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Abstract

Dopamine is an essential catecholamine neurotransmitter in the central and peripheral
nervous system. This monoaminergic neurotransmitters is required for the maintenance of
several physiological functions (control of movement, mental functions (mood and decision
making), prolactin secretion, emesis, appetite, cardiovascular system (heart/blood vessel),
gastrointestinal tract motility, sexual function, and diuresis). Degeneration of dopaminergic
neurons in the central and peripheral nervous system arises due to several highly complicated
neurotoxic mechanisms and pathways. Among the various neurotoxic mechanisms,
excitotoxicity has a great impact on the survival of the dopaminergic neurons. Most of the
present neurotoxins primarily target tyrosine hydroxylase (rate limiting step) to exert its
dopaminergic neurotoxicity. Since dopaminergic neurotoxicity is a complex endeavor, it will
be appropriate to have a neurotoxin with multiple pharmacodynamic effects. Interestingly,
kainic acid is an accepted and established excitatory neurotoxin which exerts its effect by
binding to kainate (glutamate) receptor to enhance excessive calcium influx, increase
proxidant generation, induce mitochondrial dysfunction and apoptosis or necrosis which
triggers neurodegeneration leading to neuronal death. Currently, the neurotoxic potency of
kainic acid as compared to the well-known dopaminergic neurotoxins are not clearly
elucidated. Hence, this study compared the dopaminergic neurotoxicity of kainic acid with
various endogenous and exogenous neurotoxins using valid in vitro dopaminergic neuronal
models. Our finding clearly indicates that as compared to the existing valid and
scientifically accepted dopaminergic neurotoxin 1-methyl-4-phenylpyridinium (MPP*),
kainic acid has significantly less dopaminergic neurotoxicity. Consequently, kainic acid can
be used as an adjuvant to enhance the dopaminergic neurotoxicity. Further in vivo studies
will be done in the future to investigate the potentiating / synergistic role of kainic acid on

dopaminergic neurotoxicity.
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1. Introduction
Neurotoxins are chemical compounds that cause destruction of the neurons/nerves in the
central and peripheral nervous system. The neurotoxins can be classified into endogenous and
exogenous neurotoxins. Examples of endogenous neurotoxins are glutamate, hydrogen
peroxide, and nitric oxide. The exogenous neurotoxins include pesticides, insecticides,
substances of abuse and various drugs. Dopaminergic neurotoxicity occurs due to insult of
dopaminergic neurons in in the central and peripheral nervous system. The specific
dopaminergic  neurotoxins are  6-hydroxy dopamine, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), rotenone, and paraquat (J. Bove, Prou, Perier, & Przedborski,
2005). Investigating the effect of various toxins on dopaminergic neurons have significantly
improved the understanding of the mechanisms and pathways affecting dopaminergic
neurotransmission.  Dopaminergic toxins exhibit their neurotoxicological effects by
modulating various signaling mechanisms leading to reduced dopaminergic neuronal functions
or neurodegeneration and eventually leading to death. MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) is a well-known neurotoxin and exerts its dopaminergic neurotoxicity due
to its active metabolite, MPP* (1-methyl-4-phenylpyridinium). The conversion to the toxic

metabolite (MPP*) occurs by monoamine oxidase-B.

The common neurotoxic mechanisms include oxidative stress, mitochondrial dysfunction,
apoptosis (programmed cell death), and excitotoxicity. Excitotoxicity is a neurological term
used when the neurons/nerves are damaged because they were overactivated / excessively
excited by glutamate. Glutamate exerts its action by acting on N-methyl-d-aspartate
acid (NMDA), a-amino-3-hydroxy-5-methylisoxazole propionic acid (AMPA), or kainate
receptors. Excitotoxicity occurs due to high calcium influx, generation of free radicals, reduced
production of ATP, and increased caspase activity leading to DNA degradation. Excitotoxicity
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can be caused by an imbalance between the inhibitory and excitatory neurotransmitters. Kainic
acid is an established neurotoxin that binds to kainate receptors and has been mainly used to
investigate the pathophysiology of seizures/epilepsy and exploring new/novel anti-epileptic
effects of various compounds. Since excitotoxicity plays an important role in the etiology and
pathogenesis of several movement, memory, and mental neurodegenerative / neurological
disorders, it is essential to understand the role of kainate based excitatory neurotoxins effect on

dopaminergic neuronal function.

Currently, the kainate receptor mediated dopaminergic toxicity is not well established.
Therefore, in the current study, the comparative dopaminergic neurotoxic effects of kainic acid
and 1-methyl-4-phenylpyridinium (MPP*) was investigated. By undertaking this study, we can
validate dopaminergic neurotoxic effects of kainate. Thus, to compare the dopaminergic
neurotoxic effect of kainic acid, we used valid positive controls, such as glutamate, and MPP™.
The current study used accepted dopaminergic mammalian neuroblastoma cells, human M17
neuronal cells and rat dopaminergic N27 neuronal cells. M17 human neuronal cells and rat
dopaminergic N27 neuronal cells expresses high level of tyrosine hydroxylase activity and
other markers of oxidative stress, apoptosis, mitochondrial function, inflammation, and

excitotoxicity.
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Hypothesis:

Kainic acid bind to kainate receptors to induce oxidative stress( increase in pro-oxidants and
lipid peroxide content), mitochondrial dysfunction (decrease in NADH content and depletion
of ATP), apoptosis (increase in caspase 3 activity), and inflammation (increase in interleukin-
1 activity) and/or kainic acid can cross the neuronal membrane to bind to tyrosine hydroxylase

enzyme to reduce its expression or activity to cause dopaminergic neurotoxicity.
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2. literature review

2.1 (a) Introduction to epilepsy

Epilepsy is a neurological disease in which the electrical activity of brain is being disrupted.
Epilepsy is defined as an unprovoked seizures separated by more than one day (Fisher et al.,
2005). The global as well as national burden of epilepsy is increasing. In the United States, 39
in 1000 people have developed epilepsy in their lifetime and about three millions have been
diagnosed with epilepsy (I. 0. M. Epilepsy, 2019). Globally, more than 60 million people are
diagnosed with epilepsy (Baulac et al., 2015). Epilepsy affects all age groups and has similar
prevalence among different socioeconomic and racial cohorts. However, its incidence is higher
in pediatric and geriatric groups. It has been estimated that 75% of epilepsy cases affect
children (Stafstrom & Carmant, 2015). It has also been reported that the entire direct cost for
each patient affected with epilepsy is from $10,192 to $47,862 (Begley & Durgin, 2015). The
life expectancy of epileptic patient is 10 years less than the normal peers (Gaitatzis, Johnson,

Chadwick, Shorvon, & Sander, 2004).

Epilepsy is classified, according to the affected region, into a “focal” (partial) epilepsy in which
affects a part of the brain hemisphere, or it could be “generalized” epilepsy in which affects
the whole brain (Devinsky et al., 2018; Svob Strac et al., 2016). Epileptic seizures is
categorized into generalized onset seizures that is categorized in to motor and non-motor
seizures, focal onset seizure that is further classified in to aware or impaired awareness seizures
and motor onset and non- motor onset seizures, and unknown seizures that is further classified
in to motor and non-motor seizures. These categories of seizures are set by international league
against epilepsy (ILAE) according to the different diagnostic characteristics that each seizure

has (I. L. A. Epilepsy, 2019). There are different stages of seizures, beginning stage (prodrome
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and aura), middle stage (ictal), and recovery stage (postictal). For the beginning stage
(prodrome and aura) phases, they occur few seconds before the seizure starts, they warn the
patient that the seizure is about to happen when the patients feels few symptoms depending on
the seizure type he/she has. Middle stage (Ictal) phase when the actual seizure starts, and the
electrical disturbance of the brain is continuing. Recovery stage (postictal) when the seizure is

about to end, and the body starts to relax (Foundation, 2020).

Epilepsy is a disease that is triggered by certain factors called risk factors, such as
inflammation, cerebral hemorrhage, and viral or bacterial infection in the brain. Epilepsy can
be caused by external or internal factors. Head trauma including prenatal injury, brain tumors,
brain infections, that could be viral or bacterial that alter the patient’s neurological functions,
are examples of external factors. While the internal factors include aging, gene mutation
(SCN1A mutation), metabolic disorders (facilitated glucose transporter member 1 (GLUTL1)
deficiency), and autoimmune diseases like autoimmune encephalitis (Devinsky et al., 2018;
Scheffer et al., 2017). Also, some of the cases have no specific cause. Abnormalities in ion
channels conductance, such as blocking of sodium- potassium ATPase, imbalance between the
inhibitory and excitatory neurotransmitters, disruption of the genes that regulate
neurotransmitters functions, alterations in neuronal plasticity, electrolyte disturbance, and
activation of NMDA receptor all induce epileptogenesis (Huff & Murr, 2020; J. Kapur, 2018;

Scharfman, 2007; Svob Strac et al., 2016).

Epilepsy has wide range of symptoms and signs which depends on the type of epilepsy. The
severity is more prominent in the generalized seizure. These range from no alteration in the

consciousness to memory loss for the events of the attack. Furthermore, movement, controlling
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voluntary as well as involuntary muscles are lost. Jerking, collapsing, and body stiffening are
common in the generalized type (Mayo Foundation for Medical Education and Research,

2019h).

As other neurological disorders, the diagnosis of epilepsy is difficult because most of the
attacks take place out of healthcare institutions as well as the witness of healthcare providers.
However, several approaches are using to identify epilepsy like investigating patient’s medical
history, electroencephalogram (EEG), and neuroimaging (magnetic resonance image (MRI)).
The early and accurate diagnosis is crucial in order to identify the appropriate treatment
modality which can be reflected as improvement in patient’s quality of life (Scheffer et al.,
2017). Additional diagnostic tests can be performed to identify the epilepsy type and cause,
such as positron emission tomography, single photon emission computed tomography, and

magneto encephalogram (Hae Won Shin*, 2014).

Several treatment strategies are present to manage epilepsy. The corner stone of the current
therapy is medications or called “anti-epileptic drugs” (AEDs). These drugs work by
controlling the electrical activity in the brain that causes seizure. AEDs control more than two-
thirds of epilepsy cases and usually the patients stop using them because they become seizure-
free. More than one drug is usually added and replacing one by another is a common approach.
Ketogenic diet, low-carbohydrate and high-fat diet is an option for children and adults who
their epilepsy is not controlled by AEDs. Vagus nerve stimulation, surgery, and deep brain
stimulation are also another treatment modalities but their use is limited to specific cases

(Society, 2019).
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Several hypotheses have been proposed to identify the physiological as well as the pathological
changes associated with epilepsy. However, most of them are controversial because the
diagnosis of epilepsy is complex. Monoamine neurotransmitters, such as serotonin, dopamine,
and norepinephrine are bioactive substances that are characterized by an amino group
connected to an aromatic ring and two carbon chain in their chemical structure. They control
numerous body functions. Serotonin regulates mood and behavior, dopamine modulates
movement activity, while noradrenaline controls cardiovascular functions and mental
functions. It has been reported that monoamines play a major role in regulating epileptic
seizures. At high concentration, they could evoke epilepsy and within certain concentration,
they have a protective effect against epileptic seizures (Svob Strac et al., 2016). Association of
psychological disorders, such as depression and anxiety with epilepsy support the role of
monoamine in the epilepsy, at least in part, in the progression, complication and response to
treatment. These influence patients’ compliance to medications, sleep, and patients’ quality of
life. In some cases depression can be fatal in patients with epilepsy (Boylan et al., 2004;
DiMatteo, Lepper, & Croghan, 2000; Helmstaedter et al., 2014; Shackleton, Kasteleijn-Nolst
Trenite, de Craen, Vandenbroucke, & Westendorp, 2003). Epilepsy, depression and other
neuropsychiatric abnormalities are caused by monoamines disturbance in the brain (Stafstrom
& Carmant, 2015; Svob Strac et al., 2016). Here, this review aims to summaries the updates
about the role of monoamines (serotonin, dopamine, and norepinephrine) in epilepsy, the

pathophysiology, progression, complications, and response to treatment.
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2.2 The role of serotonin in epilepsy

Serotonin is a monoamine neurotransmitter derived from the amino acid tryptophan. It is
hydroxylated by tryptophan hydroxylase (TPH) which is the rate limiting enzyme in serotonin
synthesis into 5-hydroxytryptophan (5-HTP) that is further decarboxylated by aromatic L-
amino acid decarboxylase into serotonin or 5-hydroxytryptamine (5-HT). 5-HT is metabolized
by monoamine oxidase into 5-hydroxyindol acetic acid (5-HIAA). Serotonin pathways project
from raphe nuclei where the serotonin is synthesized to different parts of the brain, such as
cortex, neostriatum, amygdala, substantia nigra, hippocampus, locus coeruleus, ventral
tegmental area, hypothalamus (Merrill, 2017). Seven serotonergic receptors have been
identified: 5-HT1a B, D, E, F; 5-HT2a B, c; 5-HT3; 5-HT4; 5-HTsa, 8; 5-HTs; and 5-HT7 (Reeves
& Lummis, 2002). Serotonin can act as a hormone in the central nervous system and peripheral
system to control mood, behavior, appetite, sleep, and sexual behavior (Mohammad-Zadeh,
Moses, & Gwaltney-Brant, 2008). Serotonin has other functions that is linked to the peripheral
system like platelet aggregation through the activation of 5-HT> receptors that is enhanced in
the occurrence of thromboxane A and ADP (Cerrito, Lazzaro, Gaudio, Arminio, & Aloisi,
1993). It has been estimated that serotonin is associated with vasoconstriction in large arteries
and veins contributed to hypertension. Moreover, serotonin has a prominent role in regulating
gastrointestinal motility (Mohammad-Zadeh et al., 2008). All the serotonergic receptors are G
proteins coupled receptors Gai, Gag/11, or Gas except for 5-HT3which is a ligand gated ion
channel (Sahu et al., 2018). Any alteration of serotonin levels in the brain is attributed to
neurological disorders, such as depression, mania, and anxiety (Eric R. Kandel, 2011). It has
been reported that serotonin plays a prominent role in controlling epilepsy. Coming to the
essential amino acid tryptophan, the precursor of serotonin biosynthesis, it has been reported
that low tryptophan dietary intake increases the susceptibility of convulsion in rats (Feria-

Velasco et al., 2008). The serotonin synthesizing enzyme tryptophan hydroxylase (TPH)
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expression has been reported to be decreased as well as serotonin transporters (SERTS) in
sudden unexpected death in epilepsy (SUDEP) that is resulted in alteration of the serotonergic
neurotransmission (Patodia et al., 2018). TPH expression has been reported to be significantly
decreased in pilocarpine (cholinergic muscarinic agonist) induced seizure in rats (Lin et al.,
2013). Regarding tryptophan hydroxylase (TPH) activity, 5- hydroxytryptophan, serotonin,
and 5-HIAA levels, they have been reported to be decreased in a seizure model DBA/1 mice
(Q. Chenetal., 2019). Aromatic L-amino acid decarboxylase has been revealed to be decreased
in neonatal epileptic encephalopathy (Brautigam et al., 2002). Low levels of serotonin has been
noted during seizures and epilepsy (Kurian, Gissen, Smith, Heales, & Clayton, 2011).
According to low serotonin levels, any drug that works by increasing the level of serotonin,
such as selective serotonin reuptake inhibitors (SSRIs) or 5-hydroxytryptophan is attributed to
suppress focal and generalized seizures. Moreover, it has been reported that some antiepileptic
drugs are exerting their pharmacological effect by increasing the serotonin level in the brain
(Loscher, 1984; Prendiville & Gale, 1993; Yan, Jobe, Cheong, Ko, & Dailey, 1994). Different
serotonergic receptors are present in the CNS and periphery, but it has been estimated that 5-
HT1a, 5-HT2c, 5-HT3, and 5-HT7 receptors are playing a role in epilepsy and evoking seizures
(Bagdy, Kecskemeti, Riba, & Jakus, 2007). Serotonergic receptors 5-HT1a, 5-HT2c, and 5-HT~
are containing glutamatergic or GABAergic neurons that are found on the hippocampus or
cortex, so alteration in these receptors will result in imbalance between the excitatory and
inhibitory neurotransmitters (Barnes & Sharp, 1999; Hoyer et al., 1994). However, 5-HTz is an
ion channel receptor, that any change within this receptor will cause an alteration in the ions
flow within the cells resulting in different de- and hyper polarization of neurons (Barnes &
Sharp, 1999). 5-HTsagonist (SR 57227) and the selective serotonin reuptake inhibitor
fluoxetine were effective in reducing seizure induced respiratory arrest in the DBA/1 mouse

model; however, this protective effect was abolished by administration of 5-HT3santagonist
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(ondansetron) (Faingold et al., 2016). Antiepileptic drugs, such as valproic acid,
carbamazepine, and phenytoin work by blockage of voltage gated sodium channel and
increasing GABA levels in the brain while lamotrigine blocks voltage gated sodium channel
and decreases presynaptic glutamate release (Macdonald & Kelly, 1995). Zonisamide works
by the blockage of voltage gated sodium channel and voltage gated T-type calcium channel
(Okada et al., 1992). All these antiepileptic drugs are exerting their antiepileptic effect by
increasing the level of serotonin, or enhancing its release (Ahmad, Fowler, & Whitton, 2005;

Dailey et al., 1996; Okada et al., 1992).

It has been estimated that fluoxetine, which is a selective serotonin reuptake inhibitor, is
effective against focal seizures in animal models that are injected with bicuculline (GABAA
receptor antagonist) focally to induce seizures (Prendiville & Gale, 1993) or it could be injected
directly into substantia nigra which is a part of the serotonergic tracts to enhance the
serotonergic neurotransmission to prevent the generation of seizures (Pasini, Tortorella, &
Gale, 1992). Interestingly, when fluoxetine is administered chronically, it would not have the
anticonvulsant effect as the acute administration does (RAJU et al., 1999). Fluoxetine
potentiates the action of some anti-epileptic drugs, such as carbamazepine, valproate,
diphenylhydantoin, and phenobarbital in generalized epilepsy in maximal electroshock seizure
(MES) model to provide a dose reduction in these anti-epileptic drugs into half (Borowicz,
Stepien, & Czuczwar, 2006). 5-HT2c receptor knock out mice are apt to audiogenic seizures
that is induced by a sound in isolated acoustic chamber because 5-HT2c receptor plays a role in
epilepsy and regulating seizures (Applegate & Tecott, 1998; Bagdy et al., 2007; Brennan,
Seeley, Kilgard, Schreiner, & Tecott, 1997; Tecott et al., 1995). 5-HT1a knockout mice
displayed lower seizure threshold when they are given kainic acid to induce seizure as
compared to the control group because 5-HT1a is involved in regulating epilepsy and seizures
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(Bagdy et al., 2007; Parsons, Kerr, & Tecott, 2001; Sarnyai et al., 2000). There is a study that
demonstrates that the depletion of serotonin by p-chlorophenylalanine (selective irreversible
inhibitor of TPH) in kainic acid model rats displays more seizures than the control kainic acid

model rats, which gives us a hint that serotonin could have an essential role in the regulation

of seizures and preventing epilepsy (Maia, Brazete, Soares, Luz, & Lukoyanov, 2017).

Serotonergic marker

Effect in epilepsy

Reference

Tryptophan

Low tryptophan dietary intake is
contributed to convulsion in rats.

(Feria-Velasco et al., 2008)

Tryptophan hydroxylase (TPH)

Tryptophan hydroxylase | (Patodia et al., 2018)
expression is reduced in SUDEP.

Tryptophan hydroxylase | (Lin etal., 2013)
expression is significantly

decreased in pilocarpine induced
seizure in rats.

Tryptophan hydroxylase activity is
reduced in seizure induced
respiratory arrest in DBA/1 mice.

(Q. Chen et al., 2019)

5-hydroxytryptophan (5- HTP)

Low levels of  5-hydroxy
tryptophan reported in seizure
induced respiratory arrest in
DBA/1 mice.

(Q. Chen et al., 2019)

pilocarpine induced epilepsy in
rats.

Aromatic L-amino Acid | Decreased in neonatal epileptic | (Brautigam et al., 2002)
Decarboxylase (AADC) encephalopathy.
Serotonin (5-HT) Serotonin  levels is decreased | (Kurian etal., 2011)
during seizure.
Low levels of serotonin are | (Q. Chen etal., 2019)
reported in  seizure induced
respiratory arrest in DBA/1 mice.
Serotonin metabolite (5-HIAA) | 5-HIAA levels is reduced in | (Linetal., 2013)

5-HIAA levels is decreased in
seizure induced respiratory arrest
in DBA/1 mice.

(Q. Chen et al., 2019)

Serotonin transporters (SERTS)

Serotonin transporters expression
is reduced is SUDEP.

(Patodia et al., 2018)

Selective  serotonin
inhibitors (SSRIs)

reuptake

Fluoxetine (SSRIs) suppress focal
seizure in rats.

(Prendiville & Gale, 1993)

Serotonin agonists

5-HT3 agonist (SR 57227) has a
protective role to supress seizure in
seizure induced respiratory arrest
in DBA/1 mice.

(Faingold et al., 2016)

Serotonin antagonists

5-HTsantagonist ~ (ondansetron)
remove the protective effect of 5-
HT; agonist (SR 57227) against
seizure in  seizure induced
respiratory arrest in DBA/1 mice.

(Faingold et al., 2016)

Table 1: Different parameters affecting the serotonergic neurotransmission in epilepsy
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Serotonergic neurotransmission plays a substantial role in regulating seizures and epilepsy.
Any alteration in the serotonergic system (precursor, synthesizing enzyme, metabolites,
receptors, reuptake) is attributed to lower seizure threshold and increase the brain susceptibility

to seizures.

2.3 The role of dopamine in epilepsy

Dopamine is a neurotransmitter that is derived from the amino acid tyrosine that is present in
the central nervous system as well as in the peripheral nervous system, such as kidney, adrenal
gland, gut, heart, blood vessels, pancreas, and eye (Bucolo, Leggio, Drago, & Salomone, 2019;
Klein et al., 2019). Dopamine is associated with different functions in the brain based on which
pathway (major or minor) the dopamine belongs to (discussed in kainic acid review).
Dopamine is present in the central nervous system and peripheral system where it regulates
some functions there (discussed in kainic acid review). Dopamine synthesis is regulated by
tyrosine hydroxylase which is the rate limiting enzyme in dopamine and other catecholamines
synthesis (White & Thomas, 2012). Tyrosine is converted to L-DOPA by tyrosine hydroxylase
with the help of tetrahydrobiopterin, oxygen, and iron as cofactors. L-DOPA is converted to
dopamine by Aromatic L-amino acid decarboxylase by the help of the cofactor pyridoxal
phosphate (Christenson, Dairman, & Udenfriend, 1970). Dopamine is transferred in to the
synaptic vesicles with the help of vesicular monoamine transporter (VMAT?) to be stored there
in acidic environment to protect dopamine from oxidation (Eiden & Weihe, 2011; Guillot &
Miller, 2009). Dopamine is released in to synaptic cleft to exert its action before this step,
dopamine is susceptible to oxidation in the cytosol by MAO-B enzyme that metabolizes
dopamine into DOPAC that is further metabolized by COMT enzyme into HVA (J. Chen et

al., 2011; Eisenhofer, Kopin, & Goldstein, 2004). Once the dopamine is released from the
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presynaptic neuron, it exerts its action through the activation of D1 and D> like receptors, the
excess dopamine on the post synaptic cleft is cleared by dopamine transporters (DATS) through
the reuptake mechanism into the presynaptic neuron, where some drugs work by inhibiting this
mechanism to increase the extracellular dopamine, such as amphetamine. D; and D> like
receptors are G protein coupled receptors (metabotropic receptors) because their activation
depends on the formation of the second messenger that stimulates or inhibits a specific
intracellular pathway (Baik, 2013b; Beaulieu, Espinoza, & Gainetdinov, 2015) (dopaminergic
intracellular signaling pathway is discussed in kainic acid review). Another pathway that is
mediated by dopamine is the phosphatidylinositol-3 kinase PI3K-Akt— glycogen synthase
kinase 3 (GSK3) signaling pathway (Beaulieu, Del'guidice, Sotnikova, Lemasson, &
Gainetdinov, 2011; Beaulieu et al., 2004). This pathway has a prominent role in cell survival
and differentiation (Liu, Cheng, Roberts, & Zhao, 2009; Martini, De Santis, Braccini, Gulluni,
& Hirsch, 2014). In this pathway, dopamine mediates its action through D: receptor by
inhibiting PI3K—AKkt signaling pathway that leads to the activation of glycogen synthase kinase
3 (GSK3) (Beaulieu et al., 2011; Beaulieu, Gainetdinov, & Caron, 2009; Beaulieu, Tirotta, et
al., 2007; Cross, Alessi, Cohen, Andjelkovich, & Hemmings, 1995; Gurevich, Benovic, &
Gurevich, 2002; Kaidanovich-Beilin & Woodgett, 2011; Liu et al., 2009; Martelli et al., 2010).
Moreover, D1 and D: like receptors activate extracellular regulated kinase pathway ERK Y2
that has a prominent role in cell apotosis and synaptic plasticity (Beom, Cheong, Torres, Caron,
& Kim, 2004; Chang & Karin, 2001; J. Chen, Rusnhak, Luedtke, & Sidhu, 2004; Thomas &
Huganir, 2004). Interestingly, D1 receptor activation will not regulate ERK phosphorylation

unless glutamate is present to mediate MAPK signaling (Pascoli et al., 2011).

Any change in the dopamine levels will be contributed to a pathological disease, such as
Parkinson disease, which is known as dopaminergic neurons loss in the nigrostriatal tract of
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the brain, that could be treated by L-DOPA, dopamine agonists, and dopamine metabolism
inhibitors, such as monoamine oxidase inhibitors and catechol-O-methyl transferase inhibitors
that lead to increase the endogenous dopamine in the brain (Juarez Olguin, Calderon Guzman,
Hernandez Garcia, & Barragan Mejia, 2016). Moreover, any increase in the dopamine content
in the subcortical neurons is attributed to psychosis (Abi-Dargham et al., 2000; Abi-Dargham,
van de Giessen, Slifstein, Kegeles, & Laruelle, 2009). Limbic striatum is associated with
alterations of dopamine levels in patients with schizophrenia since the reward system in this
particular area is compromised (S. Kapur, 2003). Huntington disease is another
neurodegenerative disease that is associated with dopaminergic neuronal cell loss in the
caudate and putamen region, where the dopamine receptors and dopamine signaling in this area
are disrupted (Beaulieu & Gainetdinov, 2011; Cyr, Sotnikova, Gainetdinov, & Caron, 2006;
Jakel & Maragos, 2000). Attention deficit hyperactivity disorder (ADHD) is another
neurological disease that is associated with the impairment of dopamine signaling particularly
dopamine transporters DATS, noradrenalin transporters NETSs, D4 and Ds receptors (Faraone et
al., 2005; Madras, Miller, & Fischman, 2005; Yang, Wang, Li, & Faraone, 2004). Addiction is
another psychological disorder that is associated with the dysfunction of dopaminergic
neurotransmission in the mesolimbic pathway that is resulted in the downregulation of
dopaminergic D> receptors subsequently alters dopamine signaling (Baik, 2013a; Kenny,

2011).

