-1 and make the concentration of gly-
cine more available for binding with the receptors. How-
ever, other mechanisms of sarcosine should also be con-
sidered like oxidative stress, mitochondrial complexes and
inflammatory markers. The brain is susceptible to oxidative
stress and degeneration due to its low antioxidant enzyme
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activity. The studies suggested, NMDA receptor hypofunc-
tion by ketamine leads to oxidative stress and mitochondrial
dysfunction (Phensy et al. 2017; Struys et al. 2010). The
present study shows, ketamine administration increased
lipid peroxidation, plasma nitrite and decreased the levels
of antioxidant defence systems like SOD, GSH, and cata-
lase. Similarly, numerous preclinical studies have demon-
strated increased oxidative damage and neuroinflammation
in ketamine-induced oxidative stress Valvassori et al. 2021.
In addition, the ketamine-induced model has also mediated
mitochondrial dysfunction through the oxidative stress path-
way. Both oxidative stress and mitochondrial dysfunction
were reversed by sarcosine, concurrent with previous stud-
ies (Pinto et al. 2012). Therefore, the inter-link between the
oxidative stress normalizing character and glycine can be
drawn from our study. GlyTI also regulates the NF-kB path-
way, which is somehow accountable for cytokine release.
Therefore, our results with 1L.-6 give further indication that
sarcosine reduces cytokine-mediated neuroinflammation
through this pathway.

Sarcosine's potential for use in the treatment of schizo-
phrenia can be attributed to a number of factors. Sarcosine is
an endogenous compound that, when administered intraperi-
toneally, enters brain and inhibits the glycine transporter-1.
Sarcosine as glycine transporter inhibitor was previously
tested on cognitive symptom domains in patients with
schizophrenia. However, other studies were showing differ-
ent findings even with the opposite outcomes (Jentzmik et al.
2011) (Moller et al. 2015). It became the basis for us to find
the significant effect of sarcosine in three different symp-
tom domains. In this study, ketamine administration also
increased the levels of IL-6 in the cortex and hippocampus,
suggesting a role of neuroinflammation in ketamine-induced
schizophrenia-like behavior. Treatment with sarcosine alone
and in combination with risperidone decreased the levels of
IL-6. Reversal of neuroinflammation with sarcosine is in line
with an already reported study (Pinto et al. 2012).

Oxidative stress, mitochondrial dysfunction and neuro-
inflammatory markers could have strong link with neuro-
transmitters involved in schizophrenia. Hence, providing
an inference of the role sarcosine on neurotransmitters
involved in schizophrenia (Yadav et al. 2018). Treatment
with sarcosine caused diminished ketamine-induced his-
topathological lesions such as hyperchromatic nuclei and
perinuclear vacuolization in the cortex and hippocampus
[46]. These results further strengthen and support the
findings that sarcosine has normalized schizophrenia-
like behavior. However, the limitation of the study can be
counted that neurotransmitters, proteins, and gene expres-
sion evaluation of glycine transporter and NMDA were
not done. This could be the futuristic approach to unravel
the treatment mechanism of schizophrenia. The reason
for superior treatment action of the combination therapy
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Fig. 11 Effects of sarcosine on histopathological changes in cortex
and hippocampus region of ketamine-induced rats: necrosis (evident
by hyperchromatic pyknotic nuclei) and perinuclear vacuolated tissue
in rat cortical and hippocampal (CA3) region represented by yellow

Ketamine (30 mg/kg) + sarcosine
(300 mg/kg) + risperidone (0.2
mg/kg)

and red arrow, respectively. Normal cells are represented by black
arrows. No morphological changes were found in the CAl and CA2
regions of the hippocampus (A-D)
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Fig. 11 (continued)

might be due to synergistic action of the combination  effects, sedation and seizures. Furthermore, sarcosine is
treatment on multiple receptors involved in the generation  present endogenously in brain and possess lesser amount
of schizophrenic symptoms. Risperidone possesses more  of adverse effects as compared to risperidone (anxiety,
extrapyramidal side effects and also increases prolactin  aggression, agitation, etc.).

levels including weight gain, metabolic problems, cardiac
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Fig. 12 Molecular mechanisms of sarcosine in NMDA hypofunction induced by ketamine

Our current work is preliminary study which is a pre-
clinical one and even though most of the results showed
improvement with risperidone treatment alone which was
found to comparable with the effects of sarcosine. Still the
improving action of sarcosine cannot be ruled out. Further
animal studies using different animal models or different
combination of sarcosine can be investigated further. It can
possibly give rise to superior results to risperidone if studied
clinically in future.

Conclusion

The reversal of cognitive impairment, hyperlocomotion,
increased exploratory behavior, and decreased sucrose pref-
erence in ketamine treated animals indicated that sarcosine
may have a beneficial effect in the treatment of three symp-
toms’ domains involved in schizophrenia: positive, negative,
and cognitive probably by affecting glutamate transmission
with increasing glycine concentration at the synapse. The
present study demonstrated that sarcosine is capable of
reversing the behavioral alterations as well as biochemical

and neuroinflammatory changes induced by ketamine injec-
tion repeatedly.
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