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Abstract. - OBJECTIVE: Chemotherapy can
cause cognitive impairment in cancer survivors.
CMF, the combination of cyclophosphamide
(CYP), methotrexate (MTX), and 5-fluorouracil
(5-FU), is employed for the treatment of sever-
al types of cancers, such as metastatic breast
cancer. Metformin (MET) is an antidiabetic med-
ication used to treat type 2 diabetes that can re-
portedly alleviate some toxic effects. In the cur-
rent study, we investigated the ability of MET to
alleviate the effects of CMF in neuronal toxicity.

MATERIALS AND METHODS: Rats were treat-
ed with two doses of CMF (intraperitoneal injec-
tion) and MET (in the daily drinking water). Rats
were subjected to fear conditioning memory tests
to evaluate memory function following treatment,
and brain samples were collected and homoge-
nized using neuronal lysis buffer for assessment
of glutamate and dopamine levels by high-perfor-
mance liquid chromatography (HPLC).

RESULTS: Fear conditioning memory tests re-
vealed a significant reduction in memory function
in CMF and CMF+MET groups vs. controls, but
no significant change in MET groups vs. con-
trols was detected. Similarly, CMF and CMF+MET
groups revealed a significant increase in gluta-
mate and dopamine levels in the brain of MET,
CMF, and MET+CMF groups vs. controls based
on HPLC results. In addition, although glutamate
and dopamine levels were increased, levels varied
between groups, with highest levels in the CM-
F+MET group.

CONCLUSIONS: Our results demonstrate that
cognitive impairment in CMF and CMF+MET
groups could result from increased glutamate
and dopamine levels in the brain, leading to brain

toxicity and failure of MET to alleviate the toxic
effects of CMF.
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Introduction

Chemotherapy can successfully treat various
types of cancer', and the main mechanism of ac-
tion is inducing cytotoxicity’. However, toxicities
associated with chemotherapy can lead to acute
and chronic adverse effects, such as cardiotox-
icity, nephrotoxicity, and cognitive impairment,
known as chemotherapy-induced cognitive im-
pairment, chemobrain, or chemofog*s. Cognitive
impairment varies among cancer survivors from
moderate to severe, and it affects emotions, behav-
ior, and mental status, which ultimately influences
overall quality of life. Unfortunately, therapeutic
strategies to reduce neurotoxicity following che-
motherapy are limited. Clinical and experimental
studies have reported chemotherapy associated
with impairment of cognitive function follow-
ing several chemotherapeutic agents, including
cyclophosphamide (CYP), methotrexate (MTX),
fluorouracil (5-FU), doxorubicin (DOX), and
cisplatin®®. These chemotherapeutic agents were
shown to severely impair hippocampus-dependent
cognitive function in rodents'’. These cognitive

Corresponding Author: Ahnmad Hamad Alhowail, Ph.D; e-mail: aalhowail@qu.edu.sa 2353



A.H. Alhowall, Y.S. Aimogbel, A.A.H. Abdellatif, M.A. Aldubayan, S. Chigurupati, R.A. Nemala

impairments have been attributed to a reduction
in neurogenesis, alterations in protein expression
and function, and inflammation®'"'2, Indeed, we
previously showed that acute CMF, a combina-
tion of cyclophosphamide (CYP), methotrexate
(MTX), and 5-fluorouracil (5-FU), is associated
with reduced hippocampal-dependent behavior
and increased levels of pro-inflammatory cyto-
kines, such as interleukin 6 (IL-6) and IL-1°.

In the current study, we evaluated fear condi-
tioning memory, as well as glutamate and dopa-
mine levels in the brain following CMF treatment,
and we explored the mechanisms of chemobrain
and potential protection of MET against these
toxicities.