It has been demonstrated that dopamine has a significant role to prevent limbic seizures
(Clinckers et al., 2005; Starr, 1996). Any drug that increases the dopaminergic
neurotransmission, such as L-DOPA, amphetamine, anti-parkinsonian drugs like pergolide and
bromocriptine produce an anti-convulsant properties in the limbic area of the brain (Bozzi &
Borrelli, 2013). Tyrosine, which is an amino acid precursor involved in the synthesis of
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dopamine plays a role in regulating epilepsy (Kayacan et al., 2019; Suzuki & Mori, 1992). El
mice which are considered as a genetically prone mice that are easily induced to be convulsant
by tossing or rocking, the level of tyrosine content is high in the epileptic EI (-) mice as
compared to the epileptic EI (+) mice (Suzuki & Mori, 1992). Furthermore, the
supplementation of L-tyrosine to penicillin induced epilepsy with some physical exercises in
rats has an effect to reduce the epileptiform activity (Kayacan et al., 2019). Tyrosine
hydroxylase activity, which is the rate limiting enzyme in dopamine synthesis, was not altered
in patients with temporal cortex epilepsy (Pintor et al., 1990). However, tyrosine hydroxylase
activity has been reported to be increased in focal seizures (Sherwin & van Gelder, 1986). One
the other hand, tyrosine hydroxylase activity has been detected to be decreased In audiogenic
seizure prone BALB/c mice (Vriend, Alexiuk, Green-Johnson, & Ryan, 1993). The level of
tyrosine hydroxylase is elevated in patients with complex partial seizure in the mesial part of
the temporal lope (Zhu, Armstrong, Grossman, & Hamilton, 1990). In kainic acid induced
epilepsy in animal models, the expression of tyrosine hydroxylase is also increase in locus
coeruleus (Bengzon, Hansson, Hoffman, & Lindvall, 1999). Interestingly, the level of tyrosine
hydroxylase in genetically- epilepsy prone rates was low in in locus coeruleus and inferior
colliculus and the repeated seizures will further reduce TH expression (Ryu et al., 2000). In
pentylenetetrazol (non-competitive GABAA antagonist) induced seizure in rats, the expression
of TH was elevated in substantia nigra pars compacta and ventral tegmental area for 3 days
(Szot, White, & Veith, 1997). In genetically- epilepsy prone rat subtype 3 and 9; tyrosine
hydroxylase expression was significantly increased in the dopaminergic neurons especially in
the substantia nigra pars compacta and ventral tegmental area in GEPR-3 and GEPR-9 as
compared to control. However, in the zona incerta region, the expression of tyrosine
hydroxylase is significantly decreased in GEPR-3 as compared to control and GEPR-9 (Szot,

Reigel, White, & Veith, 1996). Tetrahydrobiopterin (BH4) can control seizures as well because
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in a medical case of 9 year old girl demonstrated an abnormal EEG and focal spike had low
levels of BH4 suggesting that BH4 could be used as a therapeutic agent to regulate epilepsy
(Guittler, Lou, Lykkelund, & Niederwieser, 1984). Cortical injection of iron (ferrous) in rats
induces recurrent seizures (Willmore, Sypert, & Munson, 1978) and focal epilepsy (Ronne
Engstrom et al., 2001). However, In mesial temporal lope epilepsy, low levels of irons have
been reported in subcortical structures of the brain, such as substantia nigra, basal ganglia, and
red nucleus and the decrease of iron content in the subcortical structures of the brain is
proportionally related to the progression of epilepsy (Z. Zhang et al., 2014). Suggesting that
iron content could be used as an epileptic biomarker for the progression of the disease. In a
medical case of 23-year- old girl, the deficiency of L-ferritin is attributed to idiopathic
generalized seizures and a typical restless leg syndrome (Cozzi et al., 2013). Iron deficiency
anemia is suggested to be associated with febrile seizure susceptibility in children (Naveed ur
& Billoo, 2005). In contrast, in a patient with epileptic encephalopathy with WDR 45 mutation
reported to have brain iron accumulation (Khoury, Kotagal, & Moosa, 2019) Administration
of L-dopa in a medical case of 68-year- old woman suffering from Parkinson disease exhibited
cortical myoclonus and seizures that is developed into generalized seizures suggesting that L-
dopa has a role in the exacerbation of seizures in patients suffering from Parkinson disease
(Yoshida, Moriwaka, Matsuura, Hamada, & Tashiro, 1993). Moreover, levodopa can induce
myoclonic epilepsy (Menassa, Giroud, Gras, & Dumas, 1991). In contrast, in a medical case
of three patients with a Parkinson disease receiving levodopa to manage their symptoms, no
significant alteration in their EEG has been detected and no seizures have been evoked
considering that L-dopa does not exacerbate a preexisting seizure in these patients (Newman,
Tucker, & Kooi, 1973). In audiogenic seizure prone BALB/c mice, low levels of L-dopa has
been detected (Vriend et al., 1993). Regarding aromatic L-amino acid decarboxylase, an

interesting study that has been investigated in premature twins suffering from severe seizures,
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myoclonus, and clonic contractions showed that they had low levels of AADC in their CSF
and urine, subsequently, the level of L-dopa which is a substrate for AADC has been elevated
in their CSF (Brautigam et al., 2002). In rats treated with cobalt to induce epilepsy , the level
of aromatic L-amino acid decarboxylase enzyme was significantly reduced at 4-8 days then it
returned to control levels at 24 days (Emson & Joseph, 1975). Moreover, aromatic L-amino
acid decarboxylase has been decreased in epilepsy, generalized tonic seizures, involuntary
non-epileptic movements (Ito et al., 2008), and neonatal epileptic encephalopathy (Clayton,
Surtees, DeVile, Hyland, & Heales, 2003; Mills et al., 2005). Carbidopa which is considered
as a dopa decarboxylase inhibitor used for the treatment of Parkinson disease has a role in
epilepsy; in a medical case of two patients on a hemodialysis with a chronic renal failure
reported a recurrent seizures with hallucination upon the administration of levodopa/carbidopa,
one of the patients died and the other one showed an improvement by of vitamin Bs
supplementation (Bamford et al., 1990). Low levels of pyridoxal phosphate has been detected

in epileptic encephalopathy (Clayton et al., 2003; Mills et al., 2005).

Dopamine has a strong role in regulating epilepsy and seizures and the level of dopamine and
its metabolites are varied according to the type of epilepsy and the animal model used in the
study (Starr, 1996). Interestingly, high levels of dopamine and dopaminergic neuronal firing
are attributed to temporal lobe epilepsy (Cifelli & Grace, 2012; Meurs, Clinckers, Ebinger,
Michotte, & Smolders, 2008). In different areas of the brain, such as brain hemispheres,
cerebellum, , hypothalamus and truncus cerebri, the dopamine content has been reported to be
increased in rats susceptible to audiogenic convulsion (Sergienko & Loginova, 1983).
Glutamate interacts with dopamine, and the interaction between glutamate and dopamine
occurs when protein kinase A (PKA) phosphorylates AMPA and NMDA glutamate receptors

in the limbic area of the brain (Girault & Greengard, 2004; Starr, 1996). Moreover, glutamate
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reduces the activity of protein kinase that phosphorylates DARPP-32 in striatal neurons which
means that glutamate by itself can impact the D: receptor/PKA/ DARPP-32 dependent
intracellular pathway by activating protein phosphatase 2A (PP2A) (Nishi et al., 2017).
Moreover, dopamine abnormalities have been reported in epileptic patients with depression
and anxiety comorbid conditions (Rocha et al., 2012). The expression of vesicular monoamine
transporters (VMATS) is decreased in patients with temporal lope epilepsy. However, in
pilocarpine (cholinergic muscarinic agonist) treated rats, the expression of VMATS is increased
for 1 to 3 days then it is decreased after recurrent seizures (Jiang et al., 2013). An anti-
convulsant Gabapentin and pregabalin reduce the calcium influx of the presynaptic terminal of
dopamine, glutamate and other monoamines which means that during seizure the presynaptic
calcium influx is enhanced to cause further release of dopamine (Dooley, Donovan, & Pugsley,
2000; Dooley, Mieske, & Borosky, 2000). Dopaminergic D2 like receptors including D2, D3,
D4 receptors have an inhibitory effect on seizures upon stimulation and they elicit an anti-
convulsant effect since they are Gi protein coupled receptors that lead to decrease the excitation
of neurons in the hippocampus and prevent seizures from occurrence (Bozzi & Borrelli, 2013;
Starr, 1996). According to this fact, antipsychotic drugs that act as dopaminergic D2 antagonists
exacerbate seizures; however, anti-parkinsonian drugs that stimulate dopaminergic D>
receptor, such as pergolide and bromocriptine provide a neuroprotective effect against seizures
and epilepsy (Starr, 1996). On the other hand, activation of dopaminergic D1 like receptors by
the administration of SKF 38393 produces convulsions (Starr, 1996). In mesial temporal lope
epilepsy (MTLE) and temporal lope epilepsy secondary to brain tumor or lesion, the
expression of D1 receptor was high as compared to D> receptor (Rocha et al., 2012). According
to the dopaminergic signaling pathway in epilepsy, Activation of D1 like receptor (including
D, and Ds) leads to activation of adenyl cyclase (AC) since D; like receptor is a Gs protein

coupled receptor that increases the level of cyclic AMP (cCAMP) and activate protein kinase A
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(PKA) to phosphorylate dopamine regulated phosphoprotein (DARPP-32) to convert it to an
inhibitor of protein phosphatase-1 (PP-1), this pathway has an outstanding role in seizures and
regulating excitability (Beaulieu & Gainetdinov, 2011; Gangarossa et al., 2011; Greengard,
2001; Greengard, Allen, & Nairn, 1999). Phosphorylated DARPP-32 and activated protein
kinases including PKA and PKC lead to phosphorylation of other proteins, such as, glutamate
receptors, GABA, and sodium and calcium channels (Greengard, 2001; Greengard et al., 1999).
Extracellular regulated kinase (ERK) signaling pathway plays a crucial role in Dy and D> like
receptors regulating seizures, so in response to seizures by D1 agonists, the ERK signaling
pathway is upregulated that leads to phosphorylation of ERK targeted proteins (Gangarossa et
al., 2011). However, activation of D, receptors that activates phospholipase C (PLC) not (AC)
does not produce seizures (Clifford et al., 1999; O'Sullivan et al., 2008). Regarding Ds receptors
activation, it leads to hyperexcitability and increase in cyclic AMP as in D1 receptor activation,
but the effect was less noticeable and pronounced as compared to D; receptor activation
(O'Sullivan et al., 2008). Activation of D like receptor (including D2, Ds, Ds) elicits a
neuroprotective effect against seizures since D: like receptor is a Gi protein coupled receptor,
and this effect is mediated by two pathways which are cyclic AMP dependent (canonical) and
cyclic AMP independent pathways (Bozzi & Borrelli, 2013). Regarding cyclic AMP dependent
(canonical) pathway, all the signals that are triggered by D1 receptor activation: cyclic AMP-
PKA- DARPP-32 pathway are down regulated by D> receptor activation that leads to decrease
neuronal hyperexcitability and promote neuronal cell survival (Beaulieu & Gainetdinov, 2011).
For the cyclic AMP independent pathway, D.R—/— mice exhibit inhibition of Akt activity that
leads to hyperactivation of glycogen synthase kinase3 (Beaulieu, Gainetdinov, & Caron,
2007; Beaulieu et al., 2005). Activation of D3 receptors has a low inhibitory effect on limbic
seizure as compared to D> agonists which gives us a hint that the anti-convulsant properties are

mediated through D- receptors rather than D3 receptors activation (Alam & Starr, 1994). Ds
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agonists exert their minimal anti-convulsant effect through cyclic AMP independent pathway
(Beaulieu, Tirotta, et al., 2007). D4 agonists exhibit a maximal inhibitory effect on seizures that
is induced by 4- aminopyridine or bicuculline ( GABAA receptor antagonist) in animals and
this can be shown in DsR—/—mice when they show high frequency of hyperexcitability
(Rubinstein et al., 2001). Although some dopaminergic agonists exhibit anti-convulsive effect,
no dopaminergic drug has been used to treat epilepsy (Beaulieu & Gainetdinov, 2011; Starr,
1996). The reason of not using DA agonists to treat epilepsy is due to their neurological and
neuropsychiatric adverse effects, but some studies confirmed that D> receptor agonists, such as
bromocriptine is effective in treating epilepsy and reducing hyperexcitability without
producing adverse side effects (S. C. Chen, 2006; Clemens, 1988). It has been established that
D> receptor agonists including bromocriptine elucidate a neuroprotective effect against kainic
acid induced epilepsy (Micale et al., 2006). In patients with Temporal lope epilepsy (TLE),
the expression of MAO enzymes was high especially MAO-B in the cerebral cortex that
explains the low level of dopamine in the cerebral cortex in these patients (Kumlien et al.,
1995), MAO-B activity has been studied to be increased too in temporal lope epilepsy
(Kumlien, Hilton-Brown, Spannare, & Gillberg, 1992). Based on that, L-deprenyl (selegiline)
which is considered as an irreversible MAO B inhibitor demonstrated to exert an anti-epileptic
and anti-convulsant properties in amygdala kindled rats (Loscher & Honack, 1995). Moreover,
L-deprenyl has been proposed to be efficacious against different types of seizures (Loscher &
Lehmann, 1996). Interestingly, it has been studied that the inhibition of MAO A not MAO B
produces an anti-convulsant properties in amygdala kindled rats that is elucidated by the
administration of a MAQO A inhibitor drug, such as (Esuprone) to elicit an anti-convulsant effect
in kindled animal models. L-deprenyl inhibits MAO B but in higher doses, it is extended to
inhibit MAO A, so the anti-convulsant properties of L-deprenyl is linked to MAO A inhibition

not MAO B inhibition (Loscher, Lehmann, Teschendorf, Traut, & Gross, 1999). In audiogenic
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seizure resistant mice (C57B1/6J mice), high of COMT activity has been reported while low
COMT activity has been reported in (DBA/2J mice) susceptible to audiogenic seizure (Doyle
& Sellinger, 1980; Schlesinger, Harkins, Deckard, & Paden, 1975). In patients with refractory
epilepsy with neuropsychiatric conditions, COMT activity has been reported to be increased
because of COMT genetic polymorphism in those patients (Doherty et al., 2019). The first
generation COMT inhibitors, such as tolcapone and entacapone have been studied to induce
convulsions as a side effect (Haasio, 2010; Kumlien & Lundberg, 2010). Entacapone causes
convulsions as a symptom of neuroleptic malignant syndrome (NMS) (Mayo Foundation for
Medical Education and Research, 2019a). Patients with mesial temporal lope epilepsy or
temporal lope epilepsy secondary to brain tumor or lesion showed significant low content of
dopamine, DOPAC, and HVA (Rocha et al., 2012). In neonatal epileptic encephalopathy, the
level of HVA has been detected to be reduced (Brautigam et al., 2002; Clayton et al., 2003).
Low levels of 3-methoxytyramine has been detected as well as significant low levels of
dopamine, DOPAC, and HVA has been reported in striatum of audiogenic seizure prone
BALB/c mice (Vriend et al., 1993). It has been proposed that dopamine transporters in the
dopaminergic neurons can play a role in genetically epilepsy prone rats as well, since they have
been reported to be significantly decreased in GEPR-3 as compared to control and GEPR-9
(Szot et al., 1996). Dopamine transporters (DATS) have been reported to be reduced in different
forms of epilepsy, such as juvenile myoclonic epilepsy and epilepsy with tonic-clonic seizures
(Ciumas, Wahlin, Espino, & Savic, 2010; Ciumas et al., 2008; Odano et al., 2012). Moreover,
In pentylenetetrazol (non-competitive GABAAa antagonist) induced seizure in rats, the
expression of DATSs has been reduced in substantia nigra pars compacta and ventral tegmental
area for 1 day (Szot et al., 1997). Interestingly, bupropion, which is known as a norepinephrine
dopamine reuptake inhibitor used for the treatment of depressive disorders and for the aid of

smoking cessation is associated with generalized seizures in a case of 24-year-old woman (Wah
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& Wah, 2004). Numerous seizure reports have been published in patients receiving bupropion
suggesting that this drug should be restricted in patients with seizures or patients who have a
history of seizures (Wooltorton, 2002). The seizure induced by bupropion is determined by two
factors: the dose and the formulation of the drug; high doses of bupropion is associated with
seizures and the immediate release form of the drug causes seizure more than the sustained

release one (Dobek, Blumberger, Downar, Daskalakis, & Vila-Rodriguez, 2015).

During epilepsy and seizures, the dopaminergic pathways are affected, for example, the
mesolimbic D receptors density in nucleus accumbens has been found to be significantly
increased in hippocampal kindling rats (Csernansky, Kerr, Pruthi, & Prosser, 1988;
Csernansky, Mellentin, Beauclair, & Lombrozo, 1988). The mesocortical pathway is also
affected since high mesocortical dopaminergic innervation is caused by Otx2 gene hyper-
expression in transgenic mice that leads to induction of seizure genes and susceptibility
(Tripathi et al., 2014). For the nigrostriatal pathway, the genetically audiogenic seizure prone
rats (KM rats) reported high ERK1/2 activity (Dorofeeva et al., 2015), suggesting that the
inhibition of ERK1/2 activity in the nigrostriatal system in these rats leads to the inhibition of
seizures (Dorofeeva et al., 2017). According to the tuberoinfundibular pathway, high levels of
prolactin has been counted in some pathological diseases including epilepsy (Petty, 1999).
Chemoreceptor trigger zone pathway is stimulated by dopamine in epilepsy and other
neurological disorders to induce nausea and vomiting (Johns, 1995). Regarding the incerto-
hypothalamic pathway, Hypothalamic (gelastic) epilepsy is a well-known disease that is caused
by Hypothalamic hamartomas, a tumor on the hypothalamus, that causes gelastic seizures and
developed to be generalized epileptic encephalopathy (Panayiotopoulos, 2006). Zona incerta
shows a vulnerability to generalized epilepsy (Brudzynski, Cruickshank, & McLachlan, 1995)

as a stimulation of zona incerta has been investigated to halt spike wave discharges in rats (S.
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F. Liang et al., 2011). For the medullary periventricular pathway, the pathway associated with
eating behavior, seizures are accompanied with eating disorders, such as anorexia nervosa
(Patchell, Fellows, & Humphries, 1994) suggesting that this pathway is compromised in seizure
disorders. Interestingly, antiepileptic drugs alleviate the symptoms of anorexia nervosa
associated with epilepsy with un-known mechanism of action (Tachibana, Sugita, Teshima, &
Hishikawa, 1989). As the medullary periventricular pathway is located on the vagus nerve,
vagus nerve stimulation is considered as a therapeutic approach to treat pharmacoresistant

epilepsy (Wheless, Gienapp, & Ryvlin, 2018).
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Dopaminergic marker

Effect in epilepsy

Tyrosine content

v

v

high in epileptic EI (-) mice than ddy mice and epileptic
El (+) mice (Suzuki & Mori, 1992)

L-tyrosine with physical exercises reduces
epileptogenesis (Kayacan et al., 2019).

Tyrosine hydroxylase (TH) (activity/expression)

Tyrosine hydroxylase activity has been decreased in
audiogenic seizure prone BALB/c mice (Vriend et al.,
1993).

Tyrosine hydroxylase activity is increased in human
focal epilepsy (Sherwin & van Gelder, 1986).
Tyrosine hydroxylase expression is significantly
decreased in zona incerta in genetically epilepsy prone
rat subtype 3 (GEPR-3) (Szot et al., 1996).

Tyrosine hydroxylase expression is elevated in
substantia nigra pars compacta and ventral tegmental
area of the brain in genetically epilepsy prone rat
(GEPR-3 and 9) (Szot et al., 1996).

In pentylenetetrazol induced seizure in rats, the
expression of TH was elevated in substantia nigra pars
compacta and ventral tegmental area for 3 days (Szot et
al., 1997).

Tetrahydrobiopterin (BH4) content

Low levels of biopterin has been detected in seizures
(Guttler et al., 1984).

Iron content

Cortical injection of iron (ferrous) in rats induces
recurrent seizures (Willmore et al., 1978) and focal
epilepsy (Ronne Engstrom et al., 2001).

Low levels of irons have been reported in mesial
temporal lope epilepsy (Z. Zhang et al., 2014).
Deficiency of L-ferritin is attributed to idiopathic
generalized seizures (Cozzi et al., 2013).

Low levels of irons have been reported with febrile
seizure susceptibility in children (Naveed ur & Billoo,
2005) .

WDR 45 mutation in patients with epileptic
encephalopathy reported to have brain iron
accumulation (Khoury et al., 2019)

L-Dopa content

L-dopa is decreased in audiogenic seizure prone
BALB/c mice in striatum (Vriend et al., 1993).
Administration of levodopa can induce generalized
seizure in patients suffering from Parkinson disease
(Yoshida et al., 1993).

Levodopa can induce myoclonus epilepsy (Menassa et
al., 1991).

Levodopa had no significant alteration on EEG of a
preexisting seizure (Newman et al., 1973).

Dopa decarboxylase (activity/expression)

Aromatic L-amino acid decarboxylase deficiency has
been reported in epilepsy and seizures (lto et al., 2008).
Aromatic L-amino acid decarboxylase levels has been
significantly reduced in cobalt induced epilepsy in rats
(Emson & Joseph, 1975)

Aromatic L- amino acid decarboxylase activity has been
decreased in neonatal epileptic encephalopathy (Clayton
et al., 2003; Mills et al., 2005)
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Aromatic L amino acid decarboxylase deficiency has
been detected in premature twins with epileptic
encephalopathy (Brautigam et al., 2002)

Role of carbidopa

Recurrent seizures have been reported by the
administration of the combination therapy
levodopa/carbidopa (Bamford et al., 1990)

Pyridoxal phosphate (Vitamin B6) content

Pyridoxal phosphate has been reduced in neonatal
epileptic encephalopathy (Clayton et al., 2003; Mills et
al., 2005)

Dopamine content

Significant decrease of dopamine in striatum in
audiogenic seizure prone BALB/c mice (Vriend et al.,
1993).

Significant decrease of dopamine in mesial temporal
lope epilepsy and temporal lope epilepsy secondary to
brain tumor or lesion (Rocha et al., 2012).

Increased levels of dopamine has been demonstrated in
rats susceptible to audiogenic seizures (Sergienko &
Loginova, 1983).

Effect of dopamine agonists

Anti-Parkinsonian drugs (dopaminergic D, agonists),
such as pergolide and bromocriptine provide a
neuroprotective effect against epilepsy (Starr, 1996).

Effect of dopamine antagonists

Anti-psychotic drugs (dopaminergic D, antagonists)
exacerbate seizure (Starr, 1996).

Vesicular monoamine transporters (VMATS)
expression

Reduced in TLE, but in pilocarpine treated rats, it is
increased for 1 to 3 days (Jiang et al., 2013).

Dopaminergic presynaptic Calcium influx

Dopaminergic presynaptic calcium influx is increased
during seizure because anti-convulsant drugs, such as
gabapentin and pregabalin work by decreasing the
calcium influx of the presynaptic neurons of dopamine,
to reduce seizures (Dooley, Donovan, et al., 2000;
Dooley, Mieske, et al., 2000)

Dopaminergic D1 receptor expression

High protein expression of D receptor is detected in
mesial temporal lope epilepsy and temporal lope
epilepsy secondary to brain tumor or lesion (Rocha et
al., 2012)

Dopaminergic D2 receptor expression

Less protein expression of D, receptor as compared to
D; receptor is reported in mesial temporal lope epilepsy
and temporal lope epilepsy secondary to brain tumor or
lesion (Rocha et al., 2012)

Adenyl cyclase activity

Mediated by D; like receptor activation to be activated
in seizure and inhibited by D, like receptor activation in
non-seizure conditions (Beaulieu & Gainetdinov, 2011;
Gangarossa et al., 2011; Greengard, 2001; Greengard et
al., 1999).

Cyclic AMP

Increased in seizure by activation of D; like receptor
while decreased in non-seizure condition by D; like
receptor activation (Beaulieu & Gainetdinov, 2011;
Gangarossa et al., 2011; Greengard, 2001; Greengard et
al., 1999).

Protein Kinase activity

Activated in seizure by D, like receptor activation and
inactivated in non- seizure conditions by D, like
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receptor activation (Beaulieu & Gainetdinov, 2011;
Gangarossa et al., 2011; Greengard, 2001; Greengard et
al., 1999)

Dopamine regulated phosphoprotein (DARPP-
32)

Activated in seizure and inactivated in non-seizure
conditions (Beaulieu & Gainetdinov, 2011; Gangarossa
et al., 2011; Greengard, 2001; Greengard et al., 1999).

Extra cellular regulated kinase ERK % activity

Activated in seizure and inactivated in non- seizure
conditions (Gangarossa et al., 2011)

Protein phosphatase PP-1 activity

Inhibited in seizure to phosphorylate DARPP-32
(Beaulieu & Gainetdinov, 2011; Gangarossa et al.,
2011; Greengard, 2001; Greengard et al., 1999)

Akt activity

Akt phosphorylation is reduced in D,R—/— mice
(Beaulieu, Gainetdinov, et al., 2007)

Glycogen synthase kinase (GSK-3p) activity

Hyperactivation of (GSK-3p) in D,R—/— mice

MAO (activity/expression)

The expression of MAO-B is high in the cerebral cortex
in patients with temporal lope epilepsy (Kumlien et al.,
1995).

MAO-B activity has been detected to be increased in
patients with temporal lope epilepsy (Kumlien et al.,
1992).

Effect of MAO inhibitors

L-deprenyl (selegiline) which isa MAO B inhibitor,
exerts an anti-epileptic and anti-convulsant effect in
amygdala kindled rats (Loscher & Honack, 1995).
L-deprenyl is effective against different types of
seizures in mice (Loscher & Lehmann, 1996).

Difference between MAO A and MAO B
inhibitors in epilepsy

Inhibition of MAO A elicits anti-convulsant properties
more than MAO B in amygdala kindled rat. L-deprenyl
(selegiline) is a MAO B inhibitor but in high doses, it
becomes a MAO A inhibitor to produce the anti-
convulsant effect (Loscher et al., 1999).

COMT (activity/expression)

Increased COMT activity has been reported in
audiogenic seizure resistant mice (C57B1/6J mice)
while low COMT activity has been reported in sound
induced seizure susceptible mice (DBA/2J mice) (Doyle
& Sellinger, 1980; Schlesinger et al., 1975)

COMT gene polymorphism that codes for high COMT
enzyme activity has been reported in neuro psychiatric
conditions in patients with refractory epilepsy (Doherty
et al., 2019).

Effect of COMT inhibitors

The first generation COMT inhibitors, such as tolcapone
and entacapone induce convulsions as a side effect
(Haasio, 2010; Kumlien & Lundberg, 2010)

Entacapone causes convulsions as a symptom of a
neuroleptic malignant syndrome (Mayo Foundation for
Medical Education and Research, 2019a).

Effect of norepinephrine dopamine reuptake
inhibitors (NDRIs)

Bupropion which is a NDRI has been reported to cause
generalized seizures (Dobek et al., 2015; Wah & Wah,
2004; Wooltorton, 2002)

Dopamine transporters DATS expression

DATS expression is significantly reduced in substantia
nigra pars compacta, ventral tegmental area, and zona
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incerta regions in genetically epilepsy prone rat subtype
3 (GEPR-3) (Szot et al., 1996).

DATSs expression has been reduced in substantia nigra
pars compacta and ventral tegmental area in
pentylenetetrazol induced seizure in rats (Szot et al.,
1997).

DATS expression has been reduced in juvenile
myoclonic epilepsy and epilepsy with tonic-clonic
seizures (Ciumas et al., 2010; Ciumas et al., 2008;
Odano et al., 2012)

DOPAC content

Significant decrease of DOPAC content in audiogenic
seizure prone BALB/c mice (Vriend et al., 1993).
Significant decrease of DOPAC content in mesial
temporal lope epilepsy and temporal lope epilepsy
secondary to brain tumor or lesion (Rocha et al., 2012).

HVA content

Significant decrease of HVA in audiogenic seizure
prone BALB/c mice (Vriend et al., 1993).

Significant decrease of HVA in mesial temporal lope
epilepsy and temporal lope epilepsy secondary to brain
tumor or lesion (Rocha et al., 2012).

HVA has been reported to be decreased in neonatal
epileptic encephalopathy (Brautigam et al., 2002;
Clayton et al., 2003).

3-methoxy tyramine (3-MT) content

3-MT is decreased in audiogenic seizure prone BALB/c
mice (Vriend et al., 1993).

Mesolimbic pathway

Hippocampal kindling in rats causes significant increase
of the mesolimbic D, receptor density in nucleus
accumbens (Csernansky, Kerr, et al., 1988; Csernansky,
Mellentin, et al., 1988).

Mesocortical pathway

Otx2 gene overexpression in transgenic mice is
associated with high mesocortical dopaminergic
innervation that leads to induction of seizure genes and
susceptibility (Tripathi et al., 2014).

Nigrostriatal pathway

In genetically audiogenic seizure prone rats (KM rats),
increased activity of ERK % has been reported in the
nigrostriatal tract (Dorofeeva et al., 2015).
Consequently, blockage of ERK ¥z in the nigrostriatal
system leads to inhibition of seizures (Dorofeeva et al.,
2017)

Tuberoinfundibular pathway

High levels of prolactin is associated with epileptic
seizures (Petty, 1999).

Incerto-hypothalamic pathway

Hypothalamic (gelastic) epilepsy causes gelastic
seizures and developed to be generalized epileptic
encephalopathy (Panayiotopoulos, 2006).

Zona incerta plays a role in generalized epilepsy
susceptibility (Brudzynski et al., 1995) since the
stimulation of zona incerta stops spike wave discharges
in rats (S. F. Liang et al., 2011).
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Medullary periventricular pathway v Since medullary periventricular pathway is associated
with eating behaviour (Prasad, 2010). Seizures have
been linked to eating disorders, such as anorexia nervosa
(Patchell et al., 1994). Suggesting that medullary
periventricular pathway in epilepsy is compromised.

v" Since medullary periventricular pathway is located in
the vagus nerve, vagus nerve stimulation is considered
as a therapeutic approach to treat pharmacoresistant
epilepsy (Wheless et al., 2018)

Chemoreceptor trigger zone pathway v Dopamine Stimulates chemoreceptor trigger zone to
induce vomiting in epilepsy (Johns, 1995).

Table 2: Different parameters affecting the dopaminergic neurotransmission in epilepsy

Dopaminergic neurotransmission (precursor, synthesizing enzymes, metabolite, receptors,
reuptake) are playing a role in regulating seizures and epilepsy as discussed in the review.
Dopamine abnormalities is associated with different types of epilepsy. Dopaminergic D1

receptor is a proconvulsant receptor that exacerbate seizure while D> is an anticonvulsant
receptor that elicits a protective effect against seizure suggesting that D agonists, such as

bromocriptine could be used as special targets to treat epilepsy.

