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Abstract
Mounting evidences have shown that nicotinamide adenine dinucleotide phosphate oxidase-2 (Nox-2) pathway modifies 
glutamic-acid decarboxylase-67 (GAD67) (GABAergic enzyme) and cholinergic systems via oxidative-nitrergic mechanisms 
in schizophrenia pathology. Rutin, a neuroactive antioxidant compound, with proven neuroprotective property has been 
shown to reduce schizophrenic-like behavior in mice. This study sought to investigate the mechanisms of action of the psy-
chopharmacological activity of rutin in the preventive and reversal effects of ketamine-induced schizophrenic-like behavior, 
oxidative-nitrergic stress, cholinergic and GABAergic derangements in mice. In the preventive treatment, male mice were 
given rutin (0.1, 0.2 and 0.4 mg/kg) or risperidone (0.5 mg/kg) orally for 14 days prior to ketamine (20 mg/kg, i.p.) treatment 
from the 8 to 14th day. However, in the reversal treatment, ketamine was given for 14 days prior to rutin and risperidone. 
Behavioral (open-field, social-interaction and Y-maze tests), biochemical (oxidative/nitrergic stress markers, acetylcho-
linesterase activity), immunohistochemical (GAD67, Nox-2) and neuronal cell deaths in the striatum, prefrontal cortex, and 
hippocampus were evaluated. Ketamine-induced behavioral impairments were prevented and reversed by rutin. Exposure of 
mice to ketamine increased malondialdehyde, nitrite contents, acetylcholinesterase activity, neuronal cell death and Nox-2 
expressions in the striatum, prefrontal cortex and hippocampus. Conversely, these derangements were prevented and reversed 
by rutin. The decreased glutathione levels due to ketamine were marked increased by rutin. Rutin only prevented ketamine-
induced decrease in GAD67 expression in the striatal-hippocampal region. Altogether, the study showed that the prevention 
and reversal treatments of mice with rutin attenuated ketamine-induced schizophrenic-like behaviors via reduction of Nox-2 
expression, oxidative/nitrergic stresses, acetylcholinesterase activity, and increased GAD67 enzyme.
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SOD	� Superoxide-dismutase
AChE	� Acetyl-cholinesterase
PFC	� Prefrontal cortex
ST	� Striatum
HC	� Hippocampus

Introduction

Schizophrenia is a major psychiatric disease that affects 
approximately 1% of the world population [1, 2], and char-
acterized by psychotic symptoms such as delusions, hallu-
cinations, social withdrawal, and cognitive impairments [3]. 
Although the pathogenesis of schizophrenia remains elusive 
and multifaceted, the dysregulation of neurochemicals such 
as dopamine, serotonin and glutamate are well established 
[4–6].

Accumulating evidence from clinical, genetic and epide-
miologic studies supports the neurodevelopmental origin of 
schizophrenia and identified GABA-related abnormalities 
in the disease process [7, 8]. Hyperactivity of dopaminergic 
and glutamatergic systems have been partly attributed to 
decreased GABAergic neurotransmissions in cortical and 
subcortical brains regions [5, 7, 8]. Anatomical and func-
tional studies have reported the role of prefrontal-cortical 
and hippocampal GABAergic systems in the regulation of 
excitatory neurotransmissions via strong interconnectivity 
with subcortical brain regions, such as striatum [9]. Moreso, 
hypofunctional glutamate system and/or a deficit of GABA 
are known to disrupt the excitatory balance of the striatum, 
resulting in the dopaminergic hyperactivity. Thus, dys-
regulation of cortical and subcortical GABAergic systems 
serves as a prominent marker in both human and rodents 
in neuropsychiatric disorder like schizophrenia [5]. Indeed, 
decreased glutamic acid decarboxylase isoform-67 (GAD67), 
the rate-limiting enzyme for GABA synthesis correlates 
with altered GABAergic neurotransmission and behavio-
ral hyperactivity that typifies schizophrenic disorder [7]. 
Consistent with this hypothesis, postmortem investigations 
and animal studies have repeatedly found reduced levels of 
mRNA GAD67 and GABA plasma membrane transporter 1 
(GAT-1) in the striatum, prefrontal cortex and hippocam-
pus of schizophrenic patients [7]. Also, decreased GAD67 
enzyme activity is believed to contribute significantly to 
reduced gamma band frequencies in the medial part of the 
prefrontal cortex, and cornu ammonis (CA1) 1 and 3 of the 
hippocampus, as well as impaired dorsolateral prefrontal 
cortical- and hippocampal-dependent cognitive performance 
seen in schizophrenic patients [7, 8, 10].

Similarly, the roles of oxidative, nitrergic aberrations and 
inflammation have been widely reported in schizophrenic 
patients [5, 11]. Indeed, previous studies have shown that 
repeated exposure to ketamine, a popular NMDA receptor 

antagonist, to adult rodents induces oxidative stress through 
a depolarization induced production of cytokines and up-reg-
ulation of the superoxide producing enzyme, NADPH oxi-
dase-2 (Nox-2) [5, 6, 12, 13]. Accumulating evidence have 
also shown that up-regulation of Nox-2 combined with oxida-
tive stress causes degeneration of GABA-related proteins such 
as GAD67 [13] via mechanisms related to decreased neuro-
trophic factors [10]. Thus, down-regulation of Nox-2 pathway 
and oxidative stress with enhancement of GABAergic system-
dependent GAD67 activity by neuroprotective compounds is 
regarded as a viable strategy to improving schizophrenic con-
ditions [10]. Moreover, adjunctive use of benzodiazepine-like 
drugs is now being reported to improve the subfields of corti-
cal brain areas of GABAergic system and significant beneficial 
effects have been demonstrated in schizophrenia conditions 
[10, 14]. Hence, drugs such benzodiazepines and GABAergic 
agonists which increase cortical and subcortical GABAergic 
transmissions are currently being sought to mitigate gluta-
matergic-mediated behavioral hyperactivity and downstream 
Nox-2-induced oxidative stress [15].