Glutamate is the major excitatory neurotrans-
mitter in the central nervous system (CNS), and
it plays distinct roles in normal brain functions
and the pathogenesis of various neurological
disorders'’. Glutamate receptors and transporters
are key players regulating glutamate release and
extracellular glutamate concentrations to main-
tain dynamic synaptic signaling processes and
memory function'. Glutamate binds to two major
receptor types; ion channels and G protein-cou-
pled receptors (GPCRs). These receptors regulate
many physiological functions, including learning
and memory processes'>!¢, Briefly, once presyn-
aptic neurons are stimulated, calcium channels
are activated, which stimulates Ca'" influx into
presynaptic terminals, leading to synaptic vesi-
cle localization toward the synaptic membrane,
and the release of glutamate. Glutamate binds to
both ion channels and GPCRs, which activates
several protein cascades and enhances memory
formation. Alterations in glutamate levels and/or
the expression of glutamate receptors can alter
cognitive functions.

Dopamine is a neurotransmitter present in
both the CNS and peripheral nervous system!’.
Dopamine has two types of receptors, all mem-
bers of the GPCR superfamily; D1 and D5 are
stimulatory type (Gs), and D2, D3, and D4 are
inhibitory type (Gi)'®. Dopaminergic neurons
are mainly located in the substantia nigra of the
midbrain, which innervates most other brain re-
gions'*?’. Dopamine and its receptors play im-
portant roles in neuromodulation including motor
control, mood, muscle movement, and cognitive
function?'*2. The importance of dopamine on
neurotransmission for attention and normal cog-
nitive function has long been known?, deficien-
cies in dopaminergic circuits are associated with
major cognitive decline, and there is a reduction
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in dopamine levels in patients suffering from Par-
kinson’s disease and some other disorders, such
as attention deficit hyperactivity disorder. Inter-
estingly, these declines in cognitive function can
be improved following treatments that increase
dopamine levels, or activation of dopaminergic
receptors through treatment with levodopa, car-
bidopa, or apomorphine.

The aims of the present study were to evaluate
the effects of CMF and MET treatment on fear
conditioning memory and explore the potential
mechanisms of cognitive impairment by evaluat-
ing glutamate and dopamine levels in the brain.

Materials and Methods

Chemicals

CYP (Endoxan) was obtained from Baxter
(Mumbai, Maharashtra, India); MTX (Methotrex-
ate) was obtained from Hospira UK Ltd. (Leeds,
UK); 5-FU (Utoral) was obtained from Korea
United Pharm Inc. (Seoul, South Korea); MET
hydrochloride (Metfor) was obtained from Tabuk
Pharmaceuticals (Tabuk, Saudi Arabia).

Animal Treatments

Male albino rats (n = 24; aged 10-12 weeks)
were housed individually under a 12 h light/dark
cycle (lights on 7:00 am) with free access to food
and water. Animals were divided into four groups
(control, CMF, MET, and CMF+ MET; n = 6 per
group). After 2 weeks, rats were subjected to cog-
nitive function evaluation. Rats were euthanized
using carbon dioxide (CO,), and brains were col-
lected and stored at -80°C until analysis.

Drug Administration

Rats were injected intraperitoneally (i.p.).
with CMF (50 mg/kg cyclophosphamide, 2 mg/
kg methotrexate, 50 mg/kg fluorouracil, two
doses over 2 weeks). However, metformin was
dissolved in drinking water at 2.5 mg/mL and ad-
ministered during the 2 weeks after the first CMF
injection. Rats in the control group received two
injections of saline.

Preparation of Brain Samples

Animals were euthanized with CO, and heads
were decapitated prior to removing brains. Brains
were washed with oxygenated phosphate-buffered
saline (PBS) solution to remove blood. Neuronal
lysis buffer (N-PER; Thermo Scientific, Madison,
WI, USA) was used as a homogenizer. Samples
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were centrifuged at 12,000 g for 10 min at 4°C,
supernatants were transferred into new centri-
fuge tubes, and total protein was estimated by
bicinchoninic acid (BCA) assay before running
high-performance liquid chromatography (HPLC)
experiments?.