2.4 The role of norepinephrine in epilepsy

Norepinephrine is a neurotransmitter derived from dopamine when the dopamine is converted
to norepinephrine by dopamine beta hydroxylase with oxygen and ascorbic acid as cofactors.
Norepinephrine is existed in the central nervous system as well as in the peripheral nervous
system, and it is associated with two brain regions, the locus coeruleus and the lateral tegmental
area where the noradrenergic neurons can be found there (Weinshenker & Szot, 2002). The
noradrenergic tract originates from locus coeruleus to different regions of the brain including
cerebral cortex, limbic system, and spinal cord. Fight and flight responses are attributed to the
physiological action of norepinephrine where it can increase the blood pressure and cardiac
output through acting on adrenergic alpha and beta receptors. Regarding the noradrenergic

signalling, three distinct noradrenergic receptors are linked to different G- protein coupled
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receptors. alpha-1 adrenoreceptor is linked to Go/Gq that activates phospholipase C and
intracellular calcium release. Alpha-2 adrenoreceptor is linked to Gi that inhibits adenyl
cyclase. Beta 1 and 2 adrenoreceptors that is linked to Gs that activates adenyl cyclase
(Hussain, Reddy, & Maani, 2020). Norepinephrine is metabolized by monoamine oxidase
(MAO) and catechol-O-methyltransferase (COMT) to give 3-methoxy-4-hydroxyphenylglycol
(MHPG) that is further oxidized into 3-methoxy-4-hydroxymandelic acid (Eisenhofer et al.,
2004). Many studies have shown that norepinephrine can play a role in modulating seizure; for
example, the expression of TH enzyme and NE transporters are elevated in the locus coeruleus
in KA induced epilepsy in animals (Bengzon et al., 1999). To proof that norepinephrine is
acting as an endogenous anticonvulsant, it has been reported that dopamine beta hydroxylase,
which is the enzyme that converts DA to NE, knockout mice showed lower response to the
antiepileptic agent valproic acid. Suggesting that NE is producing some anticonvulsant effect
by valproic acid (Schank, Liles, & Weinshenker, 2005). Interestingly, disulfiram, which is an
anti-alcoholism drug acting by the inhibition of dopamine beta hydroxylase showed more
seizures that are induced by cocaine because of the inhibition of DBH; moreover, DBH
knockout mice reported more seizure susceptibility (Gaval-Cruz, Schroeder, Liles, Javors, &
Weinshenker, 2008). More confirmative studies proofed that the activity of DBH in epileptic
patients is lower than the normal people (Warter, Coquillat, & Kurtz, 1975). Regarding the
cofactors, ascorbic acid has been studied to attenuate seizure in pilocarpine induced seizures in
rats suggesting that ascorbic acid could be used as a therapeutic agent to treat seizures (Dong
et al., 2013). Oxygen plays a role in epilepsy since hypoxia and reduction of oxygen
concentrations can induce epileptiform activity (Ingram et al., 2014; Wei, Ullah, Ingram, &
Schiff, 2014). It has been proofed that using reserpine, which is a monoamine depleting agent
can exacerbate seizure since reserpine depletes 5-HT, DA, and NE (Arnold, Racine, & Wise,

1973; Blank, 1976). Reserpine lacks specificity to determine which monoamine is responsible
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for the anticonvulsant effect, so 6-hydroxydopamine has been injected directly to locus
coeruleus to deplete NE to show more epileptiform activity in penicillin induced epilepsy in
rats suggesting that NE is an endogenous anticonvulsant (Sullivan & Osorio, 1991). In
genetically epilepsy prone rats (GEPRs), the steady state of NE levels has been reduced and
the reuptake of NE has been reported to be significantly reduced in cortex, hippocampus,
amygdala, and hypothalamus as well as DBH activity has been studied to be decreased in these
brain regions (Browning, Wade, Marcinczyk, Long, & Jobe, 1989). The release of NE has
been reported in generalized and focal seizures to be significantly increased in rat hippocampus
of kindled model (Bengzon, Kikvadze, Kokaia, & Lindvall, 1992; Shouse, Staba, Ko, Saquib,
& Farber, 2001). Noradrenergic agonists drugs, St 587 and clonidine that are classified as
alpha-1 and alpha-2 adrenoreceptors agonists respectively have been studied to produce an
anticonvulsant effect in kindled rats (Loscher & Czuczwar, 1987). Clonidine, which is an
alpha-2 receptor agonist at high doses can produce an anticonvulsant effect but at lower doses
it produced proconvulsant properties where it can act in the presynaptic terminal to decrease
NE release in audiogenic seizures (Tacke & Kolonen, 1984) Interestingly, in GEPRs pre-
treated with alpha-1 adrenoreceptor antagonist (prazosin) inhibits the anticonvulsant effect of
alpha-1 adrenoreceptor agonists methoxamine and nisoxetine in superior colliculus of the brain
(Yan, Dailey, Steenbergen, & Jobe, 1998). Alpha-1 adrenoreceptor density has been reported
to be decreased in GEPRs and audiogenic seizure- sensitive DBA/2J mouse strain indicating
that NE eliciting its partial anticonvulsive properties through this receptor subtype (Jazrawi &
Horton, 1986; Nicoletti, Barbaccia, ladarola, Pozzi, & Laird, 1986). Regarding the
norepinephrine transporters (NETS) inhibitors, the antideppressant reboxetine produced both
proconvulsant and anticonvulsant properties in flurothyl-induced seizures in mice suggesting
that selective NETs inhibitors might not be safe to be used in seizure prone population because

the prolonged inactivation of NETs leads to downregulation of adrenergic receptors and
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increasing seizure sucesiptibility (Ahern et al., 2006). In amygdaloid kindled rats, the levels of
NE were increased in cortex but its metabolite (MHPG) was not altered. However, in the
cerebellum the levels of NE and its metabolite (MHPG) were increased (Berzaghi, Naffah-
Mazzacoratti, Amado, & Cavalheiro, 1990). In a medical case of twins suffering from neonatal
epileptic encephalopathy, the level of NE metabolite (MHPG) has been reported to be
decreased in the cerebrospinal fluid of these patients (Brautigam et al., 2002). Suprisingly,
ketogenic diet that is considered as a non-pharmacological therapy of epilepsy and some
antiepileptic drugs such as phenytoin, carbamazapine, and valproic acid increase the central
NE levels as a part of their anticonvulsant effect (Baf, Subhash, Lakshmana, & Rao, 1994a,
1994b; Meshkibaf, Subhash, Lakshmana, & Rao, 1995; Sands, Guerra, & Morilak, 2000). All
these findings indicate that NE acts as an endogenous anticonvulsant because NE induces the
presynaptic release of GABA (Ferraro et al., 1993; Pittaluga & Raiteri, 1987) and GABA
facilitates the release of NE from the noreadrenergic terminal (Bonanno & Raiteri, 1987;
Fassio, Rossi, Bonanno, & Raiteri, 1999). Interstingly, stimulation of NMDA receptors
(subtype of ionotropic glutamate receptors) decresed the NE levels in rat hippocampus (Dazzi,
Matzeu, & Biggio, 2011). So these findings demonstrates that the anticonvulsant properities of

NE is due to its interaction with GABAergic and glutamergic meurotransmission.
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Noradrenergic Marker

Effect in epilepsy

Reference

Dopamine beta

hydroxylase
(DBH) (enzyme)

Inhibition of DBH and DBH knockout mice showed more
seizure susceptibility.

(Gaval-Cruz et al., 2008)

DBH enzyme activity is reduced in epileptic patients as
compared to normal people.

(Warter et al., 1975)

DBH activity has been reported to be decreased in GEPRSs.

(Browning et al., 1989)

Ascorbic acid (cofactor)

Ascorbic acid can mitigate seizure susceptibility in
pilocarpine induced seizures in rats.

(Dong et al., 2013)

Oxygen (cofactor)

Reduced oxygen levels can induce seizures.

(Ingram et al., 2014; Wei et
al., 2014)

Norepinephrine

Decreased in GEPRs.

(Browning et al., 1989)

In amygdaloid kindled rats, the level of NE is increased in
cortex and cerebellum.

(Berzaghi et al., 1990)

Norepinephrine
metabolite
levels

(MHPG)

In amygdaloid kindled rats, the levels of MHPG was not
altered in the cortex but it is increased in the cerebellum.

(Berzaghi et al., 1990)

MHPG levels has been reported to be decreased in neonatal
epileptic encephalopathy.

(Brautigam et al., 2002)

Norepinephrine release

Significantly increased in rat hippocampus kindled model.

(Bengzon et al., 1992;

Shouse et al., 2001)

Noradrenergic agonists

Noradrenergic agonists produced an anticonvulsant effect in
kindled rats.

(Loscher & Czuczwar,

1987)

Noradrenergic
antagonists

Alpha-1 adrenoreceptor antagonist (prazosin) inhibits the
anticonvulsant properties of alpha-1 adrenoreceptor
agonists in GEPRs.

(Yan et al., 1998)

Adrenoreceptor density

Alpha-1 adrenoreceptor density is decreased in GEPRs and
audiogenic seizure- sensitive DBA/2J mouse strain.

(Jazrawi & Horton, 1986;
Nicoletti et al., 1986)

NE
expression

transporters

Elevated in the locus coeruleus in KA animal model.

(Bengzon et al., 1999)

Norepinephrine reuptake

Significantly decreased in GEPRs.

(Browning et al., 1989)

Norepinephrine
transporters
inhibitors

(NETSs)

Both proconvulsant and anticonvulsant properties are
produced by NETs inhibitor (reboxetine) in flurothyl-
induced seizures in mice.

(Ahern et al., 2006)

Table 3: Different parameters affecting the noradrenergic neurotransmission in epilepsy
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Noradrenergic neurotransmission (precursor, synthesizing enzyme, metabolites, receptors,
reuptake) plays a significant role in controlling epilepsy and seizure. Any alterations in the
noradrenergic neurotransmission is contributed to epilepsy suggesting NE could act as an

endogenous anticonvulsant.
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2.5 (b) Effect of Kainic acid on Dopaminergic Neurotransmission

Dopaminergic neurotransmission occurs both in the central nervous system (CNS) and
peripheral nervous system (PNS). The major/minor dopaminergic pathways in the CNS are
the following:

The major pathways are

v" Mesolimbic pathway

v Mesocortical pathway

v Nigrostriatal pathway

v Tuberoinfundibular pathway

The dopaminergic minor pathways are the following:

v"Incerto-hypothalamic pathway

v Medullary periventricular pathway

v Chemoreceptor trigger zone pathway

The major dopaminergic pathways in the CNS:

In the mesolimbic pathway, the dopaminergic neurons project from ventral tegmental area, a
region of the brain plays a role in rewarding and aversion mechanisms (Bariselli, Glangetas,
Tzanoulinou, & Bellone, 2016) to nucleus accumbens, hippocampus, amygdala, and prefrontal
cortex to mediate pleasure and reward functions (Adinoff, 2004; Dingman, n.d). In the
Mesocortical pathway, the dopaminergic neurons originate form ventral tegmental area into
prefrontal cortex to control cognition and decision making (Guzman, n.d). With regard to the
nigrostriatal pathway, the dopaminergic neurons arise from substantia nigra and project to the
striatum, any alteration in this dopaminergic pathway is associated with movement disorders

(Guzman, n.d). In the tuberoinfundibular pathway, the dopaminergic neurons project from the
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hypothalamus exactly from arcuate and periventricular nuclei to the infundibular region to
regulate lactation and sexual functions through the suppression of prolactin release from the

anterior pituitary gland (Guzman, n.d).

The innervation and functions of the minor dopaminergic pathways are:

Incerto-hypothalamic pathway that is divided into a rostral and a caudal part. For the rostral
part, the dopaminergic neurons originate from the rostral periventricular nucleus into the
preopticosuprachiasmatic and medial preoptic nuclei. For the caudal part, the dopaminergic
neurons project from the medial zona incerta into the dorsomedial and anterior hypothalamic
nuclei (Lookingland & Moore, 1984). The function of the incerto-hypothalamic pathway is to
stimulate the release of luteinizing hormones (MacKenzie, James, & Wilson, 1988) and
suppression of gonadotrophin release (Bjorklund, Lindvall, & Nobin, 1975; Sita, Elias, &
Bittencourt, 2007). Medullary periventricular pathway is located in the nucleus of the vagus
nerve, tractus solitarius, and tegmentum of the periaqueductal gray matter; this pathway is
linked to food intake and eating behaviors (Brain, n,d; Prasad, 2010). Chemoreceptor trigger
zone pathway that is present in the medulla oblongata particularly located in the area postrema
outside the blood brain barrier. Activation of the dopaminergic D2 receptors in this pathway
induces emesis (MacDougall & Sharma, 2019). However, antagonizing D receptor in this
particular pathway by using different D. antagonists, such as metoclopramide inhibits emesis

(Becker, 2010).

Similarly, the peripheral dopaminergic neurotransmission mainly occurs in ophthalmic tract,
respiratory tract, cardiovascular system, gastrointestinal tract, urinary tract, liver, genital tract,
skin, and muscles. Dopamine in the eye controls visual functions and regulates glaucoma

through reducing the intraocular pressure (Bucolo et al., 2019; Zhou, Pardue, luvone, & Qu,
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2017). In the respiratory tract, dopamine promotes bronchodilation through D receptor
activation (Mizuta et al., 2013). In the cardiovascular system, dopamine at low doses can cause
peripheral vasodilation through the activation of D1 receptor while the intermediate doses can
stimulate Dy and beta 1 adrenoreceptors to increase cardiac output, and the high doses of
dopamine can have an extra alpha adrenoreceptor stimulation to cause vasoconstriction in the
peripheral arteries (Debaveye & Van den Berghe, 2004; Holmes & Walley, 2003). In the
gastrointestinal tract, dopamine inhibits gastric smooth muscles contraction and regulates its
motility through D> receptor activation (C. Bove, Anselmi, & Travagli, 2019; Li, Schmauss,
Cuenca, Ratcliffe, & Gershon, 2006; Thompson & de Carle, 1982). In the urinary tract,
dopamine promotes renal vasodilation to induce diuresis through D1 receptor stimulation
(Bucolo et al., 2019; Shigetomi & Fukuchi, 1994). In the liver, dopamine increases hepatic
perfusion and minimizes liver function loss through D1 receptor stimulation (Mitchell, Pollock,
& Jamieson, 1995). In the genital tract, dopamine induces genital arousal through D1 and D>
receptors activation (Giuliano & Allard, 2001). In the skin, dopamine promotes healthy skin
appearance and texture through D1 receptor activation since D1 agonists , such as fenoldopam
are used to treat psoriasis (Keren et al., 2019; Shigetomi & Fukuchi, 1994). In the skeletal
muscles, dopamine promotes skeletal muscles contraction by acting on the postsynaptic
nigrostriatal dopamine D1 and D> receptors to regulate movement (Korchounov, Meyer, &
Krasnianski, 2010). In the stomach smooth muscles, dopamine causes contraction in the
circular muscles through alpha adrenoreceptors stimulation and relaxation in the longitudinal
muscles through D1 receptor stimulation (Kurosawa, Hasler, Torres, Wiley, & Owyang, 1991).
Few studies have clearly shown the effect of kainic acid on the dopaminergic
neurotransmission. In this review, we will evaluate the dopaminergic effect of kainic acid on
dopamine synthesis, storage, release, receptor binding, enzymatic degradation, reuptake, and

presynaptic D> receptor stimulation.
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2.6 Dopamine synthesis:

The precursor (s), cofactor (s) and synthesizing enzymes associated with dopamine synthesis
are the following: Tyrosine, tyrosine hydroxylase, tetrahydrobiopterin, iron, L-3,4-
dihydroxyphenylalanine, aromatic amino acid decarboxylase, and pyridoxal phosphate.
Tyrosine is a precursor for dopamine synthesis hydroxylated by tyrosine hydroxylase in the
presence of tetrahydrobiopterin (BH4), iron as cofactors to produce L-3,4-
dihydroxyphenylalanine (L-dopa) that is decarboxylated by aromatic amino acid
decarboxylase and in the presence of pyridoxal phosphate as a cofactor to dopamine. There
are several in vitro and in vivo studies that has evaluated the effect of kainic acid on the
synthesis of dopamine. kainic acid (50uM) incubated with substantia nigra from the rat brain
increases the damage of dopaminergic neurons and decreases tyrosine hydroxylase expression
(the rate limiting enzyme in dopamine synthesis) (Johnson, Luo, & Bywood, 1997). Moreover
in vivo study, IP injection of kainic acid causes loss of tyrosine hydroxylase expression and

damage of the substantia nigra and in rats (Bywood & Johnson, 2000).

Stereotaxic injection of kainic acid into striatum is associated with a significant increase in
tyrosine hydroxylase activity that has been demonstrated within two days (Schwarcz & Coyle,
1977). However, within 40 to 150 days of intrastriatal injection of kainic acid, tyrosine
hydroxylase activity is decreased that leads to decrease dopamine synthesis (Tissari & Onali,
1982). Long term (two weeks) intranigral injection of kainic acid is associated with decreased

tyrosine hydroxylase activity (Nagy, Vincent, Lehmann, Fibiger, & McGeer, 1978).

So based on these studies, short term effect of intrastriatal kainic acid (hours) is associated with
increased tyrosine hydroxylase activity; however, long term effect of intranigral and

intrastriatal kainic acid (weeks and months) respectively is associated with decreased tyrosine
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hydroxylase activity. Intrastriatal injection of kainic acid for one week is followed by high
levels of (Tetrahydrobiopterin BH4) in the striatal astrocytes (Foster, Christopherson, &
Levine, 2002). Kainic acid induced status epilepsy has a role to increase mitochondrial iron in
rat hippocampus to cause oxidative stress and hippocampal brain damage (L. P. Liang, Jarrett,
& Patel, 2008). Degeneration of dopaminergic neurons by intrastriatal kainic acid injection
leads to decrease dopamine synthesis by significantly decreasing aromatic L- amino acid
decarboxylase activity in the striatum (Melamed, Hefti, Pettibone, Liebman, & Wurtman,
1981). Based on the decrease of aromatic L- amino acid decarboxylase activity , L-dopa will
not be converted to dopamine and L-dopa will be accumalated in the striatum (Melamed, Hefti,
& Wurtman, 1980). All kainic acid lesions have been done in the substantia nigra or the
striatum because they are considerd as a two major components of the nigrostriatal
dopaminergic pathway that play a role in the central dopaminergic neurotransmission in the
brain. Pyridoxal phosphate (pyridoxine) is a cofactor of aromatic L-amino acid decarboxylase
enzyme. Pyridoxal phosphate has a protective role in attenuating seizures by increasing the
levels of gamma-aminobutyric acid (GABA) since pyridoxal phosphate is considered as a
cofactor of glutamate decarboxylase that converts glutamate into GABA (Stephens, Havlicek,
& Dakshinamurti, 1971; Wilson, Plecko, Mills, & Clayton, 2019). Moreover, pyridoxal
phosphate when it is given with sodium valproate that increases GABA brain levels can reduce
the high levels of glutamate and calcium influx in the cerebral cortex of mice induced by
domoic acid that is considered as an analogue of kainic acid (Dakshinamurti, Sharma, &
Geiger, 2003). Both pyridoxal phosphate and sodium valporate increase GABA brain levels to
inhibit further seizures. Due to the above effect on the synthesizing enzymes and cofactors,
Long term effect of kainic acid (weeks) is associated with DA depletion in the substantia nigra

and striatum (Friedle, Kelly, & Moore, 1978). However, short term effect of acute intrastriatal
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kainic acid (hours) is associated with DA level increase in the striatum (Braszko, Bannon,

Bunney, & Roth, 1981).

2.7 Dopamine metabolite levels:

Dopamine is metabolized by monoamine oxidase B and catechol-O-methyl transferase into
3,4-dihydroxyphenyl acetic acid (DOPAC), 3-methoxy tyramine (3-MT), and homovanillic
acid (HVA). There are several in vivo studies elucidating the effect of kainic acid on dopamine
metabolites. Levels of dopamine metabolite DOPAC (3,4-dihydrophenylacetic acid) and
dopamine turnover which refers to (the ratio of dopamine metabolite to the dopamine itself)
are elevated in the striatum and the contralateral (opposite) side of substantia nigra after two
days of unilateral intrastriatal kainic acid injection (Sperk, Berger, Hortnagl, & Hornykiewicz,
1981). Moreover, DOPAC and HVA levels are increased after direct injection of kainic acid
into the striatum (Guevara, Hoffmann, & Cubeddu, 1997). However, long term intrastriatal
kainic acid injection is followed by DOPAC content reduction (Tissari & Onali, 1982).
Regarding 3-MT, its levels is significantly decreased after two days of intrastriatal kainic acid

injection (Naudon, Dourmap, Leroux-Nicollet, & Costentin, 1992).
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Parameters  affecting | Dopaminergic Kainic acid effect Reference

neurotransmission neurotransmission

Precursor Tyrosine Not altered in striatum. | (Korf & Venema, 1983)
L-dopa Increased in striatum. (Melamed et al., 1980)

Cofactors Tetrahydrobiopterin BH4 | Its levels are elevated (Foster et al., 2002)

In striatum.

Irons

(L. P. Liang et al., 2008)

Pyridoxal phosphate

Increased in
hippocampus

Exogenous Vit.Bg
attenuated seizures

induced by domoic acid
in the cerebral cortex

(Dakshinamurti et al.,
2003; Stephens et al.,
1971; Wilson et al., 2019)

Synthesizing enzymes

Tyrosine hydroxylase
(Expression and activity)

Tyrosine hydroxylase
expression is reduced in
substantia nigra

(Johnson et al., 1997)

Short term effect of
kainic is associated
with  increased TH
activity in striatum

(Schwarcz
1977)

& Coyle,

Long term effect of
kainic acid is associated
with  decreased TH
activity in striatum and
substantia nigra

(Nagyetal., 1978; Tissari
& Onali, 1982)

Aromatic L- amino acid
decarboxylase activity

Decreased in striatum

(Melamed et al., 1981)

Neurotransmitter

Dopamine

Short term effect of KA
is associated  with
dopamine increase in
striatum

(Braszko et al., 1981)

Long term effect of KA
is associated  with
dopamine decrease in
striatum

(Friedle et al., 1978)

Metabolites

3,4- Dihydrophenylacetic
acid (DOPAC)

Increased (short term
effect) in  striatum,
substantia nigra, and
caudate putamen

(Guevara et al.,, 1997;
Sperk et al., 1981)

Decreased (long term
effect) in striatum

(Tissari & Onali, 1982)

Homovanillic acid (HVA)

Increased in caudate
putamen

(Guevara et al., 1997)

3-Methoxy tyramine

Decreased in striatum

(Naudon,
al., 1992)

Dourmap, et

Table 4: The effect of kainic acid on parameters affecting dopaminergic synthesis
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2.8 Dopamine storage:

Once a neurotransmitter (dopamine, noradrenaline, or serotonin) is synthesized, it has to be
stored in a vesicle with the help of vesicular monoamine transporter (VMAT) before
exocytotic release (Bernstein, Stout, & Miller, 2014). It is classified into VMAT1 and VMAT?2
where VMATL is present in the peripheral nervous system and VMAT2 is present in both
peripheral and central nervous system (Weihe, Schafer, Erickson, & Eiden, 1994). Neurotoxins
like pesticides (polychlorinated biphenyls, brominated flame retardants) and psychostimulants,
such as dopamine releasing agents (methamphetamine) and dopamine reuptake inhibitors
(cocaine) can decrease the vascular uptake of dopamine (Bernstein et al., 2014; Fleckenstein
& Hanson, 2003). Severely lesioned subregions in the striatum by kainic acid in male sprague-
dawley rats will cause a significant reduction in vascular monoamine transporters (VMAT)
densities in 15 days post kainic acid lesion. Once the density of VMAT is reduced, the reuptake
of monoamines from the cytosol to vesicles to be stored is reduced, so dopamine will be
metabolized in the cytosol to cause oxidative stress and neurodegeneration (Naudon, Leroux-
Nicollet, Boulay, & Costentin, 2001). The decrease of VMATSs after intrastriatal kainic acid
lesion were more prominent in 30 and 60 days, which means that the destruction of VMAT by
striatal kainic acid lesion is time dependent (Naudon, Leroux-Nicollet, & Costentin, 1992).
Regarding the storage vesicles, after one month injection of kainic acid into thalamus, the
synaptic vesicles are less expressed in afferent fibers of the lesioned thalamus which is
considered as a part of the dopaminergic mesolimbic pathway (Weil-Fugazza, Peschanski,

Godefroy, Manceau, & Besson, 1988).

Parameters affecting | Kainic acid effect Reference

dopamine storage

VMAT VMAT densities decrease in | (Naudon et al., 2001; Naudon,
striatum Leroux-Nicollet, et al., 1992)

Storage Vesicles The synaptic vesicles are less | (Weil-Fugazza et al., 1988)
expressed in the thalamus

Table 5: The effect of kainic acid on parameters affecting dopamine storage
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2.9 Dopamine release:

Once the neurotransmitter is stored in a synaptic vesicle, the action potential that is defined as
an electrical stimulus that is generated by influx of sodium ions to depolarizes the presynaptic
axon terminal to cause calcium (Ca*™) release that facilitates synaptic vesicle diffusion to
release dopamine into synaptic cleft. Dopamine release is mainly based on the content of
dopamine stored in the vesicle and the influx of calcium through the presynaptic calcium
channel. Intrastriatal injection of kainic acid in rats induces the release of dopamine and
aspartate (Jacobsson, Cassel, Karlsson, Sellstrom, & Persson, 1997). Dopamine neurons firing
which means more dopamine release that can alter the synaptic plasticity is increased in one-
hour post injection of kainic acid; however, in 12 hours, dopamine neuron firing is significantly
decreased (Braszko et al., 1981). A presynaptic calcium influx is induced by intrastriatal kainic

acid to cause high dopamine release (Carrozza, Ferraro, Golden, Reyes, & Hare, 1991).

Parameters affecting | Kainic acid effect Reference

dopamine release

Presynaptic calcium | Induces calcium influx (Carrozza et al., 1991)

channel influx

Dopamine release Enhances dopamine release (Braszko et al., 1981;
Jacobsson et al., 1997)

Table 6: The effect of kainic acid on parameters affecting dopamine release

2.10 Dopamine Receptor binding:

Dopamine receptors are classified into D1 and D: like receptors. The D1 like receptors are D
and Ds receptors. The D like receptors are D2, D3, and D4 receptors. Dopamine receptors are
widely expressed in the CNS and peripheral nervous system (Missale, Nash, Robinson, Jaber,
& Caron, 1998). D: and D like receptors are both G protein coupled receptors; D like
receptors are coupled to Gs protein that is considered as a stimulatory protein to stimulate

adenyl cyclase, but D> like receptors are coupled to Gi protein that is an inhibitory protein to
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inhibit adenyl cyclase (Missale et al., 1998). Diand Ds receptors are located in the postsynaptic
dopamine cells while D2 and Ds receptors are located in the presynaptic and postsynaptic
dopaminergic neurons (Baik, 2013b; Beaulieu & Gainetdinov, 2011). D receptor activation
will stimulate adenyl cyclase and increases cyclic adenosine monophosphate (CAMP) to
activate protein kinase A (PKA) that activates dopamine regulated neuronal phosphoprotein
(DARPP-32) that mediates the inhibitory effect of protein phosphatase-1 (PP1) to regulate
excitation of smooth muscles. Protein phosphatase-1 plays a role in the central nervous system
to dephosphorylate many phosphoproteins to regulate synaptic plasticity; it is important as well
in learning and memory (Mansuy & Shenolikar, 2006). In D, like receptor activation, an
inhibitory response would occur by inhibiting adenyl cyclase and decreasing (CAMP) to inhibit
protein kinase and DARPP-32 to allow protein phosphatase to dephosphorylate any excitable
protein resulting in zero excitation of smooth muscles (Bateup et al., 2008; Hemmings,
Greengard, Tung, & Cohen, 1984; Kebabian & Calne, 1979; Kebabian & Greengard, 1971;
Missale et al., 1998; Svenningsson et al., 2004). There are several in vivo and in vitro studies
that elucidated the effect of kainic acid on dopamine receptors and dopamine signalling
transduction. Unilateral injection of kainic acid into hippocampus produced a significant
hippocampal damage of D:-like and D> like receptor binding that leads to desensitization of
dopamine receptors present in the post synaptic cleft. However, the dopamine receptor density,
which means the number of dopamine receptor present, has not been altered in striatum (Tarazi,
Campbell, & Baldessarini, 1998). Dopamine D1 and D receptor binding in the striatum is
relatively reduced after kainic acid lesion in young rats than old rats. Dj receptor binding is
decreased more than D in both age groups after kainic acid injection (L. Zhang, Joseph, &
Roth, 1997). However, one study has shown that the susceptibility of striatal D2 receptor in
the presence of kainic acid is becoming more vulnerable than striatal D1 receptor (Mesco,

Joseph, & Roth, 1992). Acute kainic acid administration is resulting in 2 fold reduction of
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dopamine D3 receptor affinity and 2 fold increase in dopamine D, densities in brain regions,
such as cerebellum, cortex, hippocampus, medulla and pons, midbrain and hypothalamus
except striatum (Ridd, Kitchen, & Fosbraey, 1998). The activity of dopamine-sensitive
adenylate cyclase was decreased by 85% by stereotaxic injection of kainic acid into striatum
(Schwarcz & Coyle, 1977). Injection of kainic acid into rat neostriatum is associated with
adenylate cyclase activity reduction up to 56%, and the activity of cyclic nucleotide
phosphodiesterase that hydrolyses cAMP or cGMP is diminished up to 84%. However,
intrastriatal kainic acid injection did not alter the steady state levels of cyclic AMP in vivo and
in vitro studies (Minneman, Quik, & Emson, 1978). On the other hand, dopamine-sensitive
adenylate cyclase was not reduced in substantia nigra after kainic acid lesion (Nagy et al.,
1978). Kainic acid did not alter cyclic AMP levels when it was incubated with tissue slice
preparation of caudate putamen and accumbens (de Barioglio & Brito, 1996). 32K
phosphoprotein is considered as a substrate for the CAMP dependent protein kinase. It is
present in the dopaminergic neurons to inhibit protein phosphatase-1 to modulate dopaminergic
signaling pathway. It has been found that 32K phosphoprotein is less expressed in the rostal
part of striatum and decreased in substantia nigra after kainic acid injection. Interestingly, 32K
phosphoprotein has not been altered in neither substantia nigra nor striatum after 6-
hydroxydopamine lesion (Lemos, Barberis, Tassin, & Bockaert, 1984). Injection of kainic acid
into neostriatum is associated with DARPP-32 and phosphatase inhibitor-1 levels decrease, but
the activity of protein phosphatase-1 has not been changed by kainic acid injection in
neostriatum (Nairn, Hemmings, Walaas, & Greengard, 1988). Both striatum and neostriatum
share the same anatomical structure since both are made up by caudate nucleus and putamen.
Based on these studies, kainic acid caused a deleterious effect on dopamine D and D; like

receptors that affect the dopaminergic intracellular pathway.
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Parameters
dopamine receptor

affecting

Kainic acid effect

Reference

Dopamine receptor binding

Dopamine D: and D; like receptors
loss in hippocampus

(Tarazi et al., 1998)

Ligand binding to D1 and D,
dopamine receptors are reduced in
striatum

(Mesco et al., 1992; L. Zhang et
al., 1997)

2fold reduction in D, receptors
affinities in cerebellum, cortex,
hippocampus, medulla and pons,
midbrain and hypothalamus

(Ridd et al., 1998)

Dopamine receptor density
(dopamine D: like and Dz like
receptors)

Not altered (D; like and D; like
receptors) in striatum

(Tarazi et al., 1998)

2 folds increase in D, receptors
densities in cerebellum, cortex,
hippocampus, medulla and pons,
midbrain and hypothalamus

(Ridd et al., 1998)

Dopamine sensitive adenyl
cyclase activity

Decreased in striatum

(Schwarcz & Coyle, 1977)

Not altered in substantia nigra

(Nagy et al., 1978)

Decreased in neostriatum

(Minneman et al., 1978)

Cyclic AMP

Not altered in neostriatum

(Minneman et al., 1978)

Not altered in Caudate putamen
and accumbens.