Rutin (3,3′,4′,5,7-pentahydroxyflavone-3-rhamnogluco-
side), is a citrus flavonoid glycoside that is widespread in 
many fruits and vegetables such as ruta graveolens, passion 
flower, buckwheat, orange, lemon and apple [16]. Previous 
studies have shown that rutin exhibits strong anti-oxidant, 
anti-inflammatory [17], anti-diabetic [18], anti-cancer [19], 
and anti-microbial [20] activities. Importantly, rutin has also 
demonstrated neuroprotective activity in neurological dis-
eases characterized of oxidative stress, neuroinflammation and 
neurochemical defects [17]. Rutin attenuated streptozotocin-
induced hippocampal damage by down-regulating interleu-
kin-8, cyclooxygenase-2, inducible nitric oxide synthase and 
nuclear factor-kappa-B [17]. In addition, rutin demonstrates 
central nervous depressant activity [21], anti-convulsant [22] 
and anxiolytic [23] effects, via GABAA-mediated enhance-
ment of GABAergic activity in rats cerebral cortical synap-
tosomal membranes [24]. In addition, previous studies have 
reported that rutin exerted anti-psychotic-like effect [25], and 
also prevented haloperidol-induced tardive dyskinesia and 
neurochemical derangements [26]. These findings raises the 
exciting possibility that rutin could be a beneficial compound 
as an effective and safer neuroleptic compound. In this light, 
we sought to investigate the effects of rutin on ketamine-
induced schizophrenic-like behavior, oxidative stress, cholin-
ergic deficit and GAD67-dependent GABAergic alterations in 
the preventive and reversal protocols in mice.
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Materials and methods

Laboratory animals

Six weeks old Adult male Swiss mice weighing 20–25 g 
were handled and maintained four per plastic cage 
(42 × 30 × 27 cm) in standard laboratory conditions com-
prising of a 12-h light/dark cycles and 24 ± 2 °C temper-
ature. They had free access to pelleted feed (Livestock 
Feeds, Ikeja) and water. The experimental procedures 
adopted were in compliance with the ethical approval 
obtained from Health Research Ethics Committee of 
the College of Medicine, University of Lagos, Nigeria 
(CMUL/HREC/01/19/481) which is in line with the United 
States National Institutes of Health Guidelines for Care 
and Use of Laboratory Animals in Biomedical Research.

Drug and treatments

Rutin (RUT) and risperidone (RIS) were purchased from 
Sigma-Aldrich, St. Louis, MO, USA and dissolved in 
saline before and administered per os (p.o.). Ketamine 
hydrochloride (KET) purchased from Rotex Medica, Ger-
many was diluted with saline and given intraperitoneally 
(i.p.). The doses of KET (20 mg/kg, i.p.) [10], RUT (0.1, 
0.2 and 0.4 mg/kg, p.o.) [25], RIS (0.5 mg/kg, p.o.) and 
vehicle control group (saline) (SAL, 10 mL/kg, p.o.) [10] 
used in this study were chosen based on previous studies 
and preliminary findings in our laboratory.

Experimental design

The preventive and reversal effects of RUT on KET-induced 
schizophrenia-like behaviors and neurochemical damages 
were assessed as previously described [6, 10] (Scheme 1). 
The experimental design consists of two set of experiments 
and forty two (42) male mice were used in each experiment. 
In the first experiment, the preventive study, mice were ran-
domized into 6 experimental groups (n = 10/group). Groups 
1 and 2 received saline (10 mL/kg, p.o.), and served as nor-
mal control and negative control respectively. Groups 3–5 
received RUT (0.1, 0.2 and 0.4 mg/kg, p.o.), while group 6 
was administered RIS (0.5 mg/kg, p.o.) and served as posi-
tive control respectively, for 14 days. Between the 8th and 
14th day of treatment, the animals in groups 2–6 additionally 
received a daily dose of 20 mg/kg, i.p. of KET or vehicle 
30 min after RUT or RIS administrations respectively. In 
the second experiment (reversal protocol) (n = 10/group), 
KET (20 mg/kg, i.p.) or vehicle (10 mL/kg, p.o.) were given 
for 14 days. However, from the 8 to 14th day of treatment, 
group 2 was treated with vehicle (10 mL/kg, p.o.) and served 
as negative control, whereas groups 3–5 were treated with 
RUT (0.1, 0.2 and 0.4 mg/kg, p.o.) and group 6 received 
RIS (0.5 mg/kg, p.o.) additionally once daily with a 30 min 
interval between treatments (Scheme 1). Mice brains of ani-
mals treated with the three doses of rutin (0.1–0.4 mg/kg) 
were used for spectrophotometric biochemical (glutathione, 
malondialdehyde, acetylcholinesterase) and histomorpho-
metric assays, while the most active dose of rutin (0.4 mg/
kg) was used for the immunohistochemistry for GAD67 and 
Nox-2 assays.

Scheme 1   Experimental 
protocol
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Behavioral tests

Twenty four hours after the last treatment on the 14th day, 
behavioral evaluations were carried out according to previ-
ous protocols [5, 10]. These consist of hyperlocomotion test 
in the open-field test, memory performance in the Y-maze 
test, and social interaction test which represents social with-
drawal. All behavioral tests listed in this order were assessed 
between 8:00 a.m. and 12:00 noon, by three trained observ-
ers who were unaware of treatment groups.

Open‑field test

Prevention and reversal of RUT on KET-induced hyperlo-
comotion in mice was evaluated in an open field chamber 
(35 × 30 × 23 cm) with visible 16 squared lines. Hyperlo-
comotion based on number of line crossing activity was 
counted for a period of 5 min [27].

Y‑maze test

The effect of RUT on KET-induced spatial memory impair-
ment was evaluated based on spontaneous alternation behav-
ior (SAB) in the Y-maze test (YMT), which has three identi-
cal arms (A, B and C), measuring 33 × 11 × 12 cm to which 
each arm are separated at 120°. Correct SAB (ABC, CAB or 
BCA) but not BAB was defined as entries into all three arms 
on sequential visitations for 5 min. Thereafter, the percent-
age of alternation was calculated as total alternation number/
(total number of entries-2) × 100 [27].