Fear Conditioning and Behavioral
Assessment of Fear Memory

Twenty-four male albino rats (age 12-14
weeks, weight 250-300 g) were used in this
study. Rats were placed in a standard rat operat-
ing chamber (housed in a sound-isolation cubi-
cle), the grid floor of which could be electrified
to deliver foot-shock (hereafter the context). Rats
were trained with a conditioned freezing protocol.
During fear conditioning, all rats were placed in
context for 30 min on day 1 for habituation to the
chamber without foot-shock. However, on day 2,
rats were returned to the chamber for context for
180 s and animals received multiple electrical
foot-shocks in different contexts. Twenty-four
hours later (day 3), animals were returned to
context for 180 s but without delivering electri-
cal foot-shock. Freezing behavior (absence of all
movements except for those related to respiration)
was determined to evaluate fear memory function
by analyzing differences in freezing time between
treated groups®*.

HPLC Analysis of Glutamate

Quantitative HPLC was performed on a Wa-
ters-Alliance HPLC instrument (Waters) equipped
with a photodiode-array detection (PDA) detec-
tor module, an automatic injector (injection vol-
ume 50 pL), a quadra-pump, and a Supelco C18
column (250 x 4.6 mm i.d, particle size 5 um)
as the stationary phase. The HPLC system was
controlled by Empower-3 software. The column
was maintained at 35°C and eluted under isoc-
ratic conditions over 10 min at a flow rate of 1
mL/min. Trifluoroacetic acid (TFA): tetrahydro-
furan (THF) at a 90:10 v/v ratio was used as the
mobile phase used to elute glutamate from brain
samples after filtering through a 0.45 um nylon
membrane filter and degassing. UV detection was
performed at 245 nm with a PDA detector, and
0.15% (v/v) TFA was used as diluent for the bio-
logical matrix to extract glutamate present in the
sample. The retention time of glutamate was 2.9
min with a good symmetrical peak shape and a
USP theoretical plate count >2000, hence peaks
did not suffer from interference from endogenous
compounds present in the rat brain sample matrix.

The retention times, peak heights, and respective
peak areas were repeatable, with RSD values <2.

HPLC Analysis of Dopamine

Quantitative HPLC was performed on a
Waters-Alliance HPLC instrument (Waters)
equipped with a PDA detector module, an au-
tomatic injector (injection volume 50 pL, a
quadra-pump), and an Inertsil 3V ODS C18
column (250 x 4.6 mm i.d, particle size 5 um)
as the stationary phase. The HPLC system was
controlled by Empower-3 software. The column
was maintained at 35°C and eluted under isoc-
ratic conditions over 20 min at a flow rate of 1
mL/min. Potassium dihydrogen phosphate buf-
fer (0.05 M) with the pH adjusted to 2.3 using
ortho-phosphoric acid was used as the mobile
phase to elute dopamine from brain samples af-
ter filtering through a 0.45 pum nylon membrane
and degassing. UV detection was performed at
278 nm with a PDA detector. Deionized water
served as diluent for the biological matrix dopa-
mine present in the sample. The retention time
of dopamine was 14.05 min with a good sym-
metrical peak shape and a USP theoretical plate
count >2000, hence, peaks did not suffer from
interference from endogenous compounds pres-
ent in the rat brain sample matrix. The retention
times, peak heights, and respective peak areas
were repeatable, with RSD values <2.

Statistical Analysis

All data were analyzed by one-way analysis
of variance (ANOVA) followed by Tukey’s test.
Results are presented as means + standard error
of the mean (SEM), and p <0.05 was considered
to indicate statistical significance (n = 6 experi-
ments).