(de Barioglio & Brito, 1996)

32K phosphoprotein

Less expressed in Rostal part of
striatum

(Lemos et al., 1984)

Decreased in substantia nigra

(Lemos et al., 1984)

Decreased in neostriatum

(Nairn et al., 1988)

protein phosphatase-1 levels

Decreased in neostriatum

(Nairn et al., 1988)

Table 7: The effect of kainic acid on parameters affecting dopamine receptors
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2.11 Termination of dopaminergic neurotransmission:

Dopaminergic neurotransmission is terminated by the following process:
v Enzyme degradation by monoamine oxidase B or catechol-O-methyl transferase.
v Reuptake by dopamine transporters.

v" Pre-synaptic receptor activation of D receptor.

2.11 (a) Enzyme degradation by monoamine oxidase (MAO):

Monoamine oxidase is an enzyme that exists in the central and peripheral nervous system to
oxidize monoamines, such as dopamine, serotonin, and norepinephrine into their relative
metabolites. There are two forms of monoamine oxidase: MAO A and MAO B (Fowler et al.,
2015). MAO inhibitors is a class of drugs used when there is low levels of neurotransmitters
(dopamine, norepinephrine, and serotonin) to increase the level of monoamines in the
postsynaptic cleft to target neuropsychiatric conditions where there is low levels of
monoamines (Kumar, Gupta, & Kumar, 2017). Several studies have shown the effect of kainic
acid on MAO enzymes activity. Injection of kainic acid (2 ug) to adult male Sprague-dawley
rats caused a significant decrease in MAO-A activity where 90% of dopamine deamination was
performed by MAO-A enzyme. This study was performed in the glial cells of the striatum and
the decrease was observed within two days of injection and remained in the same level up to

12 days (Schoepp & Azzaro, 1983).

Kainic acid effect Reference
MAO A activity Decreased in striatum (Schoepp & Azzaro, 1983)

Table 8: The effect of kainic acid on MAO activity
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2.11 (b) Enzyme degradation by catechol-O-methyl transferase (COMT):

Catechol-O-methyl transferase is an enzyme that metabolizes catecholamines in the central and
peripheral nervous system into their metabolites. COMT expression is high in the peripheral
tissues, such kidney and liver and low in the brain (Myohanen, Schendzielorz, & Mannisto,
2010). There are two forms of COMT: soluble and membrane bound enzymes, both isoforms
are equally distributed in tissues; however, the membrane bound COMT is preferably located
in brain tissues especially hippocampus, hypothalamus, and cerebral cortex, also it has been
reported that both isoforms are present in microglial and astroglial cells (Myohanen et al.,
2010). Soluble and membrane bound COMT have distinct roles, the membrane bound COMT
is responsible for the O-methylation of the dopaminergic and noradrenergic neurotransmitters
(Roth, 1992). However, the soluble COMT isoform is responsible for the elimination of the
toxic biological catechol, so the soluble COMT form could be classified as a detoxifying agent
(Kaakkola, Gordin, & Mannisto, 1994; Mannisto et al., 1992). COMT inhibitors beside MAO
B inhibitors can be used in the treatment of Parkinson disease (Finberg, 2019). Based on
published studies, kainic acid had effect on COMT activity for both isoforms. Intrastriatal
injection of kainic acid in rats caused a significant increase of soluble COMT activity but not
in the membrane bound COMT since the membrane bound COMT activity is decreased in
some extent (Espinoza, Manago, Leo, Sotnikova, & Gainetdinov, 2012). Soluble COMT has
been reported to be found in the striatal glial cells, while striatal membrane bound COMT might
be present in the postsynaptic neuronal and extra neuronal cells (Kaakkola, Mannisto, &

Nissinen, 1987; Rivett, Francis, & Roth, 1983).

Kainic acid effect Reference
Soluble COMT activity increased (Kaakkola et al., 1987)
Membrane bound COMT | decreased (Kaakkola et al., 1987)
activity

Table 9: The effect of kainic acid on COMT activity
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2.11 (c) Reuptake by dopamine transporters (DATS)

Dopamine transporters are plasma membrane proteins that exists in the presynaptic neuron to
pump the dopamine from the synaptic cleft into cytosol. Since Parkinson disease, attention
deficit hyperactivity syndrome, and bipolar disorder depressive phase are attributed to low
dopamine levels, DATSs can be used to target these disorders to improve dopamine signaling
by inhibiting its reuptake back to cytosol (Vaughan & Foster, 2013). DATSs density is
significantly reduced in severely kainic acid lesioned male sprague- dawley rats in the striatum
in 15 days after kainic acid injection. Once the density of DAT is reduced, the reuptake of
dopamine from the postsynaptic cleft to the presynaptic neurons where these transporters are
present is decreased that leads to increase the dopamine concentration in the post synaptic cleft
that causes the desensitization of the dopaminergic receptors and dysregulation of

monoaminergic transmission, as well as damaging the monoaminergic terminal (Naudon et al.,

2001).
Kainic acid effect Reference
Dopamine transporters | Decreased (Naudon et al., 2001)
densities

Table 10: The effect of kainic acid on dopamine transporters densities
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2.11 (d) Presynaptic dopamine receptors activation

Presynaptic dopaminergic receptors (D receptors) were unaffected by intrastriatal kainic acid

injection for 5-6 days (Bannon, Bunney, Zigun, Skirboll, & Roth, 1980).

Kainic acid effect Reference
Presynaptic dopaminergic | Unaffected (Bannon et al., 1980)
D2 receptors

Table 11: The effect of kainic acid on presynaptic dopamine D> receptor

Based on the literature review, kainic acid affects the dopaminergic neurotransmission
synthesis by increasing the dopamine levels in the short term and decreasing its levels in the
long term. Kainic acid lesion is associated with a reduction in the number of synaptic vesicle
and enhancing the dopamine release. Based on high dopamine release, D1 and D> like receptors
binding affinities are significantly reduced due to desensitization. The reuptake of dopamine
by DATSs is decreased by kainic acid lesion as well as MAO A activity. However, COMT
activity is increased for the soluble form and decreased for the membrane bound form by kainic
acid lesion. Pre-synaptic D> was not affected by kainic acid .Interestingly, the toxic effect of
kainic acid is not restricted to be involved in the CNS, it is extended to affect the PNS, such as

heart, kidney, gastrointestinal tract, and sexual organs.
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2.12 Effect of kainic acid on dopaminergic pathways and peripheral organs

Dopaminergic Neuronal
Tracts in the CNS

Physiological function (s) of
dopamine

Effect of Kainic Acid

1. Mesolimbic
pathway

Pleasure and reward function

Bilateral injection of KA to the
hippocampus induced Spontaneous
locomotor activity (Wilkinson et al., 1993)

2. Mesocortical
pathway

Cognition and decision making

15 days after KA injection showed a
reduction in the number of the inhibited and
excited cortical neurons in the mesocortical
pathway (Ferron, Thierry, Le Douarin, &
Glowinski, 1984)

3. Nigrostriatal
pathway

Locomotor activity

KA has been used to restore the nigrostriatal
dopaminergic tract in PD model rats (Weng
etal., 2017)

4. Tuberoinfundibular

Suppression of prolactin release

KA increases of dopamine release that

pathway causes a suppression of prolactin secretion

in male rats (Pinilla, Gonzalez, Tena-

Sempere, Aguilar, & Aguilar, 1996b) and

prepubertal female rats (Pinilla, Gonzalez,

Tena-Sempere, Aguilar, & Aguilar, 1996a)

5. Incerto- Suppression of gonadotrophin release | Luteinizing hormone release is enhanced

hypothalamic after KA injection, but the LH hormone

pathway response is decreased with repetitive
injection of KA (Abbud & Smith, 1991)

6. Medullary Modulation of eating behaviors Injection of kainic acid into a dorsal motor

periventricular nucleus of the vagus nerve (medullary

pathway periventricular ~ pathway  connections)

caused gastric lesion in rats (Okumura et al.,
1989)

7. Chemoreceptor
trigger zone (CTZ)

Emesis

IP injection of domoic acid that is
considered as an analogue of kainic acid is
associated with area postrema damage,
where the CTZ is located there (Bruni, Bose,
Pinsky, & Glavin, 1991)

8. cortico-striato-
pallido-thalamo-
cortical circuitry
(Alexander and

others 1986).

Cogpnitive control and emotion (Peters,
Dunlop, & Downar, 2016)

Alterations of lipid levels in the cerebral
cortex, thalamus, and striatum has been
reported after acute administration of KA to
induce seizure (Lerner, Post, Loch, Lutz, &
Bindila, 2017)

9. Pyramidal tract

Controls voluntary movement
(AbuHasan & Munakomi, 2020)

Significant increase of cholecystokinin
expression has been reported in the cerebral
cortex after kainic acid injection (Gruber,
Greber, & Sperk, 1993)

10. Extrapyramidal
tract

Controlling involuntary movement and
maintaining posture (Lee & Muzio,
2020)

In the extrapyramidal system, intracerebral
injection of KA is associated with GABA-
ergic neurons alterations that is responsible
for movement abnormalities in rats
(Kurihara, Kuriyama, & Yoneda, 1980)

Table 12: The effect of kainic acid on dopaminergic pathways
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System / Organ

Physiological function (s) of dopamine

Effect of Kainic Acid

Ophthalmic

Regulation of visual functions, refractive development,
glaucoma, and stimulation of eye growth (Bucolo et al.,
2019; Zhou et al., 2017)

Kainic acid induces enlargement of the eye in
chickens (Wildsoet & Pettigrew, 1988)also it has
been reported that kainic acid induces retinal
synapse damage in chickens as well (Fleming et
al., 2018)

Respiratory

Bronchodilation through the activation of D, like
receptors (Mizuta et al., 2013)

Obstructive apnea has been showed after
intrahippocampal injection of KA (Jefferys,
Arafat, Irazoqui, & Lovick, 2019)

Cardiovascular
Heart
Blood vessel

Increasing cardiac output to target congestive heart
failure (Rajfer, Borow, Lang, Neumann, & Carroll,
1988) and regulation of blood pressure since the post
synaptic D; like receptors increase blood pressure and
the presynaptic D. like receptors produce the reverse
effect (Jose, Eisner, & Felder, 1999)

Heart histological damage has been studied in the
form of myofibril lysis and mitochondrial damage
after intraperitoneal injection of domoic acid that
is considered as an analogue of kainic acid (Vieira
et al., 2016). Moreover, heart rate and blood
pressure are elevated by KA injected into
hypothalamus (Soltis & DiMicco, 1991)

Gastrointestinal

Inhibitory effect on gastric smooth muscle contraction
(Thompson & de Carle, 1982)and modulation of gastric
motility(C. Bove et al., 2019)

Kainic acid induces acid reflex that has been
recorded by low PH levels in the esophagus that is
considered as a reason for sudden death in
seizures induced by kainic acid in rats (Budde et
al., 2018)

Urinary Vasodilation and natriuresis (Shigetomi & Fukuchi, Domoic acid (kainic acid analogue) has been
1994) studied to cause renal damage (nephrotoxicity)
due its accumulation in the kidney (Funk et al.,
2014)
Liver Regulation of glucose metabolism (Ter Horst et al., KA has been reported to increase oxidative stress

2018). Hepatic encephalopathy has been reported in
patients with Parkinson disease (Junker, Als-Nielsen,
Gluud, & Gluud, 2014)

markers by decreasing the activity of catalase,
glutathione peroxidase, and superoxide dismutase
in the liver, but the effect was less significant as
compared to brain (Szaroma, Dziubek, Gren,
Kreczmer, & Kapusta, 2012), also hepatic CYP3A
microsomal enzyme is elevated by KA (Runtz et
al., 2018)

Sexual Organs

Sexual function motivation and genital arousal (Giuliano
& Allard, 2001)

Sexual activity disfunction is followed by KA
lesion in the septal area of the limbic system in a
female rat (Nance & Myatt, 1987)

Endocrine System

Suppression of gonadotrophin release and prolactin
release (Henderson, Townsend, & Tortonese, 2008)

KA at low concentrations induced gonadotrophin
release LH and FSH from the anterior pituitary
gland (Zanisi, Galbiati, Messi, & Martini, 1994)

Immune

Dopamine regulates the immunity through the
production of cytokines and antibodies, apoptosis, and
chemotaxis (Arreola et al., 2016)

Kainic acid lesion in the lateral septal area is
followed by inhibition of humoral immunity in
female rats but not male rats (Wetmore & Nance,
1991)

Smooth Muscle

In circular muscles, dopamine promotes contraction
through acting on alpha adrenoreceptors; however, in
longitudinal muscles, dopamine induces relaxation
through acting on D; receptors (Kurosawa et al., 1991).

KA produced contraction of the rat isolated
gastric fundus and rectum (Jankovic,
Milovanovic, Matovic, & Iric-Cupic, 1999).
Moreover, in vivo injection of kainic acid, gastric
contractility has been induced (Heymann-
Monnikes, Tache, Trauner, Weiner, & Garrick,
1991)

Skeletal Muscle

Dopamine controls movement through the regulation of
skeletal muscles tone by D1 like receptor activation
(Schwarz & Peever, 2011)

Chronic lesion of KA for 28 days in the mouse
spinal cord caused skeletal muscles degeneration
(Blizzard, Lee, & Dickson, 2016)

Skin

Healthy and proper skin appearance (Shigetomi &
Fukuchi, 1994). Promotion of skin barrier recovery
(Fuziwara, Suzuki, Inoue, & Denda, 2005).

KA is associated with an increase in the
nociceptor activity in normal and inflamed rat
skin (Du, Zhou, & Carlton, 2006)

Table 13: The effect of kainic acid on peripheral organs
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3. Materials and Methods

3.1 Chemicals and Reagents
Thiazolyl blue tetrazolium bromide (MTT) reagent was purchased from Tokyo Chemical
Industry (TCI). Trypsin-EDTA solution, penicillin-streptomycin solution, Fetal Bovine
Serum (FBS), Dulbecco’s Modified Eagle Medium (DMEM), and RPMI-1640 were
purchased from Corning (Manassas, VA). Kainic acid was purchased from hello bio
(Princeton, NJ). 1-methyl-4-phenylpyridinium (MPP™), phosphate buffer saline (PBS),
dimethyl sulfoxide (DMSO), nicotinamide adenine dinucleotide (NADH), trichloroacetic
acid, and thiobarbituric acid, were purchased from sigma Aldrich (St. Louis, MO). For
protein quantification, thermo scientific pierce 660 nm protein Assay reagent kit was
purchased (Pierce, Rockford, IL). AC-YVAD-AMC (interleukin- 1 converting enzyme
substrate), AC-DEVD-AMC (caspase 3 substrate), and Griess reagent were purchased from
Enzo life science (Farmingdale, NY). Cell lysis buffer, secondary anti rabbit/ mouse anti
bodies, tyrosine hydroxylase, GADPH, primary anti bodies were purchased from cell
signalling technology (Cell Signalling Technology, Inc., Danvers, MA). Glutamate was

purchased from Alfa Aesar (Haverhill, MA).

3.2 Rat dopaminergic neuronal cells (N27)
N27 rat dopaminergic cells were cultured in DMEM medium supplemented with 10% FBS
and 1% Penicillin-Streptomycin Solution. To perform the cell viability assay, N27 cells
were grown in 75 cm? flask and incubated at 37 °C supplemented with 5% CO2. When the
cells reached confluency, they were detached by trypsinization and seeded in 96 well plate

at a density of 1 x 10° cells/well (Majrashi et al., 2018).
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3.3 Human neuroblastoma neuronal cells (M17)
M17 neuroblastoma cells were cultured in RPMI medium supplemented with 10% FBS
and 1% Penicillin-Streptomycin Solution. M17 cells were grown in 75 cm? flask and
incubated at 37 °C supplemented with 5% CO. until they reached confluency. After that,
cells were detached by trypsinization and seeded in 96 well plate at a density of 1 x 10°

cells/well to perform the cell viability assay.

3.4 Treatment design
Kainic acid was freshly prepared prior to each experiment and diluted in sterile water. To
elucidate the dopaminergic neurotoxicity of kainic acid, different concentrations (100uM,
250uM, 500uM, 1mM, 2.5mM) of kainic acid were exposed to N27 and M17 neuronal cells
for 24, 48, and 72 hours. To establish the neurotoxicity of kainic acid on oxidative stress
and apoptosis, M17 neuronal cells were selected. The various groups were control, kainic
acid (100uM), kainic acid (2.5mM), glutamate (10mM), glutamate (100mM), and MPP*
(500uM) exposed to M17 neuronal cells for 48 hours in serum free medium then collected
via trypsinization and centrifugation with serum-fed media. The serum-fed media was
removed, and the pellet was kept for each group. Cold PBS was added to pellet with
sonication under ice and centrifugation at 4°C to have the supernatant layer and to be kept
at -80. MPP* and glutamate were used to validate the dopaminergic neurotoxicity of kainic

acid as positive controls.

3.5 Cytotoxicity assay
MTT cell viability assay was used to evaluate the neurotoxicity of KA on N27 rat
dopaminergic neuronal cells and M17 human neuroblastoma cells. The principle behind

this assay is MTT (tetrazolium bromide) is reduced into insoluble purple crystal formazan
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dye by mitochondrial succinate dehydrogenase, and the formed formazan is measured
colorimetry at 544nm using Synergy HT (Winooski, VT, USA) Bio-Tek microtiter plate
reader Inc (Berridge, Herst, & Tan, 2005; Katz et al., 2018; Mosmann, 1983; Ramesh et
al., 2018). After 48 and 72 hours of incubation with KA, MPP* and glutamate in serum free
medium, 0.5% w/v MTT reagent was added to each well and incubated for 2 hours. Then
the medium was aspirated and DMSO was added to solubilize the formazan crystals and

kept for 10 minutes. Results were expressed as a percentage change as compared to control.

3.6 Protein quantification
Thermo scientific pierce 660nm Protein Assay reagent kit (Pierce, Rockford, IL) was used
for protein quantification and bovine serum albumin was used as a standard for protein

measurement.

3.7 Western Blot analysis of Tyrosine hydroxylase expression
Tyrosine hydroxylase expression was assayed for treated cells by using western blot.
Human neuroblastoma M17 neuronal cells were lysed by using lysis buffer and equal
protein amounts of cell lysates were analyzed by western blot. The samples were heated
to denature the protein at 95°C for Sminutes and centrifuged for 1 minute before loading
on 10% SDS-PAGE gel for protein separation. The separated proteins on SDS-PAGE were
transferred onto nitrocellulose membrane and blocked with 5% BSA in Tris-buffered saline
plus 0.1% Tween-20 (TBST) at pH 7.4. The membrane blot was incubated overnight at
4°C with tyrosine hydroxylase antibody constituted in 5% BSA in TBST. Primary
antibodies used in this study were anti-GAPDH and anti- tyrosine hydroxylase primary
antibodies. The membrane was washed with TBST (3X, each for 5 min) and incubated with

species dependent anti-rabbit 1gG HRP- linked antibody as a secondary antibody for 60
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min at room temperature. Membrane was again washed three times for 5 minutes with

TBST. After washing, membrane was analyzed in ChemiDoc™ MP Imaging system.

3.8 Hydrogen peroxide estimation
Control and treated cell homogenates were read fluorometrically using an excitation
wavelength 335nm and emission wavelength 390nm. Hydrogen peroxide standard curve

was used to estimate hydrogen peroxide content in each sample.

3.9 NADH estimation
Cell homogenates of the control and treated groups were read spectrofluorometrically at

340nm. NADH standard curve was used to estimate NADH content in each sample.

3.10 Nitrite content
Nitrite assay was measured by using Griess reagent. Nitric oxide reacts with sulfanilamide
moiety under acidic condition to form diazonium ion. This ion is coupled to N-(1-naphthyl)
ethylenediamine to form chromophoric azo product that can be measured
spectrophotometrically at 545nm (Giustarini, Dalle-Donne, Colombo, Milzani, & Rossi,

2008).

3.11 Lipid peroxide content
Lipid peroxidation occurs due to degradation of the lipids when free radicals attack the
polyunsaturated fatty acid of the cell membrane. Lipid peroxide content was estimated by
measuring malondialdehyde (MDA) content in the form of thiobarbituric acid-reactive
substances (TBARS) (Ohkawa, Ohishi, & Yagi, 1979). Control and treated cell
homogenates were added to trichloroacetic acid (TCA, 20 % wi/v), thiobarbituric acid

(TBA, 0.5 % wi/v), and deionized water and to be placed in water bath at 80°C for 15
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minutes. Then the samples were cooled in ice for 5 minutes and centrifuged at 10,000 rpm.
The supernatant was read at 532nm. MDA levels was measured as TBARS per mg protein

(Dhanasekaran et al., 2007).

3.12 Interleukin- 1 converting enzyme activity
Interleukin- 1 converting enzyme activity in cell homogenates is detected by the cleavage
of (AC-YVAD-AMC) to liberate a fluorescent AMC by Interleukin- 1 converting enzyme
to induce inflammation, so the amount of the liberated AMC is proportional to Interleukin-
1 converting enzyme activity. Cell homogenate was mixed with AC-YVAD-AMC (10uM)
to be measured fluorometrically at excitation wavelength 360nm and emission wavelength

460nm.

3.13Caspase 3 activity

Caspase 3 activity in cell homogenates is detected by the cleavage of (AC-DEVD-AMC)
to liberate a fluorescent AMC by caspase 3 in apoptotic cells, so the amount of the liberated
AMC is proportional to caspase 3 activity.

Cell homogenate was mixed with AC-DEVD-AMC (10uM) to be measured

fluorometrically at excitation wavelength 360nm and emission wavelength 460nm.

3.14 Statistical Analysis
Data were reported as mean £ SEM. Statistical analysis was accomplished using one-way
analysis of variance (ANOV A) followed by Tukey’s multiple comparison test. p<0.05 was
considered to be statistically significant. Statistical analysis was performed using Prism-V

software (La Jolla, CA, USA).
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4. Results

4.1 Kainic acid induced dose and time dependent reduction of neuroblastoma M17 and

dopaminergic N27 neuronal cells based on cell viability assay.

Human neuroblastoma M17 cells and N27 rat dopaminergic neuronal cells were treated with
different concentrations (100uM, 250uM, 500uM, 1mM, 2.5mM) of kainic acid for 24, 48 and
72 hours. M17 and N27 neuronal cells treated for 24 hours had no significant neurotoxicity
(data not shown). The endogenous neurotoxin glutamate and the exogenous neurotoxin MPP*
were used as positive controls for validation. Kainic acid caused a significant reduction in M17
and N27 neuronal cell viability in a dose and time dependent manner as compared to control
(n=20, p<0.0001, figure 4.1(a) and (b)). For the positive controls MPP* and glutamate, a
significant reduction in neuronal cell viability has been elucidated in a dose and time dependent
manner in both neuronal cell lines as compared to control. Interestingly, the neurotoxic effect
of MPP* and glutamate was more pronounced than the neurotoxic effect of kainic acid in both

neuronal cell lines (n=20, p<0.0001, figure 4.1(c), (d), (e), ().
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Figure 4 .1 (a) Effect of kainic acid on M17 neuroblastoma cells viability

Time and dose dependent effect of kainic acid on M17
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4.1(a): M17 neuroblastoma cells were treated with different doses of kainic acid for 48and 72 hours

Neuronal viability was evaluated by using the MTT reduction assay. Results were expressed as percentage
control £ SEM. Statistical comparisons were made using one-way ANOVA/ Tukey's Multiple Comparison Test.
Note (*) indicates a statistically significant difference when compared to controls (p < 0.0001).
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Figure 4.1 (b) Effect of kainic acid on dopaminergic N27 neuronal viability
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4.1 (b): N27 dopaminergic neuronal cells were treated with different doses of kainic acid for 48 and 72

hours.

Neuronal viability was evaluated by using the MTT reduction assay. Results were expressed as percentage
control £ SEM. Statistical comparisons were made using one- way ANOVA/ Tukey's Multiple Comparison
Test. Note (*) indicates a statistically significant difference when compared to controls (p < 0.0001).
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Figure 4.1 (c) Effect of MPP* on neuroblastoma M17 neuronal viability
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4.1 (c): M17 neuroblastoma cells were treated with different doses of MPP* for 48 and 72 hours

Neuronal viability was evaluated by using the MTT reduction assay. Results were expressed as percentage
control £ SEM. Statistical comparisons were made using one- way ANOVA/ Tukey's Multiple Comparison
Test. Note (*) indicates a statistically significant difference when compared to controls (p < 0.0001).
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Figure 4.1 (d) Effect of MPP* on dopaminergic N27 neuronal viability
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4.1 (d): N27 dopaminergic neuronal cells were treated with different doses of MPP* for 48 and 72

hours

Neuronal viability was evaluated by using the MTT reduction assay. Results were expressed as percentage
control £ SEM. Statistical comparisons were made using one- way ANOVA/ Tukey's Multiple Comparison
Test. Note (*) indicates a statistically significant difference when compared to controls (p < 0.0001).

74



Figure 4.1 (e) Effect of glutamate on neuroblastoma M17 neuronal viability

Time and dose dependent effect of glutamate on M17
neuroblastoma cells
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4.1(e): M17 neuroblastoma cells were treated with different doses of glutamate for 48 and 72 hours

Neuronal viability was evaluated by using the MTT reduction assay. Results were expressed as percentage
control £ SEM. Statistical comparisons were made using one- way ANOVA/ Tukey's Multiple Comparison
Test. Note (*) indicates a statistically significant difference when compared to controls (p < 0.0001).
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Figure 4.1 (f) Effect of glutamate on dopaminergic N27 neuronal viability
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4.1 (f): N27 dopaminergic neuronal cells were treated with different doses of glutamate for 48 and 72

hours

Neuronal viability was evaluated by using the MTT reduction assay. Results were expressed as percentage
control £ SEM. Statistical comparisons were made using one- way ANOVA/ Tukey's Multiple Comparison
Test. Note (*) indicates a statistically significant difference when compared to controls (p < 0.0001).
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4.2 Effect of kainic acid, MPP*, and glutamate on tyrosine hydroxylase expression in
M17 neuroblastoma cells.
Tyrosine hydroxylase is the rate limiting enzyme in dopamine synthesis. Any drug that
decreases tyrosine hydroxylase expression or activity is considered as a dopaminergic
neurotoxin. MPP* is a valid dopaminergic neurotoxin, so it is hypothesized that it causes a
significant dopaminergic neuronal cell death as compared to control. MPP* (500uM) and
glutamate (100mM) caused a significant reduction in tyrosine hydroxylase expression in M17
neuroblastoma cells because MPP is a valid dopaminergic neurotoxin as compared to kainic

acid and glutamate (n=3, p<0.05; figure 4.2 (a, b).
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Figure 4.2 (a, b): The effect of kainic acid, MPP*, and glutamate on Tyrosine hydroxylase expression in M17
neuroblastoma cells.