Social interaction test (SIT)

Ketamine-induced social withdrawal was evaluated in the 
social interaction chamber, which included a Plexiglas box 
(60 × 40 cm) that is divided into three compartments (A, B 
and C) with a small opening (6 × 6 cm) in the dividers. A 
probe mouse placed in an iron restraining cage was fixed 
in one arm of the two side chambers (A) while the other 
chamber (C) was without a probe mouse in its restraining, to 
enable the assessment of the study of social and non-social 
activity. However, test mouse was placed in chamber (B, 
center chamber) and allowed to explore all chambers for a 
period of 5 min. Thereafter, an unfamiliar, same-sex probe 
mouse from the same experimental group was introduced 
in the restraining cage in chamber A, while chamber C was 
without mice. Test mouse was allowed to interact with all 
chambers. Social preference was taken as percentage of time 
spent in the social chamber minus the percentage time spent 
in the opposite chamber) [27].

Preparation of brain tissues for biochemical assays

Immediately after the behavioral tests, seven animals in 
the respective groups were decapitated and the brains were 
immediately removed. Afterward, each mouse brain was 
weighed, homogenized with 5 mL of 10% w/v phosphate 
buffer (0.1 M, pH 7.4) and each brain tissue homogenate was 
centrifuged at 10,000 rpm at 4 °C for 10 min. Thereafter, the 
homogenates were immediately separated into valves for the 
different biochemical assays and the pellets were discarded.

Evaluation of regional brain concentrations 
of glutathione (GSH) and malondialdehyde (MDA)

Regional brain concentration of glutathione was deter-
mined by the assay method described by Jollow et al. [28], 
as indicated by the formation of a stable yellow color when 
5′,5′-dithio-bis-(2-nitrobenzoic acid) (DTNB) is combined 
with sulfhydryl compounds. The concentration of reduced 
GSH in the striatum, prefrontal cortex and hippocampus 
were expressed as nanomoles per milligram protein (nmol/
mg protein). In another experiment, the MDA generation 
in the form of thiobarbituric acid reacting substances in the 
striatum, prefrontal cortex and hippocampus were assayed 
according to the method previously described [29]. The 
regional brain concentrations of MDA were expressed as 
TBARS (nmol MDA/mg protein).

Determination of acetylcholinesterase activity 
in mice brain

Acetylcholinesterase (AChE) enzyme activity, a marker for 
cholinergic neurotransmission for cognitive effect of rutin 
was evaluated according to the method previously described 
[30]. Acetylcholinesterase enzyme activity of each treatment 
groups were estimated in the homogenates of the striatum, 
prefrontal cortex and hippocampus. The rate of acetylcho-
linesterase activity was calculated and expressed as µmol/
min/mg tissue.

Estimation of regional brain protein contents

Protein content was assayed as earlier described [27] using 
bovine serum albumin (1 mg/mL) (standard reference).

Histopathological and histomorphometric 
evaluations of the effect of RUT on the striatum, 
prefrontal cortex and hippocampus of mice treated 
with ketamine

After the behavioral test, three animals were anaesthetized 
from each group, transcardially perfused cold normal saline 
and sodium phosphate buffered formalin. After perfusion, 
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the brains were post-fixed in 4% paraformaldehyde in 
100 mmol/L phosphate buffer for 48 h and then transferred 
to a cold sucrose solution (15%) in 0.1 M PBS containing 
0.1% sodium azide at 4 °C. Section (20 µm thick) of the stri-
atum, prefrontal cortex and hippocampus were done using a 
cryostat and collected in 100 mmol/L PBS containing 0.3% 
Triton X-100 (PBS-T). Previously described hematoxylin 
and eosin staining technique [31] was used. The viable neu-
ronal cells of the striatum, prefrontal cortex and hippocam-
pus were counted using Image J software (NIH, Bethesda, 
MD, USA) [31].

Determination of glutamic acid decarboxylase‑67 
(GAD67) and nicotiamide dinucleotide phosphate 
oxidase‑2 (Nox‑2) immnopositive cell expressions

The brain slices of selected regions of the brain (striatum, 
prefrontal cortex and hippocampus) expressions of the 
immunopositive proteins of GAD67 and Nox-2 as previ-
ously described by Ben-Azu et al. [10]. Briefly, the tissues 
slides for the different brain regions were incubated with the 
GAD67 and Nox-2 primary antibodies (1:300) for 20–30 min 
at 25 °C respectively. Additional incubation of tissue slides 
were carried with one-step horseradish peroxidase (HRP) 
polymer for about 20–30 min, and rinsed with PBS 4–6 
consecutive times. Droplets of freshly prepared 3, 3′-diam-
inobenzidine (DAB) reagents were dropped on each slide 
and incubated for a period 6–10 min at room temperature 
which was immediately followed by washing with PBS 7–9 
times. The slides were counter stained with hematoxylin for 
30–60 s, rinsed with normal saline and dried. The photomi-
crograph of stained slides of each brain regions were viewed 
and obtained with Leica ICC50 E Digital Camera (Germany) 
connected to a computer interface (Magnafire) and an Olym-
pus BX-51 Binocular research microscope. Immunoreactive 
cells were defined and analyzed with the aid of Image J soft-
ware (NIH, Bethesda, MD, USA) [10].

Statistical analysis

Data were expressed as Mean ± S.E.M. (standard error of 
mean). After testing for normality distribution, behavio-
ral data were analyzed using one-way analysis of variance 
(ANOVA) followed by Bonferroni post-hoc test for multiple 
comparisons where appropriate. Biochemical and neuronal 
densitometric data were analyzed in the striatum, prefrontal 
cortex and hippocampus using two-way ANOVA followed 
by Bonferroni post-hoc test. Data analyses were performed 
using GraphPad Prism software version 5 (GraphPad Soft-
ware, Inc. La Jolla, CA 92,037 USA). A level of p ≤ 0.05 was 
considered as statistically significant for all analysis.

Results

Rutin attenuates ketamine‑induced 
hyperlocomotion

The effects of RUT on KET-induced hyperlocomotion 
in the preventive and reversal treatments are shown in 
Fig. 1a, b. One-way ANOVA and post hoc analysis with 
Bonferroni test showed that intraperitoneal injection of 
KET (20 mg/kg, i.p.) significantly (p < 0.05) increased 
the number of line crossings in the OFT in the preven-
tive (Fig. 1a) and reversal (Fig. 1b) protocols when com-
pared with vehicle-treated groups. However, RUT (0.2 and 
0.4 mg/kg, p.o.) and RIS (0.5 mg/kg, p.o.) significantly 
(p < 0.05) attenuated KET-induced hyperlocomotion in the 
preventive [F (5, 36) = 19.76, p < 0.0001] and reversal [F 
(5, 36) = 14.44, p < 0.0001] treatments relative to KET-
treated mice. But RUT (0.1 mg/kg, p.o.) did not prevent 
or reverse KET-induced hyperlocomotion when compared 
with KET-treated mice (Fig. 1a, b).