Results

Fear Conditioning and Behavioral
Assessment of Fear Memory

To assess the effects of CMF and MET on fear
conditioning, animals were treated with the CMF,
MET, or CMF+MET, and subjected to fear condi-
tioning memory analysis as described above. As
shown in Figure 1, fear memory was observed
in control and MET groups, as evidenced by a
longer freezing behavior duration than CMF and
CMF+MET groups. Thus, CMF and CMF+MET
impaired fear memory compared with control and
MET treatments.
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Figure 1. Effects of CMF and MET on fear context memory. A, Schematic diagram of the fear memory experimental setup. B,
Effects of CMF and MET on freezing behavior duration following chemotherapy treatment. Data analysis was performed using

Tukey’s multiple comparison test (*p <0.05).

Evaluation of Glutamate Levels
in the Brain Following CMF and MET
Treatments

To evaluate the effects of CMF and MET on
levels of glutamate, brain homogenates of CMF,
MET, or CMF+MET were tested using HPLC and
the results were compared with control non-treated
animals. As shown in Figures 2 and 3, the levels
of glutamate in CMF and CMF+MET were sig-
nificantly increased compared with control group.

Evaluation of Dopamine Levels in
the Brain Following CMF and MET
Treatments

To evaluate the effects of CMF and MET on
levels of dopamine, brain homogenates of CMF,
MET, or CMF+MET were tested using HPLC and
the results were compared with control non-treat-
ed animals. As shown in Figures 4 and 5, the lev-
els of dopamine in MET, CMF, and CMF+MET
were significantly increased compared with con-
trol group.

Discussion

In the present study, we investigated the ef-
fects of CMF and MET treatment on induced neu-
ronal toxicity, such as memory impairment, and
the effects of treatments on glutamate and dopa-
mine levels in rat brains. The results showed that
metformin failed to mitigate neurotoxicity and
ameliorate memory impairment (Figure 2). How-
ever, we assessed fear conditioning memory, and
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levels of glutamate and dopamine were altered
significantly (Figure 3 and 4), which could result
in memory impairment. Our previous studies® us-
ing Y-maze, novel object recognition (NOR), and
elevated plus maze (EPM) approaches revealed
that CMF and MET can affect memory function.
In the current study, we evaluated fear condition-
ing memory, which functions through a different
pathway (the amygdala hippocampal pathway),
as well as glutamate and dopamine in relation to
memory function alteration.

The glutamatergic system is the major excit-
atory neurotransmitter system in the vertebrate
brain?®. Glutamate is a non-essential amino acid
that is synthesized in the brain and binds to glu-
tamate receptors, which plays a crucial role in
regulating general brain functions, including
memory formation and synaptic plasticity'*?’.
The two major ion channel glutamate receptors,
N-methyl-D-aspartate receptors (NMDARs)?®
and a-amino-3-hydroxyl-5-methyl-4-isoxaz-
ole-propionate receptors (AMPARs)*°, are
mainly involved in the induction of memory
formation. When presynaptic neurons stimulate
and release glutamate into the synaptic cleft, it
binds to AMPARSs and elicits an influx of Na*,
causing depolarization of postsynaptic neurons.
At resting potential, NMDARSs are blocked by
Mg?*, but depolarization of postsynaptic neu-
rons caused by activation of AMPARs leads to
removal of Mg** blocking NMDARs, allowing
influx of Ca’" and Na'. Ca*" can induce down-
stream signaling by activating calcium calm-
odulin-dependent kinase II/IV (CaMKIl/CaM-
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Figure 2. Chromatograms of glutamate levels in rat brain samples. A, Glutamate controls. B, Glutamate in MET-treated rat brain samples. C, Glutamate in CMF-treated rat brain samples. D, Gluta-

mate in rat brain samples treated with MET + CMF.
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Figure 3. Glutamate levels in the brain are increased following treatment with CMF and CMF+MET. Data analysis was per-
formed using Tukey’s multiple comparison test (*p <0.05, **p <0.01, ***p <0.001).