Glutamate (100mM) and MPP* (500uM) caused a significant decrease in tyrosine hydroxylase expression in M17
neuroblastoma cells (n=3, p<0.05). blots were prepared by using 1:1000 dilution with primary antibodies. GADPH
(1:1000) was used as a loading control. Band densities for each sample were normalized to their respective
GAPDH signal and reported as a fold change as compared to control + SEM. Statistical comparisons were made
using one-way ANOVA/ Tukey's Multiple Comparison Test.



4.3 Effect of kainic acid, MPP*, and glutamate on H>O, production in M17
neuroblastoma cells.
Generation of hydrogen peroxide is associated with neurodegeneration and oxidative stress.

MPP* (500uM) caused a significant increase in hydrogen peroxide formation in M17 neuronal

cells (n=5, p<0.05; figure 4.3).
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Figure 4.3: The effect of kainic acid, MPP*, and glutamate on H,O- production in M17 neuroblastoma cells.

MPP* (500uM) caused a significant increase in hydrogen peroxide production in M 17 neuroblastoma cells (n=5,
p<0.05). Hydrogen peroxide production was determined spectrofluorometrically at excitation 335/emission

390nm. Results were expressed as control + SEM. Statistical comparisons were made using one-way ANOVA/
Tukey's Multiple Comparison Test.
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4.4 Effect of kainic acid, MPP*, and glutamate on NADH production in M17
neuroblastoma cells.
NADH is a cofactor that plays a central role in cellular energy production and metabolism.
MPP* (500uM) caused a significant reduction in NADH content in M17 neuronal cells (n=5,

p<0.05; table 14).

Doses NADH content
(uM/ mg protein)
Control 5620.73 + 686.3
Kainic acid (100uM) 5643.76 = 640.7
Kainic acid (2.5mM) 4509.56 + 225.4
Glutamate (10mM) 4219.29 + 377.1
Glutamate (100mM) 6072.88 £ 457
MPP* 1432.02 + 490.4 (***)

Table 14: The effect of kainic acid, MPP*, and glutamate on NADH content in M17 neuroblastoma cells.
MPP* (500uM) caused a significant reduction in NADH content in M17 neuroblastoma cells (n=5, p<0.05).

NADH content was determined spectrofluorometrically at 340nm. Results were expressed as control £ SEM.
Statistical comparisons were made using one-way ANOVA/ Tukey's Multiple Comparison Test.
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4.5 Effect of kainic acid, MPP*, and glutamate on nitrite production in M17
neuroblastoma cells.
Nitrite production leads to oxidative stress that is associated with neurodegenerative diseases,
such as Parkinson disease (Qureshi et al., 1995). MPP* (500uM), kainic acid (100uM, 2.5mM),
and glutamate (10,200mM) caused an increase in nitrite production in M17 neuronal cells (n=5,

p<0.05; figure 4.5) but the effect was not statically significant.
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Figure 4.5: The effect of kainic acid, MPP*, and glutamate on nitrite production in M17 neuroblastoma cells.

MPP* (500uM), kainic acid (100uM, 2.5mM), and glutamate (10, 100mM) caused an increase in nitrite content
in M17 neuroblastoma cells (n=5, p<0.05) but the effect was not statically significant. Nitrite content was
determined colorimetrically at 540 nm. Results were expressed as control £ SEM. Statistical comparisons were
made using one-way ANOVA/ Tukey's Multiple Comparison Test.
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4.6 Effect of kainic acid, MPP*, and glutamate on lipid peroxide content in M17
neuroblastoma cells.
MPP* (500uM) significantly induced lipid peroxide content in M17 neuronal cells (n=5,

p<0.05; figure 4.6).
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Figure 4.6: The effect of kainic acid, MPP*, and glutamate on lipid peroxide content in M17 neuroblastoma cells.

MPP* (500uM) caused a significant increase in lipid peroxide content in M17 neuroblastoma cells (n=5, p<0.05).

Lipid peroxidation was measured colorimetrically at 532nm as TBARS, a marker of cellular membrane damage.
Results were expressed as control + SEM. Statistical comparisons were made using one-way ANOVA/ Tukey's
Multiple Comparison Test.
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4.7 Effect of kainic acid, MPP*, and glutamate on interleukin-1 converting enzyme
activity in M17 neuroblastoma cells.
Interleukin-1 converting enzyme is an enzyme of cysteine proteases family. It has a role to
produce interleukin-1 beta that is considered as a mediator of inflammation (Thornberry &
Molineaux, 1995). MPP* (500uM) caused a significant increase in interleukin-1 converting

enzyme activity in M17 neuronal cells (n=5, p<0.05; Figure 4.7).
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Figure 4.7: The effect of kainic acid, MPP*, and glutamate on interleukin-1 converting enzyme activity in M17

neuroblastoma cells.

MPP* (500uM) caused a significant increase in interleukin-1 converting enzyme activity in M17 neuroblastoma
cells (n=5, p<0.05). Interleukin-1 converting enzyme activity was determined spectrofluorometrically at
excitation 360/emission 460 nm. Results were expressed as control + SEM. Statistical comparisons were made
using one-way ANOVA/ Tukey's Multiple Comparison Test.
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4.8 Effect of kainic acid, MPP*, and glutamate on caspase 3 activity in M17
neuroblastoma cells.
Caspase 3 is an enzyme that mediates programmed cell death (apoptosis) also it plays a major
role in normal brain development (Porter & Janicke, 1999). MPP* (500uM) caused a significant

increase in caspase 3 activity in M17 neuronal cells (n=5, p<0.05; Figure 4.8).
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Figure 4.8: The effect of kainic acid, MPP*, and glutamate on caspase 3 activity in M17 neuroblastoma cells.

MPP* (500uM) caused a significant increase in caspase 3 activity in M17 neuroblastoma cells (n=5, p<0.05).
Caspase 3 activity was determined spectrofluorometrically at excitation 360/emission 460 nm. Results were
expressed as control £ SEM. Statistical comparisons were made using one-way ANOVA/ Tukey's Multiple
Comparison Test.
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4.9 Computational analysis of kainic acid, glutamic acid, and MPTP.
We looked to the structural features of MPTP, glutamate, and kainic acid using quikpro
scientific software. Based on log P value (table 15), MPTP is more lipophilic that gives it the

capability to cross blood brain barrier to elicit significant dopaminergic neurotoxicity as

compared to glutamate and kainic acid (table 16).

Compound | Molecular | Donor Accept LogP % Human | Rule of 5
weight HB HB oral
absorption
Kainic acid | 213.233 |3 55 -1.3 24.1 0
Glutamic 147.13 4 5 -3.02 4.981 0
acid
MPTP 173.257 0 2 2.5 100 0

Table 15: The permissible ranges are as follows: Mol wt: (130-725), Donor HB: (0.0-6.0), Accept HB: (2.0—
20.0), LogP: (—2.0 to 6.5), % Human oral absorption: >80% high, <25% low, Rule of five (maximum 4).

Compound | SASA(A) | FOSA(A) | FISA PISA #metab | CNS QPlog
A) A) BB

Kainic acid | 417.089 | 188.398 | 201.083 | 27.608 | 4 -1 -0.854

Glutamic 338.401 | 81.462 256.939 | 0 4 -2 -1.3

acid

MPTP 422 199.911 | 5.935 216.153 | 3 2 0.9

Table 16: The permissible ranges are as follows: Area are (300-1000), FOSA: Hydrophobic components of the
SASA (0.0-750.0), FISA: Hydrophilic components of the SASA (7.0-330.0), PISA: & (carbon and attached
hydrogen) components of the SASA (0.0-450.0), #metab: Number of likely metabolic reactions (1 — 8) CNS: -2
(inactive) to +2 (active), QPlog BB: (—3.0 to —1.2) polar compounds have large negative values
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5. Discussion

Kainic acid is a dicarboxylic acid, a pyrrolidine carboxylic acid, a L-proline derivative and a
non-proteinogenic L-alpha-amino acid. Kainic acid exerts its pharmacological and
toxicological effect by acting as a kainate receptor (ionotropic glutamate receptor agonist).
Pharmacologically, it has been considered as an antihelminth drug to remove worms from the
gastrointestinal tract and as an excitatory amino acid (glutamate) agonist. Kainate receptors are
highly expressed in the brain with the greatest expression in the CA3 region of the
hippocampus, and in the amygdala, perirhinal and entorhinal cortex (Miller et al., 1990). It is
mainly used as an animal model to induce seizures model of epileptogenesis. Other glutamate
analogue structurally related to kainic acid is domoic acid. In this study, Both M17 human
neuroblastoma cells and rat N27 rat dopaminergic neuronal cells were used because both
express high tyrosine hydroxylase activity (rate limiting enzyme in dopamine synthesis).
Moreover, M17 human neuroblastoma cells express moderate dopamine-beta- hydroxylase
activity (the enzyme that converts dopamine into norepinephrine) which gives it the capability
to express both dopamine and norepinephrine. For rat N27 dopaminergic neuronal cells, they
express DATs, MAO transporters, and VMATS that make both dopaminergic N27 and M17

neuronal cells good in vitro models to study dopaminergic neurotoxicity of various neurotoxin.

Glutamic acid is the main excitatory neurotransmitter that binds to a ligand gated ion channel,
such as NMDA, AMPA, and kainate receptors to cause depolarization under normal conditions
(Monaghan, Bridges, & Cotman, 1989). Normal endogenous levels of glutamate in the brain
are ranged between 0.5-2uM in the extracellular fluid of the brain which is required to maintain
normal functions of neurons, astrocytes and blood brain barrier (Hawkins, 2009). In rats, basal

glutamate levels in hippocampus is 25nM and 0-2 uM in the whole brain (Blaker, Moore, &
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Yamamoto, 2019; Herman & Jahr, 2007). If glutamate levels exceed normal levels, neuronal
death can occur. Similarly, in our study low doses of glutamate did not induce any
neurotoxicity, however, at high doses 10,25,50, and 100mM glutamate caused significant
dopaminergic neuronal death.

Excitotoxicity occurs when the neurons are activated / excited by glutamate to induce
depolarization. However, prolonged activation of glutamate receptors leads to excitotoxicity
and neuronal cell death that is linked to neurodegenerative diseases, such as Parkinson’s
disease, Huntington's disease, and Alzheimer’s disease (Doble, 1999). Excitatory amino acids
are classified into endogenous excitatory amino acids, such as glutamate and exogenous
excitatory amino acids, such as quisqualic, kainic, and domoic acids (Doble, 1999). Excitatory
amino acid receptors are classified into NMDA, AMPA/kainate recptors, and metabotropic
receptors and each type of these receptors has different subtypes (Monaghan et al., 1989). The
mechanism of excitotoxicity undergoes to the impairment of calcium homeostasis, activation
of nitric oxide synthesis, generation of free radicals and apoptosis (Wong, Cai, Borchelt, &
Price, 2002). Impairment of calcium homeostasis is caused by prolonged depolarization of
neurons to cause subsequent high calcium influx overload that leads to the activation of
enzymes that breakdown proteins, membranes, and nucleic acid leading to cell death
(Berliocchi, Bano, & Nicotera, 2005). In cerebrovascular disease, nitric oxide synthesis is
activated by glutamate release and inhibition of its removal leading to overactivation of NMDA
receptors and high calcium influx leading to excitotoxicity and cell death (Law, Gauthier, &
Quirion, 2001). Free radicals or reactive oxygen species (ROS) are harmful products that are
resulted by oxygen metabolism to induce cell death and mitochondrial dysfunction (Berman &
Hastings, 1999). Excitotoxicity has a significant role in neurodegenerative diseases. In
Huntington’s disease, insoluble nuclear aggregates are formed in the brain that activate NMDA

receptors to cause alteration of calcium signalling leading to cell death (H. Zhang et al., 2008).
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Interestingly, intrastriatal injection of KA leads to excitotoxicity in striatum in Huntington’s
disease (Coyle & Schwarcz, 1976) suggesting that both KA and NMDA receptor agonists, such
as quinolinic acid cause neuronal cell apoptosis by the activation of NF-kB and other
proapoptotic proteins in rat striatum (Nakai, Qin, Chen, Wang, & Chase, 2000; Qin et al.,
1999). In Alzheimer’s disease, which is characterized by a memory loss and cholinergic
neurons deficits in the hippocampus, is linked to excitotoxicity. Amyloid beta aggregates and
intracellular neurofibrillary tangles which are considered as the two main biomarkers of the
pathophysiology of Alzheimer’s disease play significant role in excitotoxicity, oxidative stress
and apoptosis (Robinson & Bishop, 2002). Interestingly, the glutamatergic signalling is
compromised by amyloid beta aggregation that is parallel to cognitive deficits in Alzheimer’s
disease (Parameshwaran, Dhanasekaran, & Suppiramaniam, 2008). Furthermore, amyloid beta
aggregation in Alzheimer’s disease is linked to overactivation of NMDA receptors suggesting
that NMDA antagonists, such as memantine produced a neuroprotective effect against
excitotoxicity in Alzheimer’s disease (Miguel-Hidalgo, Alvarez, Cacabelos, & Quack, 2002).
Amyloid beta aggregation causes excessive generation of ROS by overactivation of NMDA
receptors leading to dysregulation of NMDA receptors and oxidative stress (De Felice et al.,
2007). In Parkinson’s disease which is defined as a massive depletion of dopamine in the
striatum to cause a loss of locomotion activity is linked to excitotoxicity and cell death.
Dopaminergic neuronal loss is attributed to glutamate induced excitotoxicity (Muddapu,
Mandali, Chakravarthy, & Ramaswamy, 2019). It has been demonstrated that parkin encoded
by PARK2 gene regulates protein breakdown in the brain and a mutation of this gene is
attributed to protein aggregation and misfolding in PD (Miklya, Goltl, Hafenscher, & Pencz,
2014). Parkin regulates the stability of glutamatergic synapses, so the expression of parkin in
the postsynaptic terminal supress the excitatory glutamatergic transmission in hippocampal

neurons. In PD, PARK2 gene is mutated to form misfunctioning parkin that increases
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glutamatergic synapses and induces excitotoxicity (Helton, Otsuka, Lee, Mu, & Ehlers, 2008).
Interestingly, some studies showed that NMDA antagonists can prevent parkinsonian
symptoms or they can produce a synergistic effect when they are combined with L-dopa in PD
animal model (Dauer & Przedborski, 2003). The excitotoxicity induced in dopaminergic
neurons by MPTP has been alleviated by using NMDA antagonist MK-801 (dizocilpine)
suggesting that MK-801 produced a neuroprotective effect against excitotoxicity induced by
MPTP in dopaminergic neurons (Moring, Niego, Ganley, Trumbore, & Herbette, 1994). It has
been published that dopamine has a neuroprotective effect against excitotoxicity induced by
glutamate because it modulates calcium signalling in cortical hippocampal and midbrain
neurons. The protective effect of dopamine against excitotoxicity induced by glutamate is
mediated by using DA agonists especially D2 agonists and exacerbated by using D, antagonists
(Vaarmann, Kovac, Holmstrom, Gandhi, & Abramov, 2013). Interestingly, it has been
demonstrated that DA and D> or D4 receptor agonists significantly supress NMDA receptor
activation (Higley & Sabatini, 2010; Wang, Zhong, Gu, & Yan, 2003). To wrap up, glutamate
excitotoxicity plays a significant role in the pathogenesis and progression of neurodegenerative
diseases suggesting that glutamate antagonists, such as NMDA antagonist can be used to
alleviate the symptoms of neurodegenerative diseases beside the conventional treatment.

Thus, there are abundant evidence of NMDA mediated excitotoxicity playing a vital role in
neurodegeneration. Kainic acid by acting on the kainate receptor also has shown to exhibit
signal transduction mechanisms like the effect of glutamate binding to NMDA receptors.

The rationale behind the study is Tyrosine hydroxylase is the rate limiting enzyme in the
synthesis of dopamine. Based on the quikpro and receptor binding study, kainic acid can cross
the neuronal membrane and bind to tyrosine hydroxylase which can result in decreased
expression or activity. Thus, kainic acid can cause decreased dopamine formation and

significant dopaminergic neurotoxicity.
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This study hypothesized that kainic acid would elicit dopaminergic neurotoxicity as compared
to the established and accepted dopaminergic neurotoxin, MPP*.  However, the study
contradicts the hypothesis, as kainic acid exerted weak dopaminergic neurotoxicity as
compared to MPP*. Moreover, kainic acid did not induce oxidative stress (increase pro-
oxidants to induce lipid peroxidation), mitochondrial dysfunction (decrease in NADH content
leading to ATP depletion), inflammation (increase in interleukin-1 activity), and apoptosis
(increase in caspase-3 activity).

To sum up kainic acid failed to induce oxidative stress, apoptosis, inflammation and had no
effect on tyrosine hydroxylase expression as compared to the exogenous dopaminergic

neurotoxin MPP* that makes it a weak dopaminergic neurotoxin figure 5.1.
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More reduction of tyrosine hydroxylase
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dysfunctions ~—* less apoptosis — * less inflammation” * less dopaminergic
neurotoxicity

Figure 5.1: Comparison of the dopaminergic neurotoxic effect and mechanisms between kainic acid and MPP*,
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6. Conclusion

Kainic acid, even at high doses and after prolonged incubation did not exhibit complete
dopaminergic neuronal cell death in both human dopaminergic M17 neuronal cells and rat
dopaminergic N27 neuronal cells. The dopaminergic neurotoxicity of kainic acid is not as
potent as compared to the dopaminergic neurotoxin MPP*. The lack of potent dopaminergic
neurotoxicity can be due to its ability not to affect the tyrosine hydroxylase expression,
hydrogen peroxide content, nitrite content, lipid peroxide content, NADH content, interleukin-
1 converting enzyme activity, and capase-3 activity in human dopaminergic M17 neuronal

cells.

91



7. References

Abbud, R., & Smith, M. S. (1991). Differences in the luteinizing hormone and prolactin
responses to multiple injections of kainate, as compared to N-methyl-D,L-aspartate, in
cycling rats. Endocrinology, 129(6), 3254-3258. doi: 10.1210/endo-129-6-3254

Abi-Dargham, A., Rodenhiser, J., Printz, D., Zea-Ponce, Y., Gil, R., Kegeles, L. S, . ..
Laruelle, M. (2000). Increased baseline occupancy of D2 receptors by dopamine in
schizophrenia. Proc Natl Acad Sci U S A, 97(14), 8104-8109. doi:
10.1073/pnas.97.14.8104

Abi-Dargham, A., van de Giessen, E., Slifstein, M., Kegeles, L. S., & Laruelle, M. (2009).
Baseline and amphetamine-stimulated dopamine activity are related in drug-naive
schizophrenic subjects. Biol Psychiatry, 65(12), 1091-1093. doi:
10.1016/j.biopsych.2008.12.007

AbuHasan, Q., & Munakomi, S. (2020). Neuroanatomy, Pyramidal Tract StatPearls.
Treasure Island (FL).

Adinoff, B. (2004). Neurobiologic processes in drug reward and addiction. Harv Rev
Psychiatry, 12(6), 305-320. doi: 10.1080/10673220490910844

Ahern, T. H., Javors, M. A,, Eagles, D. A., Martillotti, J., Mitchell, H. A, Liles, L. C., &
Weinshenker, D. (2006). The effects of chronic norepinephrine transporter
inactivation on seizure susceptibility in mice. Neuropsychopharmacology, 31(4), 730-
738. doi: 10.1038/sj.npp.1300847

Ahmad, S., Fowler, L. J., & Whitton, P. S. (2005). Lamotrigine, carbamazepine and
phenytoin differentially alter extracellular levels of 5-hydroxytryptamine, dopamine
and amino acids. Epilepsy Res, 63(2-3), 141-149. doi:
10.1016/j.eplepsyres.2005.02.002

Alam, A. M., & Starr, M. S. (1994). Effects of dopamine D3 receptor agonists on
pilocarpine-induced limbic seizures in the rat. Neuroscience, 60(4), 1039-1047. doi:
10.1016/0306-4522(94)90281-x

Applegate, C. D., & Tecott, L. H. (1998). Global increases in seizure susceptibility in mice
lacking 5-HT2C receptors: a behavioral analysis. Exp Neurol, 154(2), 522-530. doi:
10.1006/exnr.1998.6901

Arnold, P. S., Racine, R. J., & Wise, R. A. (1973). Effects of atropine, reserpine, 6-
hydroxydopamine, and handling on seizure development in the rat. Exp Neurol, 40(2),
457-470. doi: 10.1016/0014-4886(73)90087-3

Arreola, R., Alvarez-Herrera, S., Perez-Sanchez, G., Becerril-Villanueva, E., Cruz-Fuentes,
C., Flores-Gutierrez, E. O., . . . Pavon, L. (2016). Immunomodulatory Effects
Mediated by Dopamine. J Immunol Res, 2016, 3160486. doi: 10.1155/2016/3160486

Baf, M. H., Subhash, M. N., Lakshmana, K. M., & Rao, B. S. (1994a). Alterations in
monoamine levels in discrete regions of rat brain after chronic administration of
carbamazepine. Neurochem Res, 19(9), 1139-1143. doi: 10.1007/BF00965147

Baf, M. H., Subhash, M. N., Lakshmana, K. M., & Rao, B. S. (1994b). Sodium valproate
induced alterations in monoamine levels in different regions of the rat brain.
Neurochem Int, 24(1), 67-72. doi: 10.1016/0197-0186(94)90130-9

Bagdy, G., Kecskemeti, V., Riba, P., & Jakus, R. (2007). Serotonin and epilepsy. J
Neurochem, 100(4), 857-873. doi: 10.1111/j.1471-4159.2006.04277.x

Baik, J. H. (2013a). Dopamine signaling in food addiction: role of dopamine D2 receptors.
BMB Rep, 46(11), 519-526. doi: 10.5483/bmbrep.2013.46.11.207

92



Baik, J. H. (2013b). Dopamine signaling in reward-related behaviors. Front Neural Circuits,
7, 152. doi: 10.3389/fncir.2013.00152

Bamford, C. R., Highkin, D. J., Sandyk, R., Travis, T., Lee, S., Torres, F., & Auerbach, G.
(1990). Serial epilepsy caused by levodopa/carbidopa administration in two patients
on hemodialysis. Int J Neurosci, 50(3-4), 209-214. doi: 10.3109/00207459008987173

Bannon, M. J., Bunney, E. B., Zigun, J. R., Skirboll, L. R., & Roth, R. H. (1980). Presynaptic
dopamine receptors: insensitivity to kainic acid and the development of
supersensitivity following chronic haloperidol. Naunyn Schmiedebergs Arch
Pharmacol, 312(2), 161-165. doi: 10.1007/bf00569725

Bariselli, S., Glangetas, C., Tzanoulinou, S., & Bellone, C. (2016). Ventral tegmental area
subcircuits process rewarding and aversive experiences. J Neurochem, 139(6), 1071-
1080. doi: 10.1111/jnc.13779

Barnes, N. M., & Sharp, T. (1999). A review of central 5-HT receptors and their function.
Neuropharmacology, 38(8), 1083-1152.

Bateup, H. S., Svenningsson, P., Kuroiwa, M., Gong, S., Nishi, A., Heintz, N., & Greengard,
P. (2008). Cell type-specific regulation of DARPP-32 phosphorylation by
psychostimulant and antipsychotic drugs. Nat Neurosci, 11(8), 932-939. doi:
10.1038/nn.2153

Baulac, M., de Boer, H., Elger, C., Glynn, M., Kalviainen, R., Little, A., ... Ryvlin, P.
(2015). Epilepsy priorities in Europe: A report of the ILAE-IBE Epilepsy Advocacy
Europe Task Force. Epilepsia, 56(11), 1687-1695. doi: 10.1111/epi.13201

Beaulieu, J. M., Del'guidice, T., Sotnikova, T. D., Lemasson, M., & Gainetdinov, R. R.
(2011). Beyond cAMP: The Regulation of Akt and GSK3 by Dopamine Receptors.
Front Mol Neurosci, 4, 38. doi: 10.3389/fnmol.2011.00038

Beaulieu, J. M., Espinoza, S., & Gainetdinov, R. R. (2015). Dopamine receptors - IUPHAR
Review 13. Br J Pharmacol, 172(1), 1-23. doi: 10.1111/bph.12906

Beaulieu, J. M., & Gainetdinov, R. R. (2011). The physiology, signaling, and pharmacology
of dopamine receptors. Pharmacol Rev, 63(1), 182-217. doi: 10.1124/pr.110.002642

Beaulieu, J. M., Gainetdinov, R. R., & Caron, M. G. (2007). The Akt-GSK-3 signaling
cascade in the actions of dopamine. Trends Pharmacol Sci, 28(4), 166-172. doi:
10.1016/j.tips.2007.02.006

Beaulieu, J. M., Gainetdinov, R. R., & Caron, M. G. (2009). Akt/GSK3 signaling in the
action of psychotropic drugs. Annu Rev Pharmacol Toxicol, 49, 327-347. doi:
10.1146/annurev.pharmtox.011008.145634

Beaulieu, J. M., Sotnikova, T. D., Marion, S., Lefkowitz, R. J., Gainetdinov, R. R., & Caron,
M. G. (2005). An Akt/beta-arrestin 2/PP2A signaling complex mediates dopaminergic
neurotransmission and behavior. Cell, 122(2), 261-273. doi:
10.1016/j.cell.2005.05.012

Beaulieu, J. M., Sotnikova, T. D., Yao, W. D., Kockeritz, L., Woodgett, J. R., Gainetdinov,
R. R., & Caron, M. G. (2004). Lithium antagonizes dopamine-dependent behaviors
mediated by an AKT/glycogen synthase kinase 3 signaling cascade. Proc Natl Acad
Sci U S A, 101(14), 5099-5104. doi: 10.1073/pnas.0307921101

Beaulieu, J. M., Tirotta, E., Sotnikova, T. D., Masri, B., Salahpour, A., Gainetdinov, R. R., . .
. Caron, M. G. (2007). Regulation of Akt signaling by D2 and D3 dopamine receptors
in vivo. J Neurosci, 27(4), 881-885. doi: 10.1523/JNEUROSCI.5074-06.2007

Becker, D. E. (2010). Nausea, vomiting, and hiccups: a review of mechanisms and treatment.
Anesth Prog, 57(4), 150-156; quiz 157. doi: 10.2344/0003-3006-57.4.150

Begley, C. E., & Durgin, T. L. (2015). The direct cost of epilepsy in the United States: A
systematic review of estimates. Epilepsia, 56(9), 1376-1387. doi: 10.1111/epi.13084

93



Bengzon, J., Hansson, S. R., Hoffman, B. J., & Lindvall, O. (1999). Regulation of
norepinephrine transporter and tyrosine hydroxylase mRNAs after kainic acid-
induced seizures. Brain Res, 842(1), 239-242. doi: 10.1016/s0006-8993(99)01874-0

Bengzon, J., Kikvadze, 1., Kokaia, M., & Lindvall, O. (1992). Regional Forebrain
Noradrenalin Release in Response to Focal and Generalized Seizures Induced by
Hippocampal Kindling Stimulation. Eur J Neurosci, 4(3), 278-288. doi:
10.1111/j.1460-9568.1992.tb00875.x

Beom, S., Cheong, D., Torres, G., Caron, M. G., & Kim, K. M. (2004). Comparative studies
of molecular mechanisms of dopamine D2 and D3 receptors for the activation of
extracellular signal-regulated kinase. J Biol Chem, 279(27), 28304-28314. doi:
10.1074/jbc.M403899200

Berliocchi, L., Bano, D., & Nicotera, P. (2005). Ca2+ signals and death programmes in
neurons. Philos Trans R Soc Lond B Biol Sci, 360(1464), 2255-2258. doi:
10.1098/rsth.2005.1765

Berman, S. B., & Hastings, T. G. (1999). Dopamine oxidation alters mitochondrial
respiration and induces permeability transition in brain mitochondria: implications for
Parkinson's disease. J Neurochem, 73(3), 1127-1137. doi: 10.1046/j.1471-
4159.1999.0731127.x

Bernstein, A. 1., Stout, K. A., & Miller, G. W. (2014). The vesicular monoamine transporter
2: an underexplored pharmacological target. Neurochem Int, 73, 89-97. doi:
10.1016/j.neuint.2013.12.003

Berridge, M. V., Herst, P. M., & Tan, A. S. (2005). Tetrazolium dyes as tools in cell biology:
new insights into their cellular reduction. Biotechnol Annu Rev, 11, 127-152. doi:
10.1016/S1387-2656(05)11004-7

Berzaghi, M. P., Naffah-Mazzacoratti, M. G., Amado, D., & Cavalheiro, E. A. (1990). Effect
of amygdaloid kindled seizures during pregnancy on neonatal brain biogenic amines.
Braz J Med Biol Res, 23(9), 827-830.