Rutin reduces ketamine‑induced spatial working 
memory impairment

The effects of RUT on KET-induced alteration in spatial 
working memory in the preventive and reversal treatments 
are shown in Fig. 1c, d. One way ANOVA revealed that 
KET (20 mg/kg, i.p.) significantly (p < 0.05) altered cor-
rect alternations in the YMT in both treatment protocols 
in comparison with vehicle-treated group. Both RUT (0.2 
and 0.4 mg/kg, p.o.) and RIS (0.5 mg/kg, p.o.) significantly 
(p < 0.05) prevented (Fig. 1c) [F (5, 36) = 6.307, p < 0.0003] 
and reversed (Fig. 1d) [F (5, 36) = 7.018, p < 0.0001] KET-
induced memory deficit when compared with KET-treated 
groups respectively. Meanwhile, RUT (0.1 mg/kg, p.o.) pre-
vented, but failed to reverse the effect of KET on spatial 
working memory relative to KET treatment group (Fig. 1d).

Rutin abates ketamine‑induced social interaction 
deficit

As shown in Fig. 1e, f, RIS (0.5 mg/kg, p.o.) and RUT (0.2 
and 0.4 mg/kg, p.o.) but not 0.1 mg/kg significantly pre-
vented KET-induced social withdrawal when compared with 
KET group (Fig. 1e) [F (5, 36) = 11.26, p < 0.0001]. How-
ever, only RIS (0.5 mg/kg, p.o.) and RUT (0.4 mg/kg, p.o.) 
reversed (p < 0.05) the effect of KET on social interaction 
in comparison with KET control group [F (5, 36) = 14.70, 
p < 0.0001] (Fig. 1f). RUT (0.1 and 0.2 mg/kg, p.o.) did not 
reverse KET-induced social deficit in mice.
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Rutin inhibits ketamine‑induced glutathione 
depletion in the striatum, prefrontal cortex 
and hippocampus of mice brains

Two-way ANOVA revealed that there were significant 
differences between treatment groups in the preven-
tive treatment (Fig.  2a) {striatum [F (5, 36) = 4.990, 
p < 0.0014], prefrontal cortex [F (5, 36) = 4.712, 
p = 0.0021] and hippocampus [F (5, 36) = 8.755, 
p < 0.0001]}, and reversal treatment (Fig.  2b) {stria-
tum [F (5, 36) = 16.24, p < 0.0001], prefrontal cortex 
[F (5, 36) = 6.988, p < 0.0001] and hippocampus [F (5, 
36) = 6.807, p < 0.0001]} in GSH concentrations. Keta-
mine significantly decreased GSH concentrations in all 
brain regions in both treatment plans when compared with 

normal controls. Preventive treatment with both RUT (0.1, 
0.2 and 0.4 mg/kg, p.o.) and RIS (0.5 mg/kg, p.o.) sig-
nificantly (p < 0.05) increased GSH concentrations in the 
prefrontal cortex when compared with KET (20 mg/kg, 
i.p.) treatments. However, RUT (0.2 and 0.4 mg/kg, p.o.) 
increased striatal and hippocampal GSH levels relative 
to KET-treated groups (Fig. 2a). Furthermore, reversal 
treatment of RUT (0.1, 0.2 and 0.4 mg/kg, p.o.) signifi-
cantly (p < 0.05) elevated GSH in the hippocampus when 
compared with KET (20 mg/kg, i.p.) treatment (Fig. 2b). 
RIS (0.5 mg/kg, p.o.) and RUT (0.2 and 0.4 mg/kg, p.o.), 
but not 0.1 mg/kg, also significantly (p < 0.05) increased 
GSH concentrations in the striatum and prefrontal cortex 
in comparison with KET-treated groups in the reversal 
study (Fig. 2b).
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Fig. 1   Rutin prevented and reversed ketamine-induced hyperlo-
comotion (a, b), spatial working memory impairments (c, d) and 
social interaction deficits (e, f). Bars represent the mean ± S.E.M of 
7 animals/group. *p < 0.05 compared to vehicle (VEH) group and 

#p < 0.05 compared to KET group. One-way ANOVA followed by 
Bonferroni post-hoc test showed that there were significant differ-
ences between various treatment groups. VEH vehicle, KET keta-
mine, RUT​ rutin, RIS risperidone
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Rutin suppressed ketamine‑induced increased 
in malondialdehyde concentrations in the striatum, 
prefrontal cortex and hippocampus of mice brains

Two-way ANOVA and post-hoc analysis showed that intraperi-
toneal injection of KET (20 mg/kg, i.p.) produced a significant 

(p < 0.05) striatal [F (5, 36) = 5.936, p = 0.0004], prefrontal 
cortical [F (5, 36) = 6.367, p = 0.0002] and hippocampal [F 
(5, 36) = 3.799, p = 0.0073] increase in MDA concentrations 
of mice brains when compared with vehicle-treated animals 
(Fig. 2c). Treatment with RUT (0.1, 0.2 and 0.4 mg/kg, p.o.) 
and RIS (0.5 mg/kg, p.o.) significantly (p < 0.05) prevented 