KIV)?*'. This activation of CaMKII/CaMKIV
leads to a complex downstream signaling cas-
cade, leading to alteration of synaptic strength
and memory processes’?. By contrast, excessive
activation of glutamate receptors can result in
neuronal toxicities and cell death. Therefore,
decreased or increased levels of Ca** can down-
regulate or upregulate AMPARs and NMDARs.
Interestingly, our current study revealed that
MET, CMF, and CMF+MET treatments mark-
edly increased glutamate levels in the brain
(Figures 2 and 3), which indicates a potential
mechanism of memory impairment following
MET and MET treatments.

Dopaminergic neurons mainly originate from
the substantia nigra that innervate several re-
gions of the brain**. Once dopamine is released,
it binds to inhibitory or stimulatory dopaminer-
gic receptors®®. These receptors belong to the
GPCR superfamily, and are distributed in many
regions of the brain, including the hippocam-
pus*3 which plays a major role in memory
formation®**%. Dopamine receptors play essen-
tial roles in regulating learning and memory pro-
cesses’’*¥, and reducing dopamine levels in the
brain can result in memory impairment***°. In
addition, excessive dopamine levels can cause
overactivation of dopaminergic receptors, par-
ticularly type-1 receptors, ultimately leading
to memory impairment*’#'. The current study
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revealed that dopamine levels were markedly
elevated in the brain following CMF, MET, and
combined CMF+MET treatments (Figures 4 and
5), indicating a potential mechanism of memory
impairment caused by chemotherapy.

Conclusions

In this study, we investigated the effects of
CMF and MET treatments on inducing cognitive
impairment, and we explored the mechanism
underlying this cognitive impairment by mea-
suring levels of glutamate and dopamine in the
brain following CMF and MET treatment using
chemobrain rat models. The results showed that
CMF and combined CMF+MET treatments sig-
nificantly reduced the freezing behavior duration
in the context fear memory task, and this was
associated with increased levels of glutamate
and dopamine in the brain in MET, CMF, and
CMF+MET groups. Therefore, we believe that
these changes reflect the mechanism underpin-
ning cognitive impairment following CMF and
MET treatments. Further studies are necessary to
elucidate the mechanisms of chemotherapy-in-
duced cognitive impairment, which could shed
light on the prevention of chemobrain, and assist
the development of new strategies to treat this
phenomenon.
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Figure 4. Chromatograms of dopamine levels in rat brain samples. A, Dopamine in controls. B, Dopamine in MET-treated rat brain samples. C, Dopamine in CMF-treated rat brain samples. D, Do-

pamine in rat brain samples treated with MET + CMF.
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Figure 5. Dopamine levels in the brain are increased following treatment with MET, CMF, and CMF+MET. Data analysis was
performed using Tukey’s multiple comparison test (*p <0.05, **p <0.01, ***p <0.001).

Data Availability
All data are available upon request.

Conflicts of Interest
The authors declare no conflict of interest.

Ethical Approval
Animal studies were approved by the Deanship of Scientific
Research, Qassim University (pharmacy-2019-2-2-1-5603).

Funding

The authors gratefully acknowledge Qassim University,
represented by the Deanship of Scientific Research, on the
financial support for this research under the grant number
(pharmacy-2019-2-2-1-5603) during the academic years
1440 AH/2019 AD.

Authors’ Contributions

A.A. and M.A. designed and performed experiments, an-
alyzed, and interpreted the results, and prepared the man-
uscript. S.C. and R.N. contributed to HPLC experiments.
Y.A. and A.A. (Ahmed Abdellatif) contributed to revising
the manuscript. All authors read and agreed to the published
version of the manuscript.

References
1) Falzone L, Salomone S, Libra M. Evolution of Can-

cer Pharmacological Treatments at the Turn of the
Third Millennium. Front Pharmacol 2018; 9: 1300.