Bjorklund, A., Lindvall, O., & Nobin, A. (1975). Evidence of an incerto-hypothalamic
dopamine neurone system in the rat. Brain Res, 89(1), 29-42. doi: 10.1016/0006-
8993(75)90131-6

Blaker, A. L., Moore, E. R., & Yamamoto, B. K. (2019). Serial exposure to ethanol drinking
and methamphetamine enhances glutamate excitotoxicity. J Neurochem, 151(6), 749-
763. doi: 10.1111/jnc.14861

Blank, D. L. (1976). Effect of combined reserpine and ECS on electroshock seizure
thresholds in mice. Pharmacol Biochem Behav, 4(4), 485-487. doi: 10.1016/0091-
3057(76)90069-1

Blizzard, C. A., Lee, K. M., & Dickson, T. C. (2016). Inducing Chronic Excitotoxicity in the
Mouse Spinal Cord to Investigate Lower Motor Neuron Degeneration. Front
Neurosci, 10, 76. doi: 10.3389/fnins.2016.00076

Bonanno, G., & Raiteri, M. (1987). Release-regulating GABAA receptors are present on
noradrenergic nerve terminals in selective areas of the rat brain. Synapse, 1(3), 254-
257. doi: 10.1002/syn.890010306

Borowicz, K. K., Stepien, K., & Czuczwar, S. J. (2006). Fluoxetine enhances the
anticonvulsant effects of conventional anti-epileptic

drugs in maximal electroshock seizures in mice. pharmacological Reports, 58, 83-90.

Bove, C., Anselmi, L., & Travagli, R. A. (2019). Altered gastric tone and motility response to
brain-stem dopamine in a rat model of parkinsonism. Am J Physiol Gastrointest Liver
Physiol, 317(1), G1-G7. doi: 10.1152/ajpgi.00076.2019

94



Bove, J., Prou, D., Perier, C., & Przedborski, S. (2005). Toxin-induced models of Parkinson's
disease. NeuroRx, 2(3), 484-494. doi: 10.1602/neurorx.2.3.484

Boylan, L. S., Flint, L. A., Labovitz, D. L., Jackson, S. C., Starner, K., & Devinsky, O.
(2004). Depression but not seizure frequency predicts quality of life in treatment-
resistant epilepsy. Neurology, 62(2), 258-261. doi:
10.1212/01.wnl.0000103282.62353.85

Bozzi, Y., & Borrelli, E. (2013). The role of dopamine signaling in epileptogenesis. Front
Cell Neurosci, 7, 157. doi: 10.3389/fncel.2013.00157

Brain, H. (n,d, 11 Jun 2019). Anatomical Distribution In The Central Nervous System.
Retrieved Nov 26, 2019, from https://www.barnardhealth.us/human-brain/i-
anatomical-distribution-in-the-central-nervous-system.html

Braszko, J. J., Bannon, M. J., Bunney, B. S., & Roth, R. H. (1981). Intrastriatal kainic acid:
acute effects on electrophysiological and biochemical measures of nigrostriatal
dopaminergic activity. J Pharmacol Exp Ther, 216(2), 289-293.

Brautigam, C., Hyland, K., Wevers, R., Sharma, R., Wagner, L., Stock, G. J., . . . Hoffmann,
G. F. (2002). Clinical and laboratory findings in twins with neonatal epileptic
encephalopathy mimicking aromatic L-amino acid decarboxylase deficiency.
Neuropediatrics, 33(3), 113-117. doi: 10.1055/s-2002-33673

Brennan, T. J., Seeley, W. W, Kilgard, M., Schreiner, C. E., & Tecott, L. H. (1997). Sound-
induced seizures in serotonin 5-HT2c receptor mutant mice. Nat Genet, 16(4), 387-
390. doi: 10.1038/ng0897-387

Browning, R. A., Wade, D. R., Marcinczyk, M., Long, G. L., & Jobe, P. C. (1989). Regional
brain abnormalities in norepinephrine uptake and dopamine beta-hydroxylase activity
in the genetically epilepsy-prone rat. J Pharmacol Exp Ther, 249(1), 229-235.

Brudzynski, S. M., Cruickshank, J. W., & McLachlan, R. S. (1995). Cholinergic mechanisms
in generalized seizures: importance of the zona incerta. Can J Neurol Sci, 22(2), 116-
120. doi: 10.1017/s031716710004018x

Bruni, J. E., Bose, R., Pinsky, C., & Glavin, G. (1991). Circumventricular organ origin of
domoic acid-induced neuropathology and toxicology. Brain Res Bull, 26(3), 419-424.
doi: 10.1016/0361-9230(91)90016-d

Bucolo, C., Leggio, G. M., Drago, F., & Salomone, S. (2019). Dopamine outside the brain:
The eye, cardiovascular system and endocrine pancreas. Pharmacol Ther, 107392.
doi: 10.1016/j.pharmthera.2019.07.003

Budde, R. B., Arafat, M. A., Pederson, D. J., Lovick, T. A., Jefferys, J. G. R., & Irazoqui, P.
P. (2018). Acid reflux induced laryngospasm as a potential mechanism of sudden
death in epilepsy. Epilepsy Res, 148, 23-31. doi: 10.1016/j.eplepsyres.2018.10.003

Bywood, P. T., & Johnson, S. M. (2000). Loss of tyrosine hydroxylase immunoreactivity in
dendrites is a sensitive index of kainic acid-induced damage in rat substantia nigra
neurons in vivo. Neurosci Lett, 280(1), 5-8. doi: 10.1016/s0304-3940(99)00990-8

Carrozza, D. P., Ferraro, T. N., Golden, G. T., Reyes, P. F., & Hare, T. A. (1991). Partial
characterization of kainic acid-induced striatal dopamine release using in vivo
microdialysis. Brain Res, 543(1), 69-76. doi: 10.1016/0006-8993(91)91049-7

Cerrito, F., Lazzaro, M. P., Gaudio, E., Arminio, P., & Aloisi, G. (1993). 5SHT2-receptors and
serotonin release: their role in human platelet aggregation. Life Sci, 53(3), 209-215.
doi: 10.1016/0024-3205(93)90671-0

Chang, L., & Karin, M. (2001). Mammalian MAP kinase signalling cascades. Nature,
410(6824), 37-40. doi: 10.1038/35065000

Chen, J., Rusnak, M., Luedtke, R. R., & Sidhu, A. (2004). D1 dopamine receptor mediates
dopamine-induced cytotoxicity via the ERK signal cascade. J Biol Chem, 279(38),
39317-39330. doi: 10.1074/jbc.M403891200

95


http://www.barnardhealth.us/human-brain/i-anatomical-distribution-in-the-central-nervous-system.html
http://www.barnardhealth.us/human-brain/i-anatomical-distribution-in-the-central-nervous-system.html

Chen, J., Song, J., Yuan, P., Tian, Q., Ji, Y., Ren-Patterson, R., . . . Weinberger, D. R. (2011).
Orientation and cellular distribution of membrane-bound catechol-O-
methyltransferase in cortical neurons: implications for drug development. J Biol
Chem, 286(40), 34752-34760. doi: 10.1074/jbc.M111.262790

Chen, Q., Tian, F., Yue, Q., Zhan, Q., Wang, M., Xiao, B., & Zeng, C. (2019). Decreased
serotonin synthesis is involved in seizure-induced respiratory arrest in DBA/1 mice.
Neuroreport, 30(12), 842-846. doi: 10.1097/WNR.0000000000001287

Chen, S. C. (2006). Epilepsy and migraine: The dopamine hypotheses. Med Hypotheses,
66(3), 466-472. doi: 10.1016/j.mehy.2005.09.045

Christenson, J. G., Dairman, W., & Udenfriend, S. (1970). Preparation and properties of a
homogeneous aromatic L-amino acid decarboxylase from hog kidney. Arch Biochem
Biophys, 141(1), 356-367. doi: 10.1016/0003-9861(70)90144-x

Cifelli, P., & Grace, A. A. (2012). Pilocarpine-induced temporal lobe epilepsy in the rat is
associated with increased dopamine neuron activity. Int J Neuropsychopharmacol,
15(7), 957-964. doi: 10.1017/S1461145711001106

Ciumas, C., Wahlin, T. B., Espino, C., & Savic, I. (2010). The dopamine system in idiopathic
generalized epilepsies: identification of syndrome-related changes. Neuroimage,
51(2), 606-615. doi: 10.1016/j.neuroimage.2010.02.051

Ciumas, C., Wahlin, T. B., Jucaite, A., Lindstrom, P., Halldin, C., & Savic, 1. (2008).
Reduced dopamine transporter binding in patients with juvenile myoclonic epilepsy.
Neurology, 71(11), 788-794. doi: 10.1212/01.wnl.0000316120.70504.d5

Clayton, P. T., Surtees, R. A., DeVile, C., Hyland, K., & Heales, S. J. (2003). Neonatal
epileptic encephalopathy. Lancet, 361(9369), 1614. doi: 10.1016/s0140-
6736(03)13312-0

Clemens, B. (1988). Dopamine agonist treatment of self-induced pattern-sensitive epilepsy. A
case report. Epilepsy Res, 2(5), 340-343. doi: 10.1016/0920-1211(88)90044-7

Clifford, J. J., Tighe, O., Croke, D. T., Kinsella, A., Sibley, D. R., Drago, J., & Waddington,
J. L. (1999). Conservation of behavioural topography to dopamine D1-like receptor
agonists in mutant mice lacking the D1A receptor implicates a D1-like receptor not
coupled to adenylyl cyclase. Neuroscience, 93(4), 1483-1489. doi: 10.1016/s0306-
4522(99)00297-3

Clinckers, R., Gheuens, S., Smolders, I., Meurs, A., Ebinger, G., & Michotte, Y. (2005). In
vivo modulatory action of extracellular glutamate on the anticonvulsant effects of
hippocampal dopamine and serotonin. Epilepsia, 46(6), 828-836. doi: 10.1111/j.1528-
1167.2005.57004.x

Coyle, J. T., & Schwarcz, R. (1976). Lesion of striatal neurones with kainic acid provides a
model for Huntington's chorea. Nature, 263(5574), 244-246. doi: 10.1038/263244a0

Cozzi, A., Santambrogio, P., Privitera, D., Broccoli, V., Rotundo, L. I., Garavaglia, B., . . .
Levi, S. (2013). Human L-ferritin deficiency is characterized by idiopathic
generalized seizures and atypical restless leg syndrome. J Exp Med, 210(9), 1779-
1791. doi: 10.1084/jem.20130315

Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich, M., & Hemmings, B. A. (1995).
Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B.
Nature, 378(6559), 785-789. doi: 10.1038/378785a0

Csernansky, J. G., Kerr, S., Pruthi, R., & Prosser, E. S. (1988). Mesolimbic dopamine
receptor increases two weeks following hippocampal kindling. Brain Res, 449(1-2),
357-360. doi: 10.1016/0006-8993(88)91053-0

Csernansky, J. G., Mellentin, J., Beauclair, L., & Lombrozo, L. (1988). Mesolimbic
dopaminergic supersensitivity following electrical kindling of the amygdala. Biol
Psychiatry, 23(3), 285-294. doi: 10.1016/0006-3223(88)90039-x

96



Cyr, M., Sotnikova, T. D., Gainetdinov, R. R., & Caron, M. G. (2006). Dopamine enhances
motor and neuropathological consequences of polyglutamine expanded huntingtin.
FASEB J, 20(14), 2541-2543. doi: 10.1096/fj.06-6533fje

Dailey, J. W., Yan, Q. S., Adams-Curtis, L. E., Ryu, J. R., Ko, K. H., Mishra, P. K., & Jobe,
P. C. (1996). Neurochemical correlates of antiepileptic drugs in the genetically
epilepsy-prone rat (GEPR). Life Sci, 58(4), 259-266. doi: 10.1016/0024-
3205(95)02286-4

Dakshinamurti, K., Sharma, S. K., & Geiger, J. D. (2003). Neuroprotective actions of
pyridoxine. Biochim Biophys Acta, 1647(1-2), 225-229. doi: 10.1016/s1570-
9639(03)00054-2

Dauer, W., & Przedborski, S. (2003). Parkinson's disease: mechanisms and models. Neuron,
39(6), 889-909. doi: 10.1016/s0896-6273(03)00568-3

Dazzi, L., Matzeu, A., & Biggio, G. (2011). Role of ionotropic glutamate receptors in the
regulation of hippocampal norepinephrine output in vivo. Brain Res, 1386, 41-49. doi:
10.1016/j.brainres.2011.02.065

de Barioglio, S. R., & Brito, M. I. (1996). Effect of alpha-MSH upon cyclic AMP levels
induced by the glutamatergic agonists NMDA, quisqualic acid, and kainic acid.
Peptides, 17(8), 1303-1306. doi: 10.1016/s0196-9781(96)00229-x

De Felice, F. G., Velasco, P. T., Lambert, M. P., Viola, K., Fernandez, S. J., Ferreira, S. T., &
Klein, W. L. (2007). Abeta oligomers induce neuronal oxidative stress through an N-
methyl-D-aspartate receptor-dependent mechanism that is blocked by the Alzheimer
drug memantine. J Biol Chem, 282(15), 11590-11601. doi: 10.1074/jbc.M607483200

Debaveye, Y. A., & Van den Berghe, G. H. (2004). Is there still a place for dopamine in the
modern intensive care unit? Anesth Analg, 98(2), 461-468. doi:
10.1213/01.ane.0000096188.35789.37

Devinsky, O., Vezzani, A., O'Brien, T. J., Jette, N., Scheffer, I. E., de Curtis, M., & Perucca,
P. (2018). Epilepsy. Nat Rev Dis Primers, 4, 18024. doi: 10.1038/nrdp.2018.24

Dhanasekaran, M., Tharakan, B., Holcomb, L. A., Hitt, A. R., Young, K. A., & Manyam, B.
V. (2007). Neuroprotective mechanisms of ayurvedic antidementia botanical Bacopa
monniera. Phytother Res, 21(10), 965-969. doi: 10.1002/ptr.2195

DiMatteo, M. R., Lepper, H. S., & Croghan, T. W. (2000). Depression is a risk factor for
noncompliance with medical treatment: meta-analysis of the effects of anxiety and
depression on patient adherence. Arch Intern Med, 160(14), 2101-2107.

Dingman, M. (n.d). Mesolimbic pathway. from
https://www.neuroscientificallychallenged.com/glossary/mesolimbic-pathway
Dobek, C. E., Blumberger, D. M., Downar, J., Daskalakis, Z. J., & Vila-Rodriguez, F. (2015).

Risk of seizures in transcranial magnetic stimulation: a clinical review to inform
consent process focused on bupropion. Neuropsychiatr Dis Treat, 11, 2975-2987. doi:
10.2147/NDT.S91126

Doble, A. (1999). The role of excitotoxicity in neurodegenerative disease: implications for
therapy. Pharmacol Ther, 81(3), 163-221. doi: 10.1016/s0163-7258(98)00042-4

Doherty, C., Hogue, O., Floden, D. P., Altemus, J. B., Najm, I. M., Eng, C., & Busch, R. M.
(2019). BDNF and COMT, but not APOE, alleles are associated with psychiatric
symptoms in refractory epilepsy. Epilepsy Behav, 94, 131-136. doi:
10.1016/j.yebeh.2019.02.032

Dong, Y., Wang, S., Zhang, T., Zhao, X., Liu, X., Cao, L., & Chi, Z. (2013). Ascorbic acid
ameliorates seizures and brain damage in rats through inhibiting autophagy. Brain
Res, 1535, 115-123. doi: 10.1016/j.brainres.2013.08.039

97


http://www.neuroscientificallychallenged.com/glossary/mesolimbic-pathway

Dooley, D. J., Donovan, C. M., & Pugsley, T. A. (2000). Stimulus-dependent modulation of
[(3)H]norepinephrine release from rat neocortical slices by gabapentin and pregabalin.
J Pharmacol Exp Ther, 295(3), 1086-1093.

Dooley, D. J., Mieske, C. A., & Borosky, S. A. (2000). Inhibition of K(+)-evoked glutamate
release from rat neocortical and hippocampal slices by gabapentin. Neurosci Lett,
280(2), 107-110. doi: 10.1016/s0304-3940(00)00769-2

Dorofeeva, N. A., Glazova, M. V., Khudik, K. A., Nikitina, L. S., Kirillova, D., &
Chernigovskaya, E. V. (2015). [Comparative Study of Nigrostriatal Systems in Wistar
Rats and Rats Prone to Seizures]. Zh Evol Biokhim Fiziol, 51(3), 204-213.

Dorofeeva, N. A., Grigorieva, Y. S., Nikitina, L. S., Lavrova, E. A., Nasluzova, E. V.,
Glazova, M. V., & Chernigovskaya, E. V. (2017). Effects of ERK1/2 kinases
inactivation on the nigrostriatal system of Krushinsky-Molodkina rats genetically
prone to audiogenic seizures. Neurol Res, 39(10), 918-925. doi:
10.1080/01616412.2017.1356156

Doyle, R. L., & Sellinger, O. Z. (1980). Differences in activity in cerebral methyltransferases
and monoamine oxidases between audiogenic seizure susceptible and resistant mice
and deermice. Pharmacol Biochem Behav, 13(4), 589-591. doi: 10.1016/0091-
3057(80)90286-5

Du, J., Zhou, S., & Carlton, S. M. (2006). Kainate-induced excitation and sensitization of
nociceptors in normal and inflamed rat glabrous skin. Neuroscience, 137(3), 999-
1013. doi: 10.1016/j.neuroscience.2005.10.008

Eiden, L. E., & Weihe, E. (2011). VMAT2: a dynamic regulator of brain monoaminergic
neuronal function interacting with drugs of abuse. Ann N'Y Acad Sci, 1216, 86-98.
doi: 10.1111/5.1749-6632.2010.05906.x

Eisenhofer, G., Kopin, I. J., & Goldstein, D. S. (2004). Catecholamine metabolism: a
contemporary view with implications for physiology and medicine. Pharmacol Rev,
56(3), 331-349. doi: 10.1124/pr.56.3.1

Emson, P. C., & Joseph, M. H. (1975). Neurochemical and morphological changes during the
development of cobalt-induced epilepsy in the rat. Brain Res, 93(1), 91-110. doi:
10.1016/0006-8993(75)90288-7

Epilepsy, I. L. A. (2019). SEIZURE CLASSIFICATION. from
https://www.epilepsydiagnosis.org/seizure/seizure-classification-groupoverview. html

Epilepsy, I. 0. M. (2019). IOM EPILEPSY. Retrieved June 21, 2019, from
https://www.aesnet.org/clinical_resources/iom_epilepsy

Eric R. Kandel, J. H. S., Thomas M. Jessell, Steven A. Siegelbaum, A. J. Hudspeth, Sarah
Mack (Ed.). (2011). Principles of Neural Science ( Fifth Edition ed.): The McGraw-
Hill

Espinoza, S., Manago, F., Leo, D., Sotnikova, T. D., & Gainetdinov, R. R. (2012). Role of
catechol-O-methyltransferase (COMT)-dependent processes in Parkinson's disease
and L-DOPA treatment. CNS Neurol Disord Drug Targets, 11(3), 251-263. doi:
10.2174/187152712800672436

Faingold, C. L., Randall, M., Zeng, C., Peng, S., Long, X., & Feng, H. J. (2016).
Serotonergic agents act on 5-HT3 receptors in the brain to block seizure-induced
respiratory arrest in the DBA/1 mouse model of SUDEP. Epilepsy Behav, 64(Pt A),
166-170. doi: 10.1016/j.yebeh.2016.09.034

Faraone, S. V., Perlis, R. H., Doyle, A. E., Smoller, J. W., Goralnick, J. J., Holmgren, M. A.,
& Sklar, P. (2005). Molecular genetics of attention-deficit/hyperactivity disorder. Biol
Psychiatry, 57(11), 1313-1323. doi: 10.1016/j.biopsych.2004.11.024

Fassio, A., Rossi, F., Bonanno, G., & Raiteri, M. (1999). GABA induces norepinephrine
exocytosis from hippocampal noradrenergic axon terminals by a dual mechanism

98


http://www.epilepsydiagnosis.org/seizure/seizure-classification-groupoverview.html
http://www.aesnet.org/clinical_resources/iom_epilepsy

involving different voltage-sensitive calcium channels. J Neurosci Res, 57(3), 324-
331.

Feria-Velasco, A., Mena-Munguia, S., Carabez-Torres, J., Gomez-Medrano, A., Recendiz-
Hurtado, F., Orozco-Suarez, S., & Beas-Zarate, C. (2008). Low tryptophan and
protein in the diet during development increase the susceptibility to convulsions in
adult rats. Neurochem Res, 33(8), 1484-1491. doi: 10.1007/s11064-008-9613-0

Ferraro, L., Tanganelli, S., Calo, G., Antonelli, T., Fabrizi, A., Acciarri, N., . .. Simonato, M.
(1993). Noradrenergic modulation of gamma-aminobutyric acid outflow from the
human cerebral cortex. Brain Res, 629(1), 103-108. doi: 10.1016/0006-
8993(93)90487-8

Ferron, A., Thierry, A. M., Le Douarin, C., & Glowinski, J. (1984). Inhibitory influence of
the mesocortical dopaminergic system on spontaneous activity or excitatory response
induced from the thalamic mediodorsal nucleus in the rat medial prefrontal cortex.
Brain Res, 302(2), 257-265. doi: 10.1016/0006-8993(84)90238-5

Finberg, J. P. M. (2019). Inhibitors of MAO-B and COMT: their effects on brain dopamine
levels and uses in Parkinson's disease. J Neural Transm (Vienna), 126(4), 433-448.
doi: 10.1007/s00702-018-1952-7

Fisher, R. S., van Emde Boas, W., Blume, W., Elger, C., Genton, P., Lee, P., & Engel, J., Jr.
(2005). Epileptic seizures and epilepsy: definitions proposed by the International
League Against Epilepsy (ILAE) and the International Bureau for Epilepsy (IBE).
Epilepsia, 46(4), 470-472. doi: 10.1111/j.0013-9580.2005.66104.x

Fleckenstein, A. E., & Hanson, G. R. (2003). Impact of psychostimulants on vesicular
monoamine transporter function. Eur J Pharmacol, 479(1-3), 283-289. doi:
10.1016/j.ejphar.2003.08.077

Fleming, T., Martinez-Moreno, C. G., Carranza, M., Luna, M., Harvey, S., & Aramburo, C.
(2018). Growth hormone promotes synaptogenesis and protects neuroretinal dendrites
against kainic acid (KA) induced damage. Gen Comp Endocrinol, 265, 111-120. doi:
10.1016/j.ygcen.2018.02.011

Foster, J. A., Christopherson, P. L., & Levine, R. A. (2002). GTP cyclohydrolase I induction
in striatal astrocytes following intrastriatal kainic acid lesion. J Chem Neuroanat,
24(3), 173-179. doi: 10.1016/s0891-0618(02)00044-3

Foundation, E. (2020). Seizure Phases. Retrieved June25, 2020, from
https://epilepsyfoundation.org.au/understanding-epilepsy/seizures/seizure-phases/

Fowler, J. S., Logan, J., Shumay, E., Alia-Klein, N., Wang, G. J., & Volkow, N. D. (2015).
Monoamine oxidase: radiotracer chemistry and human studies. J Labelled Comp
Radiopharm, 58(3), 51-64. doi: 10.1002/jlcr.3247

Friedle, N. M., Kelly, P. H., & Moore, K. E. (1978). Regional brain atrophy and reductions in
glutamate release and uptake after intrastriatal kainic acid. Br J Pharmacol, 63(1),
151-158. doi: 10.1111/j.1476-5381.1978.tb07784.x

Funk, J. A., Janech, M. G, Dillon, J. C., Bissler, J. J., Siroky, B. J., & Bell, P. D. (2014).
Characterization of renal toxicity in mice administered the marine biotoxin domoic
Acid. J Am Soc Nephrol, 25(6), 1187-1197. doi: 10.1681/ASN.2013080836

Fuziwara, S., Suzuki, A., Inoue, K., & Denda, M. (2005). Dopamine D2-like receptor
agonists accelerate barrier repair and inhibit the epidermal hyperplasia induced by
barrier disruption. J Invest Dermatol, 125(4), 783-789. doi: 10.1111/j.0022-
202X.2005.23873.x

Gaitatzis, A., Johnson, A. L., Chadwick, D. W., Shorvon, S. D., & Sander, J. W. (2004). Life
expectancy in people with newly diagnosed epilepsy. Brain, 127(Pt 11), 2427-2432.
doi: 10.1093/brain/fawh267

99



Gangarossa, G., Di Benedetto, M., O'Sullivan, G. J., Dunleavy, M., Alcacer, C., Bonito-
Oliva, A,, ... Fisone, G. (2011). Convulsant doses of a dopamine D1 receptor agonist
result in Erk-dependent increases in Zif268 and Arc/Arg3.1 expression in mouse
dentate gyrus. PLoS One, 6(5), e19415. doi: 10.1371/journal.pone.0019415

Gaval-Cruz, M., Schroeder, J. P., Liles, L. C., Javors, M. A., & Weinshenker, D. (2008).
Effects of disulfiram and dopamine beta-hydroxylase knockout on cocaine-induced
seizures. Pharmacol Biochem Behav, 89(4), 556-562. doi: 10.1016/j.pbb.2008.02.009

Girault, J. A., & Greengard, P. (2004). The neurobiology of dopamine signaling. Arch
Neurol, 61(5), 641-644. doi: 10.1001/archneur.61.5.641

Giuliano, F., & Allard, J. (2001). Dopamine and sexual function. Int J Impot Res, 13 Suppl 3,
S18-28. doi: 10.1038/sj.ijir.3900719

Giustarini, D., Dalle-Donne, I., Colombo, R., Milzani, A., & Rossi, R. (2008). Is ascorbate
able to reduce disulfide bridges? A cautionary note. Nitric Oxide, 19(3), 252-258. doi:
10.1016/j.niox.2008.07.003

Greengard, P. (2001). The neurobiology of slow synaptic transmission. Science, 294(5544),
1024-1030. doi: 10.1126/science.294.5544.1024

Greengard, P., Allen, P. B., & Nairn, A. C. (1999). Beyond the dopamine receptor: the
DARPP-32/protein phosphatase-1 cascade. Neuron, 23(3), 435-447.

Gruber, B., Greber, S., & Sperk, G. (1993). Kainic acid seizures cause enhanced expression
of cholecystokinin-octapeptide in the cortex and hippocampus of the rat. Synapse,
15(3), 221-228. doi: 10.1002/syn.890150307

Guevara, B. H., Hoffmann, I. S., & Cubeddu, L. X. (1997). Differential effects of kainic acid
on dopamine and serotonin metabolism in ventral and dorsal striatal regions. Brain
Res, 749(1), 139-142. doi: 10.1016/s0006-8993(96)01374-1

Guillot, T. S., & Miller, G. W. (2009). Protective actions of the vesicular monoamine
transporter 2 (VMAT2) in monoaminergic neurons. Mol Neurobiol, 39(2), 149-170.
doi: 10.1007/s12035-009-8059-y

Gurevich, E. V., Benovic, J. L., & Gurevich, V. V. (2002). Arrestin2 and arrestin3 are
differentially expressed in the rat brain during postnatal development. Neuroscience,
109(3), 421-436. doi: 10.1016/s0306-4522(01)00511-5

Guttler, F., Lou, H., Lykkelund, C., & Niederwieser, A. (1984). Combined
tetrahydrobiopterin-phenylalanine loading test in the detection of partially defective
biopterin synthesis. Eur J Pediatr, 142(2), 126-129. doi: 10.1007/bf00445592

Guzman, F. (n.d). The Four Dopamine Pathways Relevant to Antipsychotics Pharmacology.
Retrieved October 25, 2019, from
https://psychopharmacologyinstitute.com/publication/the-four-dopamine-pathways-
relevant-to-antipsychotics-pharmacology-2096?canonical=/publication/the-four-
dopamine-pathways-relevant-to-antipsychotics-pharmacology-2096

Haasio, K. (2010). Toxicology and safety of COMT inhibitors. Int Rev Neurobiol, 95, 163-
189. doi: 10.1016/B978-0-12-381326-8.00007-7

Hae Won Shin*, V. J., Eldad Hadar, Tiffany Fisher and Albert Hinn. (2014). Review of
Epilepsy - Etiology, Diagnostic Evaluation and Treatment. International Journal of
Neurorehabilitation, 1(3). doi: 10.4172/2376-0281.1000130

Hawkins, R. A. (2009). The blood-brain barrier and glutamate. Am J Clin Nutr, 90(3), 867S-
874S. doi: 10.3945/ajcn.2009.27462BB

Helmstaedter, C., Aldenkamp, A. P., Baker, G. A., Mazarati, A., Ryvlin, P., & Sankar, R.
(2014). Disentangling the relationship between epilepsy and its behavioral
comorbidities - the need for prospective studies in new-onset epilepsies. Epilepsy
Behav, 31, 43-47. doi: 10.1016/j.yebeh.2013.11.010

100



Helton, T. D., Otsuka, T., Lee, M. C., Mu, Y., & Ehlers, M. D. (2008). Pruning and loss of
excitatory synapses by the parkin ubiquitin ligase. Proc Natl Acad Sci U S A, 105(49),
19492-19497. doi: 10.1073/pnas.0802280105

Hemmings, H. C., Jr., Greengard, P., Tung, H. Y., & Cohen, P. (1984). DARPP-32, a
dopamine-regulated neuronal phosphoprotein, is a potent inhibitor of protein
phosphatase-1. Nature, 310(5977), 503-505. doi: 10.1038/310503a0

Henderson, H. L., Townsend, J., & Tortonese, D. J. (2008). Direct effects of prolactin and
dopamine on the gonadotroph response to GnRH. J Endocrinol, 197(2), 343-350. doi:
10.1677/JOE-07-0536

Herman, M. A., & Jahr, C. E. (2007). Extracellular glutamate concentration in hippocampal
slice. J Neurosci, 27(36), 9736-9741. doi: 10.1523/JNEUROSCI.3009-07.2007

Heymann-Monnikes, 1., Tache, Y., Trauner, M., Weiner, H., & Garrick, T. (1991). CRF
microinjected into the dorsal vagal complex inhibits TRH analog- and kainic acid-
stimulated gastric contractility in rats. Brain Res, 554(1-2), 139-144. doi:
10.1016/0006-8993(91)90181-t

Higley, M. J., & Sabatini, B. L. (2010). Competitive regulation of synaptic Ca2+ influx by
D2 dopamine and A2A adenosine receptors. Nat Neurosci, 13(8), 958-966. doi:
10.1038/nn.2592

Holmes, C. L., & Walley, K. R. (2003). Bad medicine: low-dose dopamine in the ICU. Chest,
123(4), 1266-1275. doi: 10.1378/chest.123.4.1266

Hoyer, D., Clarke, D. E., Fozard, J. R., Hartig, P. R., Martin, G. R., Mylecharane, E. J., . ..
Humphrey, P. P. (1994). International Union of Pharmacology classification of
receptors for 5-hydroxytryptamine (Serotonin). Pharmacol Rev, 46(2), 157-203.