Fig. 2   Rutin inhibits ketamine-
induced glutathione alterations 
(a, b), malondialdehyde (c, 
d), nitrite (e, f) and acetylcho-
linesterase (g, h) up-regulations 
in the preventive and reversal 
treatments in the striatum, pre-
frontal cortex and hippocampus 
of mice brains. Bars represent 
the mean ± S.E.M of 7 animals/
group. *p < 0.05 compared to 
vehicle group and #p < 0.05 
compared to KET group 
(two-way ANOVA followed by 
Bonferroni post hoc test). VEH 
vehicle, KET ketamine, RUT​ 
rutin, RIS risperidone
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KET-induced increase in MDA concentrations in the stria-
tum and hippocampus when compared with KET-treated 
animals. Moreover, higher doses of RUT (0.2 and 0.4 mg/
kg, p.o.) decreased MDA concentrations in the prefrontal cor-
tex when compared with KET control (Fig. 2c). Also, in the 
reversal protocol, KET (20 mg/kg, i.p.) induced a significant 
(p < 0.05) increase in MDA levels {striatal [F (5, 36) = 6.569, 
p = 0.0002], prefrontal cortical [F (5, 36) = 6.938, p = 0.0001] 
and hippocampal [F (5, 36) = 5.008, p = 0.0014]} relative to 
vehicle groups (Fig. 2d). Although no significant effect was 
observed in the striatum with RUT treatment, RUT (0.2 and 
0.4 mg/kg, p.o.) significantly (p < 0.05) reversed the effect 
of KET on MDA concentrations in the prefrontal cortex and 
hippocampus when compared with KET-treated mice. Mean-
while, RIS (0.5 mg/kg, p.o.) significantly (p < 0.05) decreased 
brain concentrations of MDA in the striatum, prefrontal cortex 
and hippocampus relative to KET-treated mice (Fig. 2d).

Effects of rutin on nitrergic levels in the striatum, 
prefrontal cortex and hippocampus 
in the preventive and reversal treatments in mice 
treated with ketamine

The effects of RUT on KET-induced alteration of nitrite con-
centrations in the striatum, prefrontal cortex and hippocampus 
of mice brains are shown in Fig. 2e, f. In the preventive treat-
ment, two-way ANOVA showed that KET (20 mg/kg, i.p.) 
administration significant increased nitrite concentration in 
the striatum [F (5, 36) = 7.847, p < 0.0001] relative to vehicle 
control. No significant changes were observed in the prefron-
tal cortex and hippocampus compared with vehicle controls 
(Fig. 2e). RUT (0.2 and 0.4 mg/kg, p.o.) and RIS (0.5 mg/kg, 
p.o.) significantly (p < 0.05) attenuated KET-induced nitrite 
alteration in the striatum relative to KET groups (Fig. 2e). In 
the reversal treatment, KET (20 mg/kg, i.p.) caused a signifi-
cant (p < 0.05) increase in brain levels of nitrite in the stria-
tum [F (5, 36) = 6.149, p = 0.0003] and hippocampus [F (5, 
36) = 0.1156, p = 0.9881], but not in the prefrontal cortex [F 
(5, 36) = 1.145, p = 0.3546] relative to vehicle control ani-
mals (Fig. 2f). However, RUT (0.4 mg/kg, p.o.) significantly 
decreased nitrite content in the prefrontal cortex when com-
pared with KET group. Both RUT (0.2 and 0.4 mg/kg, p.o.) 
and RIS (0.5 mg/kg, p.o.) reduced KET-induced nitrite levels 
in the striatum and hippocampus when compared to KET con-
trols. Rutin (0.1 mg/kg, p.o.) did not produce any significant 
change in the striatum and hippocampus (Fig. 2f).

Rutin decreases ketamine‑induced up‑regulation 
of acetylcholinesterase activity in the striatum, 
prefrontal cortex and hippocampus

In the preventive treatment protocol, two-way ANOVA 
together with post-hoc test showed that KET (20 mg/kg) 

significantly (p < 0.05) up-regulated AChE activity in the 
prefrontal cortex [F (5, 36) = 6.263, p = 0.0003] and hip-
pocampus [F (5, 36) = 9.283, p < 0.0001], but not in the 
striatum [F (5, 36) = 2.400, p = 0.0561], when compared 
with vehicle groups (Fig. 3c). However, RUT (0.1, 0.2 and 
0.4 mg/kg, p.o.) and RIS (0.5 mg/kg, p.o.) significantly 
(p < 0.05) attenuated AChE activity in the prefrontal cortex 
when compared with KET-treated mice. Moreover, RUT 
(0.2 and 0.4 mg/kg, p.o.) and RIS significantly (p < 0.05) 
decreased AChE activity in the hippocampus when com-
pared with KET-treated mice (Fig. 2g). In the reversal treat-
ment, KET (20 mg/kg, i.p.) significantly (p < 0.05) increased 
AChE activity in the striatum [F (5, 36) = 5.738, p = 0.0005], 
prefrontal cortex [F (5, 36) = 10.64, p < 0.0001] and hip-
pocampus [F (5, 36) = 6.396, p = 0.0002] in comparison with 
KET-treated group. Both RUT (0.4 mg/kg, p.o.) and RIS 
(0.5 mg/kg, p.o.) significantly (p < 0.05) attenuated increased 
AChE activity due to KET injection in the striatum and hip-
pocampus when compared with KET-treated group. Further-
more, RUT (0.2 and 0.4 mg/kg, p.o.) and RIS (0.5 mg/kg, 
p.o.) also reversed KET-induced increased AChE activity in 
the prefrontal cortex relative to KET group (Fig. 2h).

Rutin prevented and reversed ketamine‑induced 
histo‑architectural alterations in the striatum, 
prefrontal cortex and hippocampus of mice brains