2360

2) Alhowail AH, Bloemer J, Majrashi M, Pinky PD,
Bhattacharya S, Yongli Z, Bhattacharya D, Eggert
M, Woodie L, Buabeid MA, Johnson N, Broadwater
A, Smith B, Dhanasekaran M, Arnold RD, Suppi-
ramaniam V. Doxorubicin-induced neurotoxicity is
associated with acute alterations in synaptic plas-
ticity, apoptosis, and lipid peroxidation. Toxicol
Mech Methods 2019; 29: 457-466.

3) Montisci A, Palmieri V, Liu JE, Vietri MT, Cirri S,
Donatelli F, Napoli C. Severe Cardiac Toxicity In-
duced by Cancer Therapies Requiring Intensive
Care Unit Admission. Front Cardiovasc Med 2021;
8: 713694.

4) Jagieta J, Bartnicki P, Rysz J. Nephrotoxicity as a
Complication of Chemotherapy and Immunother-
apy in the Treatment of Colorectal Cancer, Mela-
noma and Non-Small Cell Lung Cancer. Int J Mol
Sci 2021; 22: 4618.

5) Alharbi I, Alharbi H, Almogbel Y, Alalwan A, Al-
howail A. Effect of Metformin on Doxorubicin-In-
duced Memory Dysfunction. Brain Sci 2020; 10:
152.

6) Lomeli N, Di K, Czerniawski J, Guzowski JF, Bota
DA. Cisplatin-induced mitochondrial dysfunction is
associated with impaired cognitive function in rats.
Free Radi Biol Med 2017; 102: 274-286.

7) Alhowail AH, Chigurupati S, Sajid S, Mani V. Ame-
liorative effect of metformin on cyclophospha-
mide-induced memory impairment in mice. Eur
Rev Med Pharmacol Sci 2019; 23: 9660-9666.

8) Alhowail AH, Pinky PD, Eggert M, Bloemer J,
Woodie LN, Buabeid MA, Bhattacharya S, Jasper
SL, Bhattacharya D, Dhanasekaran M, Escobar
M, Arnold RD, Suppiramaniam V. Doxorubicin in-
duces dysregulation of AMPA receptor and impairs



Effects of CMF and MET on glutamate and dopamine levels in the brain

hippocampal synaptic plasticity leading to learning
and memory deficits. Heliyon 2021; 7: e07456.

9) Alhowail AH, Almogbel YS, Abdellatif AAH, Alsale-
hi NF, Alghenaim FA, Aldubayan MA, Felemban
SG. CMF and MET treatment induce cognitive
impairment through upregulation of IL-1alpha in
rat brain. Eur Rev Med Pharmacol Sci 2021; 25:
4385-4393.

10) Lee BE, Choi BY, Hong DK, Kim JH, Lee SH, Kho
AR, Kim H, Choi HC, Suh SW. The cancer che-
motherapeutic agent paclitaxel (Taxol) reduces
hippocampal neurogenesis via down-regulation
of vesicular zinc. Sci Rep 2017; 7: 11667.

11) Nokia MS, Anderson ML, Shors TJ. Chemotherapy
disrupts learning, neurogenesis and theta activity
in the adult brain. Eur J Neurosci 2012; 36: 3521-
3530.

12) van der Willik KD, Koppelmans V, Hauptmann M,
Compter A, [kram MA, Schagen SB. Inflammation
markers and cognitive performance in breast can-
cer survivors 20 years after completion of chemo-
therapy: a cohort study. Breast Cancer Res 2018;
20: 135.

13) Zhou Y, Danbolt NC. Glutamate as a neurotrans-
mitter in the healthy brain. J Neural Transm (Vien-
na) 2014; 121: 799-817.

14) Gongalves-Ribeiro J, Pina CC, Sebastido AM, Vaz
SH. Glutamate Transporters in Hippocampal LTD/
LTP: Not Just Prevention of Excitotoxicity. Front
Cell Neurosci 2019; 13: 357.

15) Crupi R, Impellizzeri D, Cuzzocrea S. Role of Me-
tabotropic Glutamate Receptors in Neurological
Disorders. Front Mol Neurosci 2019; 12: 20.