Huff, J. S., & Murr, N. (2020). Seizure StatPearls. Treasure Island (FL).

Hussain, L. S., Reddy, V., & Maani, C. V. (2020). Physiology, Noradrenergic Synapse
StatPearls. Treasure Island (FL).

Ingram, J., Zhang, C., Cressman, J. R., Hazra, A., Weli, Y., Koo, Y. E., ... Schiff, S. J.
(2014). Oxygen and seizure dynamics: |. Experiments. J Neurophysiol, 112(2), 205-
212. doi: 10.1152/jn.00540.2013

Ito, S., Nakayama, T., Ide, S., Ito, Y., Oguni, H., Goto, Y., & Osawa, M. (2008). Aromatic L-
amino acid decarboxylase deficiency associated with epilepsy mimicking non-
epileptic involuntary movements. Dev Med Child Neurol, 50(11), 876-878. doi:
10.1111/5.1469-8749.2008.03094.x

Jacobsson, S. O., Cassel, G. E., Karlsson, B. M., Sellstrom, A., & Persson, S. A. (1997).
Release of dopamine, GABA and EAA in rats during intrastriatal perfusion with
kainic acid, NMDA and soman: a comparative microdialysis study. Arch Toxicol,
71(12), 756-765. doi: 10.1007/s002040050458

Jakel, R. J., & Maragos, W. F. (2000). Neuronal cell death in Huntington's disease: a
potential role for dopamine. Trends Neurosci, 23(6), 239-245. doi: 10.1016/s0166-
2236(00)01568-x

Jankovic, S. M., Milovanovic, D., Matovic, M., & Iric-Cupic, V. (1999). The effects of
excitatory amino acids on isolated gut segments of the rat. Pharmacol Res, 39(2),
143-148. doi: 10.1006/phrs.1998.0422

Jazrawi, S. P., & Horton, R. W. (1986). Brain adrenoceptor binding sites in mice susceptible
(DBA/2J) and resistant (C57 BI/6) to audiogenic seizures. J Neurochem, 47(1), 173-
177. doi: 10.1111/5.1471-4159.1986.tb02846.x

Jefferys, J. G. R., Arafat, M. A., Irazoqui, P. P., & Lovick, T. A. (2019). Brainstem activity,
apnea, and death during seizures induced by intrahippocampal kainic acid in
anaesthetized rats. Epilepsia, 60(12), 2346-2358. doi: 10.1111/epi.16374

101



Jiang, G., Cao, Q., Li, J., Zhang, Y., Liu, X., Wang, Z., ... Wang, X. (2013). Altered
expression of vesicular monoamine transporter 2 in epileptic patients and
experimental rats. Synapse, 67(7), 415-426. doi: 10.1002/syn.21663

Johns, D. W. (1995). Disorders of the central and autonomic nervous systems as a cause for
emesis in infants. Semin Pediatr Surg, 4(3), 152-156.

Johnson, S. M., Luo, X., & Bywood, P. T. (1997). Neurotoxic effects of kainic acid on
substantia nigra neurons in rat brain slices. Exp Neurol, 146(2), 546-552. doi:
10.1006/exnr.1997.6578

Jose, P. A., Eisner, G. M., & Felder, R. A. (1999). Role of dopamine in the pathogenesis of
hypertension. Clin Exp Pharmacol Physiol Suppl, 26, S10-13.

Juarez Olguin, H., Calderon Guzman, D., Hernandez Garcia, E., & Barragan Mejia, G.
(2016). The Role of Dopamine and Its Dysfunction as a Consequence of Oxidative
Stress. Oxid Med Cell Longev, 2016, 9730467. doi: 10.1155/2016/9730467

Junker, A. E., Als-Nielsen, B., Gluud, C., & Gluud, L. L. (2014). Dopamine agents for
hepatic encephalopathy. Cochrane Database Syst Rev(2), CD003047. doi:
10.1002/14651858.CD003047.pub3

Kaakkola, S., Gordin, A., & Mannisto, P. T. (1994). General properties and clinical
possibilities of new selective inhibitors of catechol O-methyltransferase. Gen
Pharmacol, 25(5), 813-824. doi: 10.1016/0306-3623(94)90082-5

Kaakkola, S., Mannisto, P. T., & Nissinen, E. (1987). Striatal membrane-bound and soluble
catechol-O-methyl-transferase after selective neuronal lesions in the rat. J Neural
Transm, 69(3-4), 221-228.

Kaidanovich-Beilin, O., & Woodgett, J. R. (2011). GSK-3: Functional Insights from Cell
Biology and Animal Models. Front Mol Neurosci, 4, 40. doi:
10.3389/fnmo1.2011.00040

Kapur, J. (2018). Role of NMDA receptors in the pathophysiology and treatment of status
epilepticus. Epilepsia Open, 3(Suppl Suppl 2), 165-168. doi: 10.1002/epi4.12270

Kapur, S. (2003). Psychosis as a state of aberrant salience: a framework linking biology,
phenomenology, and pharmacology in schizophrenia. Am J Psychiatry, 160(1), 13-23.
doi: 10.1176/appi.ajp.160.1.13

Katz, D. P., Majrashi, M., Ramesh, S., Govindarajulu, M., Bhattacharya, D., Bhattacharya,
S., ... Dhanasekaran, M. (2018). Comparing the dopaminergic neurotoxic effects of
benzylpiperazine and benzoylpiperazine. Toxicol Mech Methods, 28(3), 177-186. doi:
10.1080/15376516.2017.1376024

Kayacan, Y., Kisa, E. C., Ghojebeigloo, B. E., Kocacan, S. E., Ayyildiz, M., & Agar, E.
(2019). The effects of moderate running exercise and L-tyrosine on penicillin-induced
epileptiform activity in rats. Acta Neurobiol Exp (Wars), 79(2), 148-154.

Kebabian, J. W., & Calne, D. B. (1979). Multiple receptors for dopamine. Nature, 277(5692),
93-96. doi: 10.1038/277093a0

Kebabian, J. W., & Greengard, P. (1971). Dopamine-sensitive adenyl cyclase: possible role
in synaptic transmission. Science, 174(4016), 1346-1349. doi:
10.1126/science.174.4016.1346

Kenny, P. J. (2011). Common cellular and molecular mechanisms in obesity and drug
addiction. Nat Rev Neurosci, 12(11), 638-651. doi: 10.1038/nrn3105

Keren, A., Gilhar, A., Ullmann, Y., Zlotkin-Frusic, M., Soroka, Y., Domb, A. J., & Levite,
M. (2019). Instantaneous depolarization of T cells via dopamine receptors, and
inhibition of activated T cells of Psoriasis patients and inflamed human skin, by D1-
like receptor agonist: Fenoldopam. Immunology, 158(3), 171-193. doi:
10.1111/imm.13109

102



Khoury, J., Kotagal, P., & Moosa, A. N. V. (2019). Epileptic encephalopathy and brain iron
accumulation due to WDR45 mutation. Seizure, 71, 245-246. doi:
10.1016/j.seizure.2019.08.002

Klein, M. O., Battagello, D. S., Cardoso, A. R., Hauser, D. N., Bittencourt, J. C., & Correa,
R. G. (2019). Dopamine: Functions, Signaling, and Association with Neurological
Diseases. Cell Mol Neurobiol, 39(1), 31-59. doi: 10.1007/s10571-018-0632-3

Korchounov, A., Meyer, M. F., & Krasnianski, M. (2010). Postsynaptic nigrostriatal
dopamine receptors and their role in movement regulation. J Neural Transm (Vienna),
117(12), 1359-1369. doi: 10.1007/s00702-010-0454-z

Korf, J., & Venema, K. (1983). Amino acids in the substantia nigra of rats with striatal
lesions produced by kainic acid. J Neurochem, 40(4), 1171-1173. doi: 10.1111/j.1471-
4159.1983.th08109.x

Kumar, B., Gupta, V. P., & Kumar, V. (2017). A Perspective on Monoamine Oxidase
Enzyme as Drug Target: Challenges and Opportunities. Curr Drug Targets, 18(1), 87-
97. doi: 10.2174/1389450117666151209123402

Kumlien, E., Bergstrom, M., Lilja, A., Andersson, J., Szekeres, V., Westerberg, C. E., ...
Langstrom, B. (1995). Positron emission tomography with [11C]deuterium-deprenyl
in temporal lobe epilepsy. Epilepsia, 36(7), 712-721. doi: 10.1111/.1528-
1157.1995.tb01051.x

Kumlien, E., Hilton-Brown, P., Spannare, B., & Gillberg, P. G. (1992). In vitro quantitative
autoradiography of [3H]-L-deprenyl and [3H]-PK 11195 binding sites in human
epileptic hippocampus. Epilepsia, 33(4), 610-617. doi: 10.1111/.1528-
1157.1992.tb02336.x

Kumlien, E., & Lundberg, P. O. (2010). Seizure risk associated with neuroactive drugs: data
from the WHO adverse drug reactions database. Seizure, 19(2), 69-73. doi:
10.1016/j.seizure.2009.11.005

Kurian, M. A., Gissen, P., Smith, M., Heales, S., Jr., & Clayton, P. T. (2011). The
monoamine neurotransmitter disorders: an expanding range of neurological
syndromes. Lancet Neurol, 10(8), 721-733. doi: 10.1016/S1474-4422(11)70141-7

Kurihara, E., Kuriyama, K., & Yoneda, Y. (1980). Interconnection of GABA-ergic neurons
in rat extrapyramidal tract: analysis using intracerebral microinjection of kainic acid.
Exp Neurol, 68(1), 12-26. doi: 10.1016/0014-4886(80)90064-3

Kurosawa, S., Hasler, W. L., Torres, G., Wiley, J. W., & Owyang, C. (1991).
Characterization of receptors mediating the effects of dopamine on gastric smooth
muscle. Gastroenterology, 100(5 Pt 1), 1224-1231.

Law, A., Gauthier, S., & Quirion, R. (2001). Say NO to Alzheimer's disease: the putative
links between nitric oxide and dementia of the Alzheimer's type. Brain Res Brain Res
Rev, 35(1), 73-96. doi: 10.1016/s0165-0173(00)00051-5

Lee, J., & Muzio, M. R. (2020). Neuroanatomy, Extrapyramidal System StatPearls. Treasure
Island (FL).

Lemos, J. R., Barberis, C., Tassin, J. P., & Bockaert, J. (1984). Topographical distributions of
32K and 48K cAMP-regulated phosphoproteins: relationships to dopamine and
serotonin innervations in striatum, substantia nigra and cerebral cortex. Brain Res,
323(1), 47-54. doi: 10.1016/0006-8993(84)90263-4

Lerner, R., Post, J., Loch, S., Lutz, B., & Bindila, L. (2017). Targeting brain and peripheral
plasticity of the lipidome in acute kainic acid-induced epileptic seizures in mice via
quantitative mass spectrometry. Biochim Biophys Acta Mol Cell Biol Lipids, 1862(2),
255-267. doi: 10.1016/j.bbalip.2016.11.008

Li, Z. S., Schmauss, C., Cuenca, A., Ratcliffe, E., & Gershon, M. D. (2006). Physiological
modulation of intestinal motility by enteric dopaminergic neurons and the D2

103



receptor: analysis of dopamine receptor expression, location, development, and
function in wild-type and knock-out mice. J Neurosci, 26(10), 2798-2807. doi:
10.1523/JNEUROSCI.4720-05.2006

Liang, L. P., Jarrett, S. G., & Patel, M. (2008). Chelation of mitochondrial iron prevents
seizure-induced mitochondrial dysfunction and neuronal injury. J Neurosci, 28(45),
11550-11556. doi: 10.1523/JINEUROSCI.3016-08.2008

Liang, S. F., Liao, Y. C., Shaw, F. Z., Chang, D. W., Young, C. P., & Chiueh, H. (2011).
Closed-loop seizure control on epileptic rat models. J Neural Eng, 8(4), 045001. doi:
10.1088/1741-2560/8/4/045001

Lin, W. H., Huang, H. P., Lin, M. X,, Chen, S. G,, Lv, X. C.,, Che, C. H., & Lin, J. L. (2013).
Seizure-induced 5-HT release and chronic impairment of serotonergic function in rats.
Neurosci Lett, 534, 1-6. doi: 10.1016/j.neulet.2012.12.007

Liu, P., Cheng, H., Roberts, T. M., & Zhao, J. J. (2009). Targeting the phosphoinositide 3-
kinase pathway in cancer. Nat Rev Drug Discov, 8(8), 627-644. doi: 10.1038/nrd2926

Lookingland, K. J., & Moore, K. E. (1984). Dopamine receptor-mediated regulation of
incertohypothalamic dopaminergic neurons in the male rat. Brain Res, 304(2), 329-
338. doi: 10.1016/0006-8993(84)90337-8

Loscher, W. (1984). Genetic animal models of epilepsy as a unique resource for the
evaluation of anticonvulsant drugs. A review. Methods Find Exp Clin Pharmacol,
6(9), 531-547.

Loscher, W., & Czuczwar, S. J. (1987). Comparison of drugs with different selectivity for
central alpha 1-and alpha 2-adrenoceptors in animal models of epilepsy. Epilepsy Res,
1(3), 165-172. doi: 10.1016/0920-1211(87)90037-4

Loscher, W., & Honack, D. (1995). Anticonvulsant and antiepileptogenic effect of L-
deprenyl (selegiline) in the kindling model of epilepsy. J Pharmacol Exp Ther,
274(1), 307-314.

Loscher, W., & Lehmann, H. (1996). L-deprenyl (selegiline) exerts anticonvulsant effects
against different seizure types in mice. J Pharmacol Exp Ther, 277(3), 1410-1417.

Loscher, W., Lehmann, H., Teschendorf, H. J., Traut, M., & Gross, G. (1999). Inhibition of
monoamine oxidase type A, but not type B, is an effective means of inducing
anticonvulsant activity in the kindling model of epilepsy. J Pharmacol Exp Ther,
288(3), 984-992.

Macdonald, R. L., & Kelly, K. M. (1995). Antiepileptic drug mechanisms of action.
Epilepsia, 36 Suppl 2, S2-12. doi: 10.1111/j.1528-1157.1995.tb05996.x

MacDougall, M. R., & Sharma, S. (2019). Physiology, Chemoreceptor Trigger Zone
StatPearls. Treasure Island (FL).

MacKenzie, F. J., James, M. D., & Wilson, C. A. (1988). Changes in dopamine activity in the
zona incerta (ZI) over the rat oestrous cycle and the effect of lesions of the ZI on
cyclicity: further evidence that the incerto-hypothalamic tract has a stimulatory role in
the control of LH release. Brain Res, 444(1), 75-83. doi: 10.1016/0006-
8993(88)90915-8

Madras, B. K., Miller, G. M., & Fischman, A. J. (2005). The dopamine transporter and
attention-deficit/hyperactivity disorder. Biol Psychiatry, 57(11), 1397-1409. doi:
10.1016/j.biopsych.2004.10.011

Maia, G. H., Brazete, C. S., Soares, J. |, Luz, L. L., & Lukoyanov, N. V. (2017). Serotonin
depletion increases seizure susceptibility and worsens neuropathological outcomes in
kainate model of epilepsy. Brain Res Bull, 134, 109-120. doi:
10.1016/j.brainresbull.2017.07.009

104



Majrashi, M., Almaghrabi, M., Fadan, M., Fujihashi, A., Lee, W., Deruiter, J., . ..
Dhanasekaran, M. (2018). Dopaminergic neurotoxic effects of 3-TFMPP derivatives.
Life Sci, 209, 357-369. doi: 10.1016/j.1fs.2018.07.052

Mannisto, P. T., Ulmanen, I., Lundstrom, K., Taskinen, J., Tenhunen, J., Tilgmann, C., &
Kaakkola, S. (1992). Characteristics of catechol O-methyl-transferase (COMT) and
properties of selective COMT inhibitors. Prog Drug Res, 39, 291-350. doi:
10.1007/978-3-0348-7144-0_9

Mansuy, I. M., & Shenolikar, S. (2006). Protein serine/threonine phosphatases in neuronal
plasticity and disorders of learning and memory. Trends Neurosci, 29(12), 679-686.
doi: 10.1016/j.tins.2006.10.004

Martelli, A. M., Chiarini, F., Evangelisti, C., Grimaldi, C., Ognibene, A., Manzoli, L., . ..
McCubrey, J. A. (2010). The phosphatidylinositol 3-kinase/ AKT/mammalian target of
rapamycin signaling network and the control of normal myelopoiesis. Histol
Histopathol, 25(5), 669-680. doi: 10.14670/HH-25.669

Martini, M., De Santis, M. C., Braccini, L., Gulluni, F., & Hirsch, E. (2014). PI3K/AKT
signaling pathway and cancer: an updated review. Ann Med, 46(6), 372-383. doi:
10.3109/07853890.2014.912836

Mayo Foundation for Medical Education and Research, M. (2019a, Feb. 01, 2019).
Entacapone (Oral Route). Retrieved Nov 30, 2019, from
https://www.mayoclinic.org/drugs-supplements/entacapone-oral-route/side-
effects/drg-200636217p=1

Mayo Foundation for Medical Education and Research, M. (2019b). Epilepsy Overview
Retrieved June 22, 2019, from https://www.mayoclinic.org/diseases-
conditions/epilepsy/symptoms-causes/syc-20350093?fbclid=IwAROBYRSy301Bh-
U_gWOzrGzPrKg-67vvwkBc4XgimfSOkg_NT5PfGQ5RIDI

Melamed, E., Hefti, F., Pettibone, D. J., Liebman, J., & Wurtman, R. J. (1981). Aromatic L-
amino acid decarboxylase in rat corpus striatum: implications for action of L-dopa in
parkinsonism. Neurology, 31(6), 651-655. doi: 10.1212/wnl.31.6.651

Melamed, E., Hefti, F., & Wurtman, R. J. (1980). Diminished decarboxylation of L-DOPA in
rat striatum after intrastriatal injections of kainic acid. Neuropharmacology, 19(4),
409-411. doi: 10.1016/0028-3908(80)90194-x

Menassa, M., Giroud, M., Gras, P., & Dumas, R. (1991). [Myoclonic epilepsy induced by
levodopa]. Therapie, 46(5), 409.

Merrill, L. R., Dionne, A.R. (2017). Pharmacology and Therapeutics for Dentistry (Seventh
Edition ed.).

Mesco, E. R., Joseph, J. A., & Roth, G. S. (1992). Selective susceptibility of cultured striatal
neurons to kainic acid. J Neurosci Res, 31(2), 341-345. doi: 10.1002/jnr.490310216

Meshkibaf, M. H., Subhash, M. N., Lakshmana, K. M., & Rao, B. S. (1995). Effect of
chronic administration of phenytoin on regional monoamine levels in rat brain.
Neurochem Res, 20(7), 773-778. doi: 10.1007/BF00969688

Meurs, A., Clinckers, R., Ebinger, G., Michotte, Y., & Smolders, I. (2008). Seizure activity
and changes in hippocampal extracellular glutamate, GABA, dopamine and serotonin.
Epilepsy Res, 78(1), 50-59. doi: 10.1016/j.eplepsyres.2007.10.007

Micale, V., Incognito, T., Ignoto, A., Rampello, L., Sparta, M., & Drago, F. (2006).
Dopaminergic drugs may counteract behavioral and biochemical changes induced by
models of brain injury. Eur Neuropsychopharmacol, 16(3), 195-203. doi:
10.1016/j.euroneuro.2005.08.003

Miguel-Hidalgo, J. J., Alvarez, X. A., Cacabelos, R., & Quack, G. (2002). Neuroprotection
by memantine against neurodegeneration induced by beta-amyloid(1-40). Brain Res,
958(1), 210-221. doi: 10.1016/s0006-8993(02)03731-9

105


http://www.mayoclinic.org/drugs-supplements/entacapone-oral-route/side-effects/drg-20063621?p=1
http://www.mayoclinic.org/drugs-supplements/entacapone-oral-route/side-effects/drg-20063621?p=1
http://www.mayoclinic.org/diseases-conditions/epilepsy/symptoms-causes/syc-20350093?fbclid=IwAR0BYRSy301Bh-U_gWOzrGzPrKg-67vvwkBc4XgimfSOkg_NT5PfGQ5RlDI
http://www.mayoclinic.org/diseases-conditions/epilepsy/symptoms-causes/syc-20350093?fbclid=IwAR0BYRSy301Bh-U_gWOzrGzPrKg-67vvwkBc4XgimfSOkg_NT5PfGQ5RlDI
http://www.mayoclinic.org/diseases-conditions/epilepsy/symptoms-causes/syc-20350093?fbclid=IwAR0BYRSy301Bh-U_gWOzrGzPrKg-67vvwkBc4XgimfSOkg_NT5PfGQ5RlDI

Miklya, I., Goltl, P., Hafenscher, F., & Pencz, N. (2014). [The role of parkin in Parkinson's
disease]. Neuropsychopharmacol Hung, 16(2), 67-76.

Mills, P. B., Surtees, R. A., Champion, M. P., Beesley, C. E., Dalton, N., Scambler, P. J., . ..
Clayton, P. T. (2005). Neonatal epileptic encephalopathy caused by mutations in the
PNPO gene encoding pyridox(am)ine 5'-phosphate oxidase. Hum Mol Genet, 14(8),
1077-1086. doi: 10.1093/hmg/ddi120

Minneman, K. P., Quik, M., & Emson, P. C. (1978). Receptor-linked cyclic AMP systems in
rat neostriatum: differential localization revealed by kainic acid injection. Brain Res,
151(3), 507-521. doi: 10.1016/0006-8993(78)91083-1

Missale, C., Nash, S. R., Robinson, S. W., Jaber, M., & Caron, M. G. (1998). Dopamine
receptors: from structure to function. Physiol Rev, 78(1), 189-225. doi:
10.1152/physrev.1998.78.1.189

Mitchell, 1. M., Pollock, J. C., & Jamieson, M. P. (1995). Effects of dopamine on liver blood
flow in children with congenital heart disease. Ann Thorac Surg, 60(6), 1741-1744.
doi: 10.1016/0003-4975(95)00809-8

Mizuta, K., Zhang, Y., Xu, D., Mizuta, F., D'Ovidio, F., Masaki, E., & Emala, C. W. (2013).
The dopamine D1 receptor is expressed and facilitates relaxation in airway smooth
muscle. Respir Res, 14, 89. doi: 10.1186/1465-9921-14-89

Mohammad-Zadeh, L. F., Moses, L., & Gwaltney-Brant, S. M. (2008). Serotonin: a review. J
Vet Pharmacol Ther, 31(3), 187-199. doi: 10.1111/j.1365-2885.2008.00944.x

Monaghan, D. T., Bridges, R. J., & Cotman, C. W. (1989). The excitatory amino acid
receptors: their classes, pharmacology, and distinct properties in the function of the
central nervous system. Annu Rev Pharmacol Toxicol, 29, 365-402. doi:
10.1146/annurev.pa.29.040189.002053

Moring, J., Niego, L. A., Ganley, L. M., Trumbore, M. W., & Herbette, L. G. (1994).
Interaction of the NMDA receptor noncompetitive antagonist MK-801 with model
and native membranes. Biophys J, 67(6), 2376-2386. doi: 10.1016/S0006-
3495(94)80724-6

Mosmann, T. (1983). Rapid colorimetric assay for cellular growth and survival: application
to proliferation and cytotoxicity assays. J Immunol Methods, 65(1-2), 55-63. doi:
10.1016/0022-1759(83)90303-4

Muddapu, V. R., Mandali, A., Chakravarthy, V. S., & Ramaswamy, S. (2019). A
Computational Model of Loss of Dopaminergic Cells in Parkinson's Disease Due to
Glutamate-Induced Excitotoxicity. Front Neural Circuits, 13, 11. doi:
10.3389/fncir.2019.00011

Myohanen, T. T., Schendzielorz, N., & Mannisto, P. T. (2010). Distribution of catechol-O-
methyltransferase (COMT) proteins and enzymatic activities in wild-type and soluble
COMT deficient mice. J Neurochem, 113(6), 1632-1643. doi: 10.1111/j.1471-
4159.2010.06723.x

Nagy, J. I., Vincent, S. R., Lehmann, J., Fibiger, H. C., & McGeer, E. G. (1978). The use of
kainic acid in the localization of enzymes in the substantia nigra. Brain Res, 149(2),
431-441. doi: 10.1016/0006-8993(78)90485-7

Nairn, A. C., Hemmings, H. C., Jr., Walaas, S. I., & Greengard, P. (1988). DARPP-32 and
phosphatase inhibitor-1, two structurally related inhibitors of protein phosphatase-1,
are both present in striatonigral neurons. J Neurochem, 50(1), 257-262. doi:
10.1111/j.1471-4159.1988.th13258.x

Nakai, M., Qin, Z. H., Chen, J. F., Wang, Y., & Chase, T. N. (2000). Kainic acid-induced
apoptosis in rat striatum is associated with nuclear factor-kappaB activation. J
Neurochem, 74(2), 647-658. doi: 10.1046/j.1471-4159.2000.740647.x

106



Nance, D. M., & Myatt, G. A. (1987). Female sexual behavior in the golden hamster
following kainic acid lesions in the lateral septal area. Brain Res Bull, 19(6), 751-754.
doi: 10.1016/0361-9230(87)90064-5

Naudon, L., Dourmap, N., Leroux-Nicollet, I., & Costentin, J. (1992). Kainic acid lesion of
the striatum increases dopamine release but reduces 3-methoxytyramine level. Brain
Res, 572(1-2), 247-249. doi: 10.1016/0006-8993(92)90477-q

Naudon, L., Leroux-Nicollet, I., Boulay, D., & Costentin, J. (2001). Decreased densities of
dopamine and serotonin transporters and of vesicular monoamine transporter 2 in
severely kainic acid lesioned subregions of the striatum. J Neural Transm (Vienna),
108(4), 431-444. doi: 10.1007/s007020170064

Naudon, L., Leroux-Nicollet, I., & Costentin, J. (1992). Consequences of an intrastriatal
injection of kainic acid on the dopaminergic neuronal and vesicular uptake systems.
Brain Res, 593(1), 32-38. doi: 10.1016/0006-8993(92)91259-h

Naveed ur, R., & Billoo, A. G. (2005). Association between iron deficiency anemia and
febrile seizures. J Coll Physicians Surg Pak, 15(6), 338-340. doi:
06.2005/JCPSP.338340

Newman, S. E., Tucker, R. P., & Kooi, K. A. (1973). Lack of levodopa effect on preexisting
temporal lobe focus. Arch Neurol, 29(2), 122-123. doi:
10.1001/archneur.1973.00490260066014

Nicoletti, F., Barbaccia, M. L., ladarola, M. J., Pozzi, O., & Laird, H. E., 2nd. (1986).
Abnormality of alpha 1-adrenergic receptors in the frontal cortex of epileptic rats. J
Neurochem, 46(1), 270-273. doi: 10.1111/j.1471-4159.1986.th12957.x

Nishi, A., Matamales, M., Musante, V., Valjent, E., Kuroiwa, M., Kitahara, Y., ... Nairn, A.
C. (2017). Glutamate Counteracts Dopamine/PKA Signaling via Dephosphorylation
of DARPP-32 Ser-97 and Alteration of Its Cytonuclear Distribution. J Biol Chem,
292(4), 1462-1476. doi: 10.1074/jbc.M116.752402

O'Sullivan, G. J., Dunleavy, M., Hakansson, K., Clementi, M., Kinsella, A., Croke, D. T, . ..
Waddington, J. L. (2008). Dopamine D1 vs D5 receptor-dependent induction of
seizures in relation to DARPP-32, ERK1/2 and GIuR1-AMPA signalling.
Neuropharmacology, 54(7), 1051-1061. doi: 10.1016/j.neuropharm.2008.02.011

Odano, 1., Varrone, A., Savic, |., Ciumas, C., Karlsson, P., Jucaite, A., . . . Farde, L. (2012).
Quantitative PET analyses of regional [11C]PE2I binding to the dopamine
transporter--application to juvenile myoclonic epilepsy. Neuroimage, 59(4), 3582-
3593. doi: 10.1016/j.neuroimage.2011.10.067

Ohkawa, H., Ohishi, N., & Yagi, K. (1979). Assay for lipid peroxides in animal tissues by
thiobarbituric acid reaction. Anal Biochem, 95(2), 351-358. doi: 10.1016/0003-
2697(79)90738-3