The photomicrographs and densitometric counts of viable 
cells of the striatum, prefrontal cortex and hippocampus of 
mice brains treated with RUT on KET-induced cytoarchi-
tectural and histomorphological alterations in the preven-
tive and reversal treatments are shown in Fig. 3a–h. In both 
preventive and reversal treatments, hematoxylin and eosin 
staining revealed that KET (20 mg/kg, i.p.) produced a sig-
nificant cytoarchitectural changes in the striatum (Fig. 3a, 
b) and prefrontal cortex (Fig. 3c, d), and CA1 subfield of 
the hippocampus of mice in reversal treatment (Fig. 3e) 
but not in the preventive treatment (Fig. 3f). This is char-
acterized by increased population of highly condensed 
(pyknotic) and angulated neuronal cells. Also, as shown 
in Fig. 3g, h, KET (20 mg/kg, i.p.) significantly (p < 0.05) 
decreased the number of viable neuronal cells of the striatum 
[F (5, 12) = 8.347, p = 0.0013] and prefrontal cortex [F (5, 
12) = 5.306, p = 0.0084] in the preventive study (Fig. 3g); 
and striatum [F (5, 12) = 10.38, p = 0.0005], prefrontal cor-
tex [F (5, 12) = 4.497, p = 0.0153] and hippocampus [F (5, 
12) = 6.942, p = 0.0029] for reversal treatment (Fig. 3h) in 
comparison with vehicle control groups. However, RUT 
(0.1, 0.2 and 0.4 mg/kg, p.o.) and RIS (0.5 mg/kg, p.o.) sig-
nificantly reduced the cytoarchitectural alterations induced 
by KET, as evidenced by increased viable neuronal cells in 
the striatum and prefrontal cortex in the preventive treatment 
(Fig. 3g). Also, Rutin (0.2 and 0.4 mg/kg, p.o.) and RIS 
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Fig. 3   a–f Representative photomicrographs of the effect of rutin on 
ketamine-induced histo-architectural alterations in the striatum, pre-
frontal cortex and hippocampus of mice brains with ketamine in the 
preventive and reversal treatments. a = Vehicle 10  mL/kg, b = Keta-
mine 20  mg/kg, c = Rutin 0.1  mg/kg + Ketamine, d = Rutin 0.2  mg/
kg + Ketamine, e = Rutin 0.4  mg/kg + Ketamine, and f = Risperidone 
0.5  mg/kg + Ketamine. g, h Rutin increases the density of viable 

neuronal cells in the striatum, prefrontal cortex and hippocampus 
of mice treated with ketamine in the preventive (g) and reversal (h) 
treatments. Bars represent the mean ± S.E.M of 3 animals / group. 
*p < 0.05 compared to vehicle group and #p < 0.05 compared to KET 
group (Two-way ANOVA followed by Bonferroni post-hoc test). 
VEH vehicle, KET ketamine, RUT​ rutin, RIS risperidone
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(0.5 mg/kg, p.o.) significantly (p < 0.05) decreased the loss 
of viable neuronal cells of the striatum and cortical regions 
when compared with KET treatment alone (Fig. 3h) in the 
reversal treatment. But, RUT (0.1 mg/kg) only increased 
viable neuronal cells in the striatum (Fig. 3h).

Rutin suppressed ketamine‑induced up‑regulation 
of Nox‑2 immunoexpressions in the striatum, 
prefrontal cortex and hippocampus of mice brain

The photomicrographs and immunoexpressions of Nox-2 
cells in the striatum, prefrontal cortex and hippocampus 
of mice brains treated with RUT on KET-induced immu-
nohistochemical changes in the preventive and reversal 
treatments are shown in Fig. 4a–g. Chronic intraperitoneal 
injection of KET (20 mg/kg) produced significant (p < 0.05) 
immunohistochemical changes on Nox-2 expressions in 
the striatum (Fig. 4a, b), prefrontal cortex (Fig. 4c, d) and 
CA1 region of the hippocampus (Fig. 4e, f) in the preven-
tive and reversal treatments. Post-hoc analysis indicates 
that there were significant differences between treatment 
groups in the preventive treatment (Fig. 4g) {striatum [F (3, 
8) = 5.948, p = 0.0196], prefrontal cortex [F (3, 8) = 6.076, 
p = 0.0185] and hippocampus [F (3, 8) = 7.444, p = 0.0106]}, 
and reversal treatment (Fig. 4h) {striatum [F (3, 8) = 6.207, 
p = 0.0106], prefrontal cortex [F (3, 8) = 6.389, p = 0.0168] 
and hippocampus [F (3, 8) = 7.913, p = 0.0089]} in Nox-2 
expressions. Immuno-densitometic expression revealed that 
KET increased the expressions of Nox-2 striatum, prefron-
tal cortex and hippocampus in the preventive (Fig. 4g) and 
reversal (Fig. 4h) treatments in comparison with vehicle-
treated mice. Rutin (0.4 mg/kg, p.o.) and RIS (0.5 mg/
kg, p.o.) significantly (p < 0.05) attenuated KET-induced 
expressions of Nox-2 immunopositive cells in the three brain 
regions when compared to KET-treated mice (Fig. 4g, h).

Rutin attenuates ketamine‑induced 
down‑regulation of GAD67 immunoexpressions 
in the striatum, prefrontal cortex and hippocampus 
of mice brain

The photomicrographs and immunoexpressions of GAD67 
cells in the striatum, prefrontal cortex and hippocampus 
of mice brains treated with RUT on KET-induced immu-
nohistochemical alteration in the preventive and reversal 
treatments are shown in Fig. 5a–h. Repeated administra-
tion of KET (20 mg/kg, i.p.) caused a significant (p < 0.05) 
immunohistochemical changes based decreased immu-
nopositive expressions of GAD67 in the striatum [F (3, 
8) = 6.396, p = 0.0161] (Fig. 5a and g), prefrontal cortex [F 
(3, 8) = 4.276, p = 0.0445] (Fig. 5c and g) and hippocampus 
[F (3, 8) = 8.906, p = 0.0063] (Fig. 5e and g), when com-
pared with vehicle-treated groups. RUT (0.4 mg/kg, p.o.) 

significantly (p < 0.05) prevented KET-induced decreased 
GAD67 expressions in the preventive treatment in the stria-
tum and prefrontal cortex but not significantly in the hip-
pocampus. Although RIS (0.5 mg/kg, p.o.) did not show any 
effect in the striatum, it significantly (p < 0.05) increased 
GAD67 expression in the prefrontal cortex and hippocampus 
relative to KET-treated mice. In the reversal treatment, RIS 
(0.5 mg/kg, p.o.) significantly (p < 0.05) reversed the KET-
induced down-regulation of GAD67 immunopositive cells in 
the striatum [F (3, 8) = 5.561, p = 0.0234] (Fig. 5b and h), 
prefrontal cortex [F (3, 8) = 16.48, p = 0.0009] (Fig. 5d and 
h) and CA1 region of the hippocampus [F (3, 8) = 6.091, 
p = 0.0184] (Fig. 5f and g) relative to KET-treated mice. On 
the other hand, RUT (0.4 mg/kg, p.o.) failed to reverse KET-
induced decrease in GAD67 cell expressions.