16) Lamprecht R, LeDoux J. Structural plasticity and
memory. Nat Rev Neurosci 2004; 5: 45-54.

17) Juarez OH, Calderdon GD, Hernandez GE, Bar-
ragan MG. The Role of Dopamine and Its Dys-
function as a Consequence of Oxidative Stress.
Oxid Med Cell Longev 2016; 2016: 1-13.

18) Williams OOF, Coppolino M, George SR, Perreault
ML. Sex Differences in Dopamine Receptors and
Relevance to Neuropsychiatric Disorders. Brain
Sci 2021; 11: 1199.

19) Menegas W, Bergan JF, Ogawa SK, Isogai Y, Uma-
devi VK, Osten P, Uchida N, Watabe-Uchida M.
Dopamine neurons projecting to the posterior stri-
atum form an anatomically distinct subclass. eLife
2015; 4: e10032.

20) Afonso-Oramas D, Cruz-Muros |, Castro-Hernan-
dez J, Salas-Hernandez J, Barroso-Chinea P, Gar-
cia-Hernandez S, Lanciego JL, Gonzalez-Hernan-
dez Ts. Striatal vessels receive phosphorylated
tyrosine hydroxylase-rich innervation from midbrain
dopaminergic neurons. Front Neuroanat 2014; 8: 84.

21) Klein MO, Battagello DS, Cardoso AR, Hauser DN,
Bittencourt JC, Correa RG. Dopamine: Functions,
Signaling, and Association with Neurological Dis-
eases. Cell Mol Neurobiol 2018; 39: 31-59.

22) El-Ghundi M, O’'Dowd BF, George SR. Insights into
the Role of Dopamine Receptor Systems in Learn-
ing and Memory. Rev Neurosci 2007; 18: 37-66.

23) Noudoost B, Moore T. The role of neuromodulators
in selective attention. Trends Cogn Sci 2011; 15:
585-591.

24) Joels G, Lamprecht R. Fear memory formation can
affect a different memory: fear conditioning affects
the extinction, but not retrieval, of conditioned taste
aversion (CTA) memory. Front Behav Neurosci
2014; 8: 324.

25) H. Alhowai A, Aimogbel Y, A.H. Abdel A, A. Aldu-
bay M, Alfheeaid HA, Felemban SG, Chigurupat
S, F. Alharbi I, S. Alharbi H. Metformin Induced
Cognitive Impairment and Neuroinflammation in
CMF-Treated Rats. Int. J. Pharmacol 2022; 18:
228-235.

26) Li C-T, Yang K-C, Lin W-C. Glutamatergic Dys-
function and Glutamatergic Compounds for Major
Psychiatric Disorders: Evidence From Clinical Neu-
roimaging Studies. Front Psychiatry 2019; 9: 767.

27) Riedel G, Wetzel W, Reymann KG. Comparing
the role of metabotropic glutamate receptors in
long-term potentiation and in learning and mem-
ory. Prog Neuropsychopharmacol Biol Psychiatry
1996; 20: 761-789.

28) Traynelis SF, Wollmuth LP, McBain CJ, Menniti FS,
Vance KM, Ogden KK, Hansen KB, Yuan H, Myers
SJ, Dingledine R, Sibley D. Glutamate Receptor
lon Channels: Structure, Regulation, and Function.
Pharmacol Rev 2010; 62: 405-496.

29) Alhowail AH, Pinky PD, Eggert M, Bloemer J,
Woodie LN, Buabeid MA, Bhattacharya S, Jasper
SL, Bhattacharya D, Dhanasekaran M, Escobar
M, Arnold RD, Suppiramaniam V. Doxorubicin
induces dysregulation of AMPA receptor and im-
pairs hippocampal synaptic plasticity leading to
learning and memory deficits. Heliyon 2021; 7:
e07456.

30) Bhattacharya S, Kimble W, Buabeid M, Bhattacha-
rya D, Bloemer J, Alhowail A, Reed M, Dhanase-
karan M, Escobar M, Suppiramaniam V. Altered
AMPA receptor expression plays an important role
in inducing bidirectional synaptic plasticity during
contextual fear memory reconsolidation. Neurobiol
Learn Mem 2017; 139: 98-108.

31) Junho CVC, Caio-Silva W, Trentin-Sonoda M,
Carneiro-Ramos MS. An Overview of the Role of
Calcium/Calmodulin-Dependent Protein Kinase in
Cardiorenal Syndrome. Front Physiol 2020; 11: 735.

32) Melgarejo da Rosa M, Yuanxiang P, Brambilla R,
Kreutz MR, Karpova A. Synaptic GluN2B/CaMKIl-a
Signaling Induces Synapto-Nuclear Transport of
ERK and Jacob. Front Mol Neurosci 2016; 9: 66.

33) Grosch J, Winkler J, Kohl Z. Early Degeneration
of Both Dopaminergic and Serotonergic Axons —
A Common Mechanism in Parkinson’s Disease.
Front Cell Neurosci 2016; 10: 293.

34) Mishra A, Singh S, Shukla S. Physiological and
Functional Basis of Dopamine Receptors and Their
Role in Neurogenesis: Possible Implication for Par-
kinson’s disease. J Exp Neurosci 2018; 12: 1-8.

35) Nyberg L, Karalija N, Salami A, Andersson M,
Wahlin A, Kaboovand N, Kéhncke Y, Axelsson J,

2361



A.H. Alhowall, Y.S. Aimogbel, A.A.H. Abdellatif, M.A. Aldubayan, S. Chigurupati, R.A. Nemala

Rieckmann A, Papenberg G, Garrett DD, Riklund
K, Lévdén M, Lindenberger U, Ba4ckman L. Do-
pamine D2 receptor availability is linked to hip-
pocampal—-caudate functional connectivity and
episodic memory. Proc Natl Acad Sci USA 2016;
113: 7918-79283.

36) Alhowail A, Zhang LX, Buabeid M, Shen JZ, Sup-
piramaniam V. Role of the purinergic P2Y2 recep-
tor in hippocampal function in mice. Eur Rev Med
Pharmacol Sci 2020; 24: 11858-11864.

37) Puig MV, Rose J, Schmidt R, Freund N. Dopamine
modulation of learning and memory in the prefrontal
cortex: insights from studies in primates, rodents,
and birds. Front Neural Circuits 2014; 8: 93.

38) Salinas-Hernandez Xl, Duvarci S. Dopamine in
Fear Extinction. Front Synaptic Neurosci 2021; 13:
635879.

2362

39) Nobili A, Latagliata EC, Viscomi MT, Cavallucci V,
Cutuli D, Giacovazzo G, Krashia P, Rizzo FR, Marino
R, Federici M, De Bartolo P, Aversa D, DellAcqua
MC, Cordella A, Sancandi M, Keller F, Petrosini L,
Puglisi-Allegra S, Mercuri NB, Coccurello R, Berretta
N, D’Amelio M. Dopamine neuronal loss contributes
to memory and reward dysfunction in a model of Alz-
heimer’s disease. Nat Commun 2017; 8: 14727.

40) Pan X, Kaminga AC, Wen SW, Wu X, Acheampong
K, Liu A. Dopamine and Dopamine Receptors in Alz-
heimer’s Disease: A Systematic Review and Network
Meta-Analysis. Front Aging Neurosci 2019; 11: 175.

41) Murphy BL, Arnsten AF, Goldman-Rakic PS, Roth
RH. Increased dopamine turnover in the prefron-
tal cortex impairs spatial working memory perfor-
mance in rats and monkeys. Proc Natl Acad Sci
USA 1996; 93: 1325-1329.