Discussion

Findings from the present study showed that the exposure 
of mice to ketamine causes hyperlocomotion, social interac-
tion deficit and memory impairment, which were prevented 
and reversed with rutin. Importantly, ketamine reduced the 
expression of GAD67 enzyme in the striatum, prefrontal 
cortex and hippocampus indicating decreased GABAergic 
neurotransmission which was only prevented by rutin in the 
striatum and prefrontal cortex. Moreover, the preventive 
and reversal treatments of mice with rutin also attenuated 
ketamine-induced increase in expression of the superoxide 
producing enzyme, Nox-2, as well as the oxidative/nitrergic 
stress and acetylcholinesterase activity in the striatum, pre-
frontal cortex and hippocampus in ketamine treated mice, 
respectively.

Ketamine-induced experimental psychosis is a widely 
accepted animal model for mimicking symptoms of schizo-
phrenia [5, 6, 10, 27]. Hence, the discovery of compounds 
capable of ameliorating ketamine-induced hyperlocomotion, 
social and memory impairments could possibly be a novel 
drug for the management of schizophrenia [6, 10, 27]. In 
this study, ketamine-induced hyperlocomotion in the OFT, 
social isolation in the SIT and memory deficit in the YMT 
which corroborated previous studies [6, 10, 31]. However, 
ketamine-induced schizophrenic-like behaviors were amelio-
rated by preventive and reversal treatments with rutin which 
further confirms its antipsychotic-like activity [27].

It is well reported that repeated administration of keta-
mine up-regulate 5-HT2A expression, blocked phencyclidine 
allosteric NMDA channel complex in the frontal-parietal 
cortex [32], NMDA receptor channel complex in the ven-
tral tegmental area as well as increased cortical extracellular 
brain levels of 5-HT, an action that has been linked to both 
negative and cognitive symptoms of schizophrenia [33]. 
More so, ketamine-induced up-regulation of 5-HT2A activity 
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Fig. 4   a–f Representative photomicrographs of the effect of rutin 
on ketamine-induced immunohistochemical changes and expres-
sions of Nox-2 immunopositive cells in the striatum, prefrontal cor-
tex and hippocampus of mice brains with ketamine in the preventive 
and reversal treatments. a = Vehicle 10 mL/kg, b = Ketamine 20 mg/
kg, c = Rutin 0.4  mg/kg + Ketamine, and d = Risperidone 0.5  mg/
kg + Ketamine. Vertical arrow indicates high immunopositive cell 
expression. Horizontal arrow indicates low immunopositive cell 

expression. g, h Rutin decreases the expression of Nox-2 immunopos-
itive cells in the striatum, prefrontal cortex and hippocampus of mice 
treated with ketamine in the preventive (a) and reversal (b) treat-
ments. Bars represent the mean ± S.E.M of 3 animals/group. *p < 0.05 
compared to vehicle group and #p < 0.05 compared to KET group 
(Two-way ANOVA followed by Bonferroni post-hoc test). VEH vehi-
cle, KET ketamine, RUT​ rutin, RIS risperidone
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Fig. 5   a–f Representative photomicrographs of the effect of rutin on 
ketamine-induced immunohistochemical changes and expressions 
of GAD67 immunopositive cells in the striatum, prefrontal cortex 
and hippocampus of mice brains with ketamine in the preventive 
and reversal treatments. a = Vehicle 10 mL/kg, b = Ketamine 20 mg/
kg, c = Rutin 0.4  mg/kg + Ketamine, and d = Risperidone 0.5  mg/
kg + Ketamine. Vertical arrow indicates high immunopositive cell 
expression. Horizontal arrow indicates low immunopositive cell 

expression. g, h Rutin decreases the expression of GAD67 immu-
nopositive cells in the striatum, prefrontal cortex and hippocampus 
of mice treated with ketamine in the preventive (a) and reversal (b) 
treatments. Bars represent the mean ± S.E.M of 3 animals/group. 
*p < 0.05 compared to vehicle group and #p < 0.05 compared to KET 
group (Two-way ANOVA followed by Bonferroni post-hoc test). 
VEH vehicle, KET ketamine, RUT​ rutin, RIS risperidone
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has been reported to reduce GABAA-mediated inhibitory 
current via decreased GAD67 enzyme activity [10, 13, 34]. 
Several post-mortem studies have consistently showed 
GAD67-dependent GABAergic alterations in schizophrenic 
brains [7, 8, 10]. Decreased GAD67 enzyme activity is 
believed to contributes to the reduced gamma band frequen-
cies of the medial part of the prefrontal cortex, and cornu 
ammonis 1 (CA1) and 3 (CA3) of the hippocampus, as well 
as impaired dorsolateral prefrontal cortical- and hippocam-
pal-dependent cognitive performance seen in schizophrenic 
patients [7, 10]. In this study, repeated administration of 
ketamine to mice down-regulates GAD67 immunopositive in 
the striatum, prefrontal cortex and hippocampus indicative 
of reduced GABAergic neurotransmission [10, 13]. How-
ever, ketamine-induced down-regulation of GAD67 immuno-
reactivity in the striatum and prefrontal cortex was prevented 
by rutin administration but not in the reversal study. It is 
well known that an increase in GAD67 immunoreactivity 
increases GABAergic-dependent pyramidal neuronal activ-
ity in the area of executive function with corresponding 
decrease in presynaptic dopamine release at the subcortical 
levels [14] as well as elevation of dorsolateral cortical (pre-
frontal cortex and hippocampus)-dependent cognitive and 
social performances [7]. It is worth mentioning that rutin 
has been previously reported to promote GABAergic activ-
ity in rats’ cerebral cortex [24]. Thus, it could be used as 
an adjunct in the treatment of neuropsychiatric conditions 
related to schizophrenia.

Recent studies have shown that repeated exposure of 
rodent to ketamine-induced oxidative stress via mechanisms 
associated with elevated expressions of Nox-2 [10, 35]. 
Interestingly, Nox-2 and reactive oxygen species serve as 
cellular patho-mechanisms that induce changes on NMDA/
GABA receptors enshrined on GABAergic neurons [11, 13]. 
Indeed, prolonged Nox-2-mediated glutamate outflow has 
been reported to cause neuro-adaptative hypofunctionality 
of NMDA receptors [11], decreased GAD67 immunoreac-
tivity [36] and consequently behavioral deficits relevant to 
schizophrenia pathology [35]. Interestingly, the findings 
from this study showed that ketamine profoundly increased 
the expressions of Nox-2 in the striatum, prefrontal cortex 
and hippocampus, which were abated by the preventive and 
reversal treatments of mice with rutin.

Increasing evidence shows that oxidative stress plays a 
role in the pathophysiology of schizophrenia [6, 10, 13, 37, 
38]. It has been reported that total oxidant status (TOS), oxi-
dative stress index (OSI) and 8-hydroxydeoxyguanosine 
(8-OHdG) levels were significantly higher in non-remission 
schizophrenic patients than in the controls [38]. The TOS 
and OSI levels were significantly higher in remission 
schizophrenic patients than in the controls [37]. Moreover, 

postmortem schizophrenic brain studies showed that altered 
cellular expression of the antioxidant master gene, nuclear 
factor erythroid 2-related factor 2 (Nrf2) [38]. Different stud-
ies have demonstrated that increase in GSH levels normal-
izes NMDA- and GAD67-dependent activities [36]. In this 
study, repeated administration of ketamine increased lipid 
peroxidation marker (MDA), nitrite levels with correspond-
ing decrease in GSH concentrations as well as neuronal cell 
death in the striatum, prefrontal cortex and hippocampus, 
respectively. These findings are congruent with the previous 
observations which showed that repeated ketamine exposure 
to rodents causes oxidative/nitrergic stresses as well neu-
ronal cell death [6, 10, 27, 31]. Furthermore, polymorphisms 
of the neuronal and inducible NO synthases have been impli-
cated in schizophrenic brains [39] and these markers have 
been connected to neurochemical dysfunction [5]. However, 
the ability of rutin to significantly increase GSH concentra-
tions, decreased MDA and nitrite levels as well as increase 
the population of viable neuronal cells in region-dependent 
manners further confirms its antioxidant property.

Additionally, chronic ketamine treatment is known 
to decrease the levels of acetylcholine (ACh), one of 
the main neurotransmitters implicated in the regulation 
of memory functions. Previous molecular studies have 
shown that ketamine-induced decreased concentration of 
ACh is connected with enhancement of acetylcholinest-
erase (AChE) postsynaptic activity [5, 6]. ACh through 
7-alpha nicotinic acetylcholine receptor (α7nAChR) and 
calcium-dependent neuronal nitric oxide synthase (nNOS) 
activates NMDA receptors leading to increase nitric 
oxide influx and glutamate-mediated synaptic plasticity 
and increased cognitive function [5]. However, ketamine 
blocks α7nAChR to induce cognitive dysfunction via 
mechanism linked to downward regulation of NMDA-NO-
induced glutamatergic neuro-adaptative hypofunctionality 
[5, 11]. Additionally, the increase in AChE by ketamine 
might also contribute to its ability to disrupt cholinergic-
hippocampal-dependent higher order cognitive functions, 
which includes one of the pathological ensembles found 
in the brains of schizophrenia patients [5]. In agreement 
with previous studies [5, 6, 31], our results also showed 
that ketamine induces memory impairment via increased 
AChE activity in the striatum, prefrontal cortex and hip-
pocampus, which also correlates with the cholinergic 
dysfunction associated with schizophrenia [6]. Thus, the 
ability of rutin to decrease AChE activity in the striatum, 
prefrontal cortex and hippocampus of mice treated with 
ketamine, further suggests the possibility of increase ACh 
levels and beneficial effect against psychiatric disorders 
associated with cognitive impairment. Various studies 
have showed that rutin improves memory impairments 
in neurological disorders associated with oxidative stress 



2348	 Molecular Biology Reports (2021) 48:2335–2350

1 3

and neuroinflammation because of its strong antioxidant 
and anti-inflammatory potentials [17, 21, 22, 26]. Rutin 
attenuated streptozotocin-induced hippocampal damage 
by down-regulating inflammatory mediators and thus 
improving cognitive function [17]. Also, rutin prevents 
diabetic-induced neuropathy by attenuation of oxidative 
stress via Nrf2 signaling pathway in rats [40]. It important 
to mention here that substantial body of evidence have 
shown that rutin inhibits AChE activity [41, 42] by bind-
ing to the active pocket of some residue proteins of human 
AChE [43–45]. Rutin has also been shown to inhibit the 
formation and stabilization of β-amyloid deposit via inhi-
bition of β-secretase (BACE-1), the penultimate β-amyloid 
synthesizing enzyme, thereby suppressing the initiation of 
β-induced cognitive pathology [43].

It is worthy of note that pharmacokinetic studies of rutin 
conducted in rat revealed that rutin is quickly absorbed 
after oral administration into the bloodstream, crosses the 
blood brain barrier (BBB) however, metabolically hydro-
lyzed in the liver and intestinal tract into by cecal micro-
flora to sulfate and glucuronide intermediates [46]. While 
the metabolic transformation and degradation by bacterial 
enzymes of the intestinal tract have been shown to limit 
the oral bioavailability of rutin [47], the high permeability 
of rutin across the BBB has been ascribed to its wide range 
of central nervous system activities [17, 21–26]. Although 
the choice of doses of rutin used in this present investi-
gation was based on results mined from earlier studies 
[21, 25], the reason why rutin produced better effects in 
the reversal treatment than in the preventive protocol in 
some activities requires further investigation. However, 
the observed effects from this investigation could be in 
part due to its antioxidant and anti-inflammatory actions 
as well as GABAergic modulating activity, mechanisms 
that have been attributed to the reversal effects of many 
conventional antipsychotic drugs [6, 10, 12, 27].

Conclusion

Our study reinforced the strong connection between chronic 
ketamine injection and the schizophrenia-related behavior, 
which were prevented and reversed by rutin. We therefore 
showed that rutin attenuated ketamine-induced hyperactiv-
ity, social withdrawal and cognitive deficit via inhibition 
of oxidative/nitrergic stress, acetylcholinesterase activ-
ity, suppression of Nox-2 expression and up-regulation of 
GAD67-dependent GABAergic neurotransmissions in a brain 
region specific manner in mice.
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