Okada, M., Kaneko, S., Hirano, T., Ishida, M., Kondo, T., Otani, K., & Fukushim, Y. (1992).
Effects of zonisamide on extracellular levels of monoamine and its metabolite, and on
Ca2+ ependent dopamine release. Epilepsy Research, 13(2), 113-119. doi:
10.1016/0920-1211(92)90066-3

Okumura, T., Okamura, K., Kitamori, S., Hara, H., Shibata, Y., & Namiki, M. (1989). Gastric
lesions induced by kainic acid injection into the dorsal motor nucleus of the vagus
nerve in rats. Scand J Gastroenterol Suppl, 162, 15-18. doi:
10.3109/00365528909091114

Panayiotopoulos, C. P. (2006). Hypothalamic (Gelastic) Epilepsy. Retrieved Dec 1, 2019,
from https://www.epilepsy.com/learn/professionals/about-epilepsy-seizures/epileptic-
encephalopathies-infancy-and-childhood-2

107


http://www.epilepsy.com/learn/professionals/about-epilepsy-seizures/epileptic-encephalopathies-infancy-and-childhood-2
http://www.epilepsy.com/learn/professionals/about-epilepsy-seizures/epileptic-encephalopathies-infancy-and-childhood-2

Parameshwaran, K., Dhanasekaran, M., & Suppiramaniam, V. (2008). Amyloid beta peptides
and glutamatergic synaptic dysregulation. Exp Neurol, 210(1), 7-13. doi:
10.1016/j.expneurol.2007.10.008

Parsons, H. L., Kerr, M. T., & Tecott, H. L. (2001). 5-HT1A receptor mutant mice exhibit
enhanced tonic, stress-induced and fluoxetine-induced serotonergic
neurotransmission. J Neurochem, 77(2), 607-617. doi: 10.1046/.1471-
4159.2001.00254.x

Pascoli, V., Besnard, A., Herve, D., Pages, C., Heck, N., Girault, J. A., . .. Vanhoutte, P.
(2011). Cyclic adenosine monophosphate-independent tyrosine phosphorylation of
NR2B mediates cocaine-induced extracellular signal-regulated kinase activation. Biol
Psychiatry, 69(3), 218-227. doi: 10.1016/j.biopsych.2010.08.031

Pasini, A., Tortorella, A., & Gale, K. (1992). Anticonvulsant effect of intranigral fluoxetine.
Brain Res, 593(2), 287-290. doi: 10.1016/0006-8993(92)91320-¢

Patchell, R. A., Fellows, H. A., & Humphries, L. L. (1994). Neurologic complications of
anorexia nervosa. Acta Neurol Scand, 89(2), 111-116. doi: 10.1111/j.1600-
0404.1994.tb01645.x

Patodia, S., Somani, A., O'Hare, M., Venkateswaran, R., Liu, J., Michalak, Z., . .. Thom, M.
(2018). The ventrolateral medulla and medullary raphe in sudden unexpected death in
epilepsy. Brain, 141(6), 1719-1733. doi: 10.1093/brain/awy078

Peters, S. K., Dunlop, K., & Downar, J. (2016). Cortico-Striatal-Thalamic Loop Circuits of
the Salience Network: A Central Pathway in Psychiatric Disease and Treatment.
Front Syst Neurosci, 10, 104. doi: 10.3389/fnsys.2016.00104

Petty, R. G. (1999). Prolactin and antipsychotic medications: mechanism of action. Schizophr
Res, 35 Suppl, S67-73. doi: 10.1016/s0920-9964(98)00158-3

Pinilla, L., Gonzalez, D., Tena-Sempere, M., Aguilar, R., & Aguilar, E. (1996a). Effects of
N-methyl-D-aspartate and kainic acid on prolactin secretion in prepubertal female
rats. Eur J Endocrinol, 135(4), 464-468. doi: 10.1530/eje.0.1350464

Pinilla, L., Gonzalez, D., Tena-Sempere, M., Aguilar, R., & Aguilar, E. (1996b). Mechanisms
of inhibitory action of kainic acid on prolactin secretion in male rats. J Endocrinol,
151(1), 159-167. doi: 10.1677/joe.0.1510159

Pintor, M., Mefford, I. N., Hutter, 1., Pocotte, S. L., Wyler, A. R., & Nadi, N. S. (1990).
Levels of biogenic amines, their metabolites, and tyrosine hydroxylase activity in the
human epileptic temporal cortex. Synapse, 5(2), 152-156. doi:
10.1002/syn.890050210

Pittaluga, A., & Raiteri, M. (1987). GABAergic nerve terminals in rat hippocampus possess
alpha 2-adrenoceptors regulating GABA release. Neurosci Lett, 76(3), 363-367. doi:
10.1016/0304-3940(87)90430-7

Porter, A. G., & Janicke, R. U. (1999). Emerging roles of caspase-3 in apoptosis. Cell Death
Differ, 6(2), 99-104. doi: 10.1038/sj.cdd.4400476

Prasad, J., P. (2010). Conceptual Pharmacology. India: Universities Press.

Prendiville, S., & Gale, K. (1993). Anticonvulsant Effect of Fluoxetine on Focally Evoked
Limbic Motor Seizures in Rats. Epilepsia, 34(2), 381-384. doi: 10.1111/].1528-
1157.1993.tb02425.x

Qin, Z. H., Chen, R. W., Wang, Y., Nakai, M., Chuang, D. M., & Chase, T. N. (1999).
Nuclear factor kappaB nuclear translocation upregulates c-Myc and p53 expression
during NMDA receptor-mediated apoptosis in rat striatum. J Neurosci, 19(10), 4023-
4033.

Qureshi, G. A., Baig, S., Bednar, 1., Sodersten, P., Forsberg, G., & Siden, A. (1995).
Increased cerebrospinal fluid concentration of nitrite in Parkinson's disease.
Neuroreport, 6(12), 1642-1644. doi: 10.1097/00001756-199508000-00013

108



Rajfer, S. 1., Borow, K. M., Lang, R. M., Neumann, A., & Carroll, J. D. (1988). Effects of
dopamine on left ventricular afterload and contractile state in heart failure: relation to
the activation of beta 1-adrenoceptors and dopamine receptors. J Am Coll Cardiol,
12(2), 498-506. doi: 10.1016/0735-1097(88)90426-3

RAJU, S. S., NOOR, A. R., GURTHU, S., GIRIYAPPANAVAR, C. R., ACHARYA, S. B,
LOW, H. C., & QUAH, S. H. (1999). EFFECT OF FLUOXETINE ON MAXIMAL
ELECTROSHOCK SEIZURES IN MICE: ACUTE VS CHRONIC
ADMINISTRATION. pharmacological research, 39(6), 451-454. doi:
10.1006/phrs.1999.0466

Ramesh, S., Govindarajulu, M., Lynd, T., Briggs, G., Adamek, D., Jones, E., . ..
Dhanasekaran, M. (2018). SIRT3 activator Honokiol attenuates beta-Amyloid by
modulating amyloidogenic pathway. PLoS One, 13(1), €0190350. doi:
10.1371/journal.pone.0190350

Reeves, D. C., & Lummis, S. C. (2002). The molecular basis of the structure and function of
the 5-HT3 receptor: a model ligand-gated ion channel (review). Mol Membr Biol,
19(1), 11-26. doi: 10.1080/09687680110110048

Ridd, M. J., Kitchen, 1., & Fosbraey, P. (1998). The effect of acute kainic acid treatment on
dopamine D2 receptors in rat brain. Neurosci Res, 30(3), 201-211. doi:
10.1016/s0168-0102(97)00130-2

Rivett, A. J., Francis, A., & Roth, J. A. (1983). Distinct cellular localization of membrane-
bound and soluble forms of catechol-O-methyltransferase in brain. J Neurochem,
40(1), 215-219. doi: 10.1111/5.1471-4159.1983.th12673.x

Robinson, S. R., & Bishop, G. M. (2002). Abeta as a bioflocculant: implications for the
amyloid hypothesis of Alzheimer's disease. Neurobiol Aging, 23(6), 1051-1072. doi:
10.1016/s0197-4580(01)00342-6

Rocha, L., Alonso-Vanegas, M., Villeda-Hernandez, J., Mujica, M., Cisneros-Franco, J. M.,
Lopez-Gomez, M., . . . Borsodi, A. (2012). Dopamine abnormalities in the neocortex
of patients with temporal lobe epilepsy. Neurobiol Dis, 45(1), 499-507. doi:
10.1016/j.nbd.2011.09.006

Ronne Engstrom, E., Hillered, L., Flink, R., Kihlstrom, L., Lindquist, C., Nie, J. X, ...
Silander, H. C. (2001). Extracellular amino acid levels measured with intracerebral
microdialysis in the model of posttraumatic epilepsy induced by intracortical iron
injection. Epilepsy Res, 43(2), 135-144. doi: 10.1016/s0920-1211(00)00191-1

Roth, J. A. (1992). Membrane-bound catechol-O-methyltransferase: a reevaluation of its role
in the O-methylation of the catecholamine neurotransmitters. Rev Physiol Biochem
Pharmacol, 120, 1-29. doi: 10.1007/bfb0036121

Rubinstein, M., Cepeda, C., Hurst, R. S., Flores-Hernandez, J., Ariano, M. A., Falzone, T. L.,
... Grandy, D. K. (2001). Dopamine D4 receptor-deficient mice display cortical
hyperexcitability. J Neurosci, 21(11), 3756-3763.

Runtz, L., Girard, B., Toussenot, M., Espallergues, J., Fayd'Herbe De Maudave, A., Milman,
A., ... Marchi, N. (2018). Hepatic and hippocampal cytochrome P450 enzyme
overexpression during spontaneous recurrent seizures. Epilepsia, 59(1), 123-134. doi:
10.1111/epi.13942

Ryu, J. R., Shin, C. Y., Park, K. H., Jeon, G. S., Kim, H., Kim, W., . .. Ko, K. H. (2000).
Effect of repeated seizure experiences on tyrosine hydroxylase immunoreactivities in
the brain of genetically epilepsy-prone rats. Brain Res Bull, 53(6), 777-782. doi:
10.1016/s0361-9230(00)00373-7

Sahu, A., Gopalakrishnan, L., Gaur, N., Chatterjee, O., Mol, P., Modi, P. K., ... Keshava
Prasad, T. S. (2018). The 5-Hydroxytryptamine signaling map: an overview of

109



serotonin-serotonin receptor mediated signaling network. J Cell Commun Signal,
12(4), 731-735. doi: 10.1007/s12079-018-0482-2

Sands, S. A., Guerra, V., & Morilak, D. A. (2000). Changes in tyrosine hydroxylase mRNA
expression in the rat locus coeruleus following acute or chronic treatment with
valproic acid. Neuropsychopharmacology, 22(1), 27-35. doi: 10.1016/S0893-
133X(99)00072-X

Sarnyai, Z., Sibille, E. L., Pavlides, C., Fenster, R. J., McEwen, B. S., & Toth, M. (2000).
Impaired hippocampal-dependent learning and functional abnormalities in the
hippocampus in mice lacking serotonin(1A) receptors. Proc Natl Acad Sci U S A,
97(26), 14731-14736. doi: 10.1073/pnas.97.26.14731

Schank, J. R., Liles, L. C., & Weinshenker, D. (2005). Reduced anticonvulsant efficacy of
valproic acid in dopamine beta-hydroxylase knockout mice. Epilepsy Res, 65(1-2),
23-31. doi: 10.1016/j.eplepsyres.2005.03.010

Scharfman, H. E. (2007). The neurobiology of epilepsy. Curr Neurol Neurosci Rep, 7(4),
348-354.

Scheffer, I. E., Berkovic, S., Capovilla, G., Connolly, M. B., French, J., Guilhoto, L., . ..
Zuberi, S. M. (2017). ILAE classification of the epilepsies: Position paper of the
ILAE Commission for Classification and Terminology. Epilepsia, 58(4), 512-521.
doi: 10.1111/epi.13709

Schlesinger, K., Harkins, J., Deckard, B. S., & Paden, C. (1975). Catechol-O-methyl
transferase and monoamine oxidase activities in brains of mice susceptible and
resistant to audiogenic seizures. J Neurobiol, 6(6), 587-596. doi:
10.1002/neu.480060605

Schoepp, D. D., & Azzaro, A. J. (1983). Effects of intrastriatal kainic acid injection on
[3H]dopamine metabolism in rat striatal slices: evidence for postsynaptic glial cell
metabolism by both the type A and B forms of monoamine oxidase. J Neurochem,
40(5), 1340-1348. doi: 10.1111/j.1471-4159.1983.th13576.x

Schwarcz, R., & Coyle, J. T. (1977). Striatal lesions with kainic acid: neurochemical
characteristics. Brain Res, 127(2), 235-249. doi: 10.1016/0006-8993(77)90538-8

Schwarz, P. B., & Peever, J. H. (2011). Dopamine triggers skeletal muscle tone by activating
D1-like receptors on somatic motoneurons. J Neurophysiol, 106(3), 1299-1309. doi:
10.1152/jn.00230.2011

Sergienko, N. G., & Loginova, G. A. (1983). [The role of mediators in the genesis of
convulsive activity. Biogenic monoamine content of the brain of rats with various
predispositions to audiogenic convulsions]. Vopr Med Khim, 29(6), 21-24.

Shackleton, D. P., Kasteleijn-Nolst Trenite, D. G., de Craen, A. J., Vandenbroucke, J. P., &
Westendorp, R. G. (2003). Living with epilepsy: long-term prognosis and
psychosocial outcomes. Neurology, 61(1), 64-70. doi:
10.1212/01.wnl.0000073543.63457.0a

Sherwin, A. L., & van Gelder, N. M. (1986). Amino acid and catecholamine markers of
metabolic abnormalities in human focal epilepsy. Adv Neurol, 44, 1011-1032.

Shigetomi, S., & Fukuchi, S. (1994). Recent aspect of the role of peripheral dopamine and its
receptors in the pathogenesis of hypertension. Fukushima J Med Sci, 40(2), 69-83.

Shouse, M. N., Staba, R. J., Ko, P. Y., Saquib, S. F., & Farber, P. R. (2001). Monoamines
and seizures: microdialysis findings in locus ceruleus and amygdala before and during
amygdala kindling. Brain Res, 892(1), 176-192. doi: 10.1016/s0006-8993(00)03292-3

Sita, L. V., Elias, C. F., & Bittencourt, J. C. (2007). Connectivity pattern suggests that
incerto-hypothalamic area belongs to the medial hypothalamic system. Neuroscience,
148(4), 949-969. doi: 10.1016/j.neuroscience.2007.07.010

110



Society, E. (2019). Epilepsy Treatment. Retrieved June 23, 2019, from
https://www.epilepsysociety.org.uk/treatment?fbclid=IwAR2w5LnOIVxwC1ZPBB
A2jz5bITOWM-GMdUWMS3dC7IQRNZsbTpkIX2fMKps#.XQ_rHOgzZPZ

Soltis, R. P., & DiMicco, J. A. (1991). GABAA and excitatory amino acid receptors in
dorsomedial hypothalamus and heart rate in rats. Am J Physiol, 260(1 Pt 2), R13-20.
doi: 10.1152/ajpregu.1991.260.1.R13

Sperk, G., Berger, M., Hortnagl, H., & Hornykiewicz, O. (1981). Kainic acid-induced
changes of serotonin and dopamine metabolism in the striatum and substantia nigra of
the rat. Eur J Pharmacol, 74(4), 279-286. doi: 10.1016/0014-2999(81)90046-7

Stafstrom, C. E., & Carmant, L. (2015). Seizures and epilepsy: an overview for
neuroscientists. Cold Spring Harb Perspect Med, 5(6). doi:
10.1101/cshperspect.a022426

Starr, M. S. (1996). The role of dopamine in epilepsy. Synapse, 22(2), 159-194. doi:
10.1002/(SIC1)1098-2396(199602)22:2<159::AID-SYN8>3.0.CO;2-C

Stephens, M. C., Havlicek, V., & Dakshinamurti, K. (1971). Pyridoxine deficiency and
development of the central nervous system in the rat. J Neurochem, 18(12), 2407-
2416. doi: 10.1111/j.1471-4159.1971.tb00196.x

Sullivan, H. C., & Osorio, 1. (1991). Aggravation of penicillin-induced epilepsy in rats with
locus ceruleus lesions. Epilepsia, 32(5), 591-596. doi: 10.1111/.1528-
1157.1991.tb04697.x

Suzuki, S., & Mori, A. (1992). Regional distribution of tyrosine, tryptophan, and their
metabolites in the brain of epileptic El mice. Neurochem Res, 17(7), 693-698. doi:
10.1007/bf00968007

Svenningsson, P., Nishi, A., Fisone, G., Girault, J. A., Nairn, A. C., & Greengard, P. (2004).
DARPP-32: an integrator of neurotransmission. Annu Rev Pharmacol Toxicol, 44,
269-296. doi: 10.1146/annurev.pharmtox.44.101802.121415

Svob Strac, D., Pivac, N., Smolders, I. J., Fogel, W. A., De Deurwaerdere, P., & Di Giovanni,
G. (2016). Monoaminergic Mechanisms in Epilepsy May Offer Innovative
Therapeutic Opportunity for Monoaminergic Multi-Target Drugs. Front Neurosci, 10,
492. doi: 10.3389/fnins.2016.00492

Szaroma, W., Dziubek, K., Gren, A., Kreczmer, B., & Kapusta, E. (2012). Influence of the
kainic acid on antioxidant status in the brain, liver and kidneys of the mouse. Acta
Physiol Hung, 99(4), 447-459. doi: 10.1556/APhysiol.99.2012.4.9

Szot, P., Reigel, C. E., White, S. S., & Veith, R. C. (1996). Alterations in mMRNA expression
of systems that regulate neurotransmitter synaptic content in seizure-naive genetically
epilepsy-prone rat (GEPR): transporter proteins and rate-limiting synthesizing
enzymes for norepinephrine, dopamine and serotonin. Brain Res Mol Brain Res, 43(1-
2), 233-245. doi: 10.1016/s0169-328x(96)00184-2

Szot, P., White, S. S., & Veith, R. C. (1997). Effect of pentylenetetrazol on the expression of
tyrosine hydroxylase mRNA and norepinephrine and dopamine transporter mRNA.
Brain Res Mol Brain Res, 44(1), 46-54. doi: 10.1016/50169-328x(96)00217-3

Tachibana, N., Sugita, Y., Teshima, Y., & Hishikawa, Y. (1989). A case of anorexia nervosa
associated with epileptic seizures showing favorable responses to sodium valproate
and clonazepam. Jpn J Psychiatry Neurol, 43(1), 77-84. doi: 10.1111/j.1440-
1819.1989.th02554.x

Tacke, U., & Kolonen, S. (1984). The effect of clonidine and yohimbine on audiogenic
seizures (AGS) in rats. Pharmacol Res Commun, 16(10), 1019-1030. doi:
10.1016/s0031-6989(84)80066-1

111


http://www.epilepsysociety.org.uk/treatment?fbclid=IwAR2w5LnOlVxwC1ZPBB_A2jz5blTOwm-GMdUWM3dC7lQRNZsbTpklX2fMKps#.XQ_rHOgzZPZ
http://www.epilepsysociety.org.uk/treatment?fbclid=IwAR2w5LnOlVxwC1ZPBB_A2jz5blTOwm-GMdUWM3dC7lQRNZsbTpklX2fMKps#.XQ_rHOgzZPZ

Tarazi, F. 1., Campbell, A., & Baldessarini, R. J. (1998). Effects of hippocampal kainic acid
lesions on striatolimbic dopamine D1-, D2-, and D4-like receptors. Neuroscience,
87(1), 1-4. doi: 10.1016/s0306-4522(98)00220-6

Tecott, L. H., Sun, L. M., Akana, S. F., Strack, A. M., Lowenstein, D. H., Dallman, M. F., &
Julius, D. (1995). Eating disorder and epilepsy in mice lacking 5-HT2c serotonin
receptors. Nature, 374(6522), 542-546. doi: 10.1038/374542a0

Ter Horst, K. W., Lammers, N. M., Trinko, R., Opland, D. M., Figee, M., Ackermans, M. T.,
... Serlie, M. J. (2018). Striatal dopamine regulates systemic glucose metabolism in
humans and mice. Sci Transl Med, 10(442). doi: 10.1126/scitranslmed.aar3752

Thomas, G. M., & Huganir, R. L. (2004). MAPK cascade signalling and synaptic plasticity.
Nat Rev Neurosci, 5(3), 173-183. doi: 10.1038/nrn1346

Thompson, B. K., & de Carle, D. J. (1982). The effect of dopamine on human gastric smooth
muscle. Aust J Exp Biol Med Sci, 60(Pt 1), 123-127. doi: 10.1038/ich.1982.12

Thornberry, N. A., & Molineaux, S. M. (1995). Interleukin-1 beta converting enzyme: a
novel cysteine protease required for IL-1 beta production and implicated in
programmed cell death. Protein Sci, 4(1), 3-12. doi: 10.1002/pr0.5560040102

Tissari, A. H., & Onali, P. L. (1982). Long-term effect of kainic acid on striatal dopaminergic
neurons. Pharmacol Res Commun, 14(1), 83-89. doi: 10.1016/s0031-6989(82)80054-
4

Tripathi, P. P., Di Giovannantonio, L. G., Sanguinetti, E., Acampora, D., Allegra, M., Caleo,
M., ... Bozzi, Y. (2014). Increased dopaminergic innervation in the brain of
conditional mutant mice overexpressing Otx2: effects on locomotor behavior and
seizure susceptibility. Neuroscience, 261, 173-183. doi:
10.1016/j.neuroscience.2013.12.045

Vaarmann, A., Kovac, S., Holmstrom, K. M., Gandhi, S., & Abramov, A. Y. (2013).
Dopamine protects neurons against glutamate-induced excitotoxicity. Cell Death Dis,
4, e455. doi: 10.1038/cddis.2012.194

Vaughan, R. A., & Foster, J. D. (2013). Mechanisms of dopamine transporter regulation in
normal and disease states. Trends Pharmacol Sci, 34(9), 489-496. doi:
10.1016/j.tips.2013.07.005

Vieira, A. C., Cifuentes, J. M., Bermudez, R., Ferreiro, S. F., Castro, A. R., & Botana, L. M.
(2016). Heart Alterations after Domoic Acid Administration in Rats. Toxins (Basel),
8(3). doi: 10.3390/toxins8030068

Vriend, J., Alexiuk, N. A., Green-Johnson, J., & Ryan, E. (1993). Determination of amino
acids and monoamine neurotransmitters in caudate nucleus of seizure-resistant and
seizure-prone BALB/c mice. J Neurochem, 60(4), 1300-1307. doi: 10.1111/j.1471-
4159.1993.th03290.x

Wah, M. F., & Wah, L. S. (2004). Generalized seizure in a Mauritian woman taking
bupropion. PLoS Med, 1(1), e15. doi: 10.1371/journal.pmed.0010015

Wang, X., Zhong, P., Gu, Z., & Yan, Z. (2003). Regulation of NMDA receptors by dopamine
D4 signaling in prefrontal cortex. J Neurosci, 23(30), 9852-9861.

Warter, J. M., Coquillat, G., & Kurtz, D. (1975). Human circulating dopamine-beta-
hydroxylase and epilepsy. Psychopharmacologia, 41(1), 75-79. doi:
10.1007/BF00421310

Wei, Y., Ullah, G., Ingram, J., & Schiff, S. J. (2014). Oxygen and seizure dynamics: 1I.
Computational modeling. J Neurophysiol, 112(2), 213-223. doi:
10.1152/jn.00541.2013

Weihe, E., Schafer, M. K., Erickson, J. D., & Eiden, L. E. (1994). Localization of vesicular
monoamine transporter isoforms (VMAT1 and VMAT?2) to endocrine cells and
neurons in rat. J Mol Neurosci, 5(3), 149-164. doi: 10.1007/BF02736730

112



Weil-Fugazza, J., Peschanski, M., Godefroy, F., Manceau, V., & Besson, J. M. (1988).
Absence of long-term changes in biochemical markers of monoaminergic systems
afferent to the excitotoxically neuron-depleted somatosensory thalamus. Brain Res,
444(2), 374-379. doi: 10.1016/0006-8993(88)90950-x

Weinshenker, D., & Szot, P. (2002). The role of catecholamines in seizure susceptibility: new
results using genetically engineered mice. Pharmacol Ther, 94(3), 213-233. doi:
10.1016/s0163-7258(02)00218-8

Weng, S. J., Li, I. H., Huang, Y. S., Chueh, S. H., Chou, T. K., Huang, S. Y., ... Ma, K. H.
(2017). KA-bridged transplantation of mesencephalic tissue and olfactory ensheathing
cells in a Parkinsonian rat model. J Tissue Eng Regen Med, 11(7), 2024-2033. doi:
10.1002/term.2098

Wetmore, L., & Nance, D. M. (1991). Differential and sex-specific effects of kainic acid and
domoic acid lesions in the lateral septal area of rats on immune function and body
weight regulation. Exp Neurol, 113(2), 226-236. doi: 10.1016/0014-4886(91)90179-g

Wheless, J. W., Gienapp, A. J., & Ryvlin, P. (2018). Vagus nerve stimulation (VNS) therapy
update. Epilepsy Behav, 88S, 2-10. doi: 10.1016/j.yebeh.2018.06.032

White, R. B., & Thomas, M. G. (2012). Moving beyond tyrosine hydroxylase to define
dopaminergic neurons for use in cell replacement therapies for Parkinson's disease.
CNS Neurol Disord Drug Targets, 11(4), 340-349.

Wildsoet, C. F., & Pettigrew, J. D. (1988). Kainic acid-induced eye enlargement in chickens:
differential effects on anterior and posterior segments. Invest Ophthalmol Vis Sci,
29(2), 311-3109.

Wilkinson, L. S., Mittleman, G., Torres, E., Humby, T., Hall, F. S., & Robbins, T. W. (1993).
Enhancement of amphetamine-induced locomotor activity and dopamine release in
nucleus accumbens following excitotoxic lesions of the hippocampus. Behav Brain
Res, 55(2), 143-150. doi: 10.1016/0166-4328(93)90110-c

Willmore, L. J., Sypert, G. W., & Munson, J. B. (1978). Recurrent seizures induced by
cortical iron injection: a model of posttraumatic epilepsy. Ann Neurol, 4(4), 329-336.
doi: 10.1002/ana.410040408

Wilson, M. P., Plecko, B., Mills, P. B., & Clayton, P. T. (2019). Disorders affecting vitamin
B6 metabolism. J Inherit Metab Dis, 42(4), 629-646. doi: 10.1002/jimd.12060

Wong, P. C., Cai, H., Borchelt, D. R., & Price, D. L. (2002). Genetically engineered mouse
models of neurodegenerative diseases. Nat Neurosci, 5(7), 633-639. doi:
10.1038/nn0702-633

Wooltorton, E. (2002). Bupropion (Zyban, Wellbutrin SR): reports of deaths, seizures, serum
sickness. CMAJ, 166(1), 68.

Yan, Q. S., Dailey, J. W., Steenbergen, J. L., & Jobe, P. C. (1998). Anticonvulsant effect of
enhancement of noradrenergic transmission in the superior colliculus in genetically
epilepsy-prone rats (GEPRS): a microinjection study. Brain Res, 780(2), 199-209. doi:
10.1016/s0006-8993(97)01139-6

Yan, Q. S., Jobe, P. C., Cheong, J. H., Ko, K. H., & Dailey, J. W. (1994). Role of serotonin in
the anticonvulsant effect of fluoxetine in genetically epilepsy-prone rats. Naunyn
Schmiedebergs Arch Pharmacol, 350(2), 149-152.

Yang, L., Wang, Y. F., Li, J., & Faraone, S. V. (2004). Association of norepinephrine
transporter gene with methylphenidate response. J Am Acad Child Adolesc
Psychiatry, 43(9), 1154-1158. doi: 10.1097/01.chi.0000131134.63368.46

Yoshida, K., Moriwaka, F., Matsuura, T., Hamada, T., & Tashiro, K. (1993). Myoclonus and
seizures in a patient with parkinsonism: induction by levodopa and its confirmation on
SEPs. Jpn J Psychiatry Neurol, 47(3), 621-625. doi: 10.1111/j.1440-
1819.1993.tb01808.x

113



Zanisi, M., Galbiati, M., Messi, E., & Martini, L. (1994). The anterior pituitary gland as a
possible site of action of kainic acid. Proc Soc Exp Biol Med, 206(4), 431-437. doi:
10.3181/00379727-206-43783

Zhang, H., Li, Q., Graham, R. K., Slow, E., Hayden, M. R., & Bezprozvanny, I. (2008). Full
length mutant huntingtin is required for altered Ca2+ signaling and apoptosis of
striatal neurons in the YAC mouse model of Huntington's disease. Neurobiol Dis,
31(1), 80-88. doi: 10.1016/j.nbd.2008.03.010

Zhang, L., Joseph, J. A., & Roth, G. S. (1997). Effect of aging on vulnerability of striatal D1
and D2 dopamine receptor-containing neurons to kainic acid. Brain Res, 763(2), 264-
266. doi: 10.1016/s0006-8993(97)00485-x

Zhang, Z., Liao, W., Bernhardt, B., Wang, Z., Sun, K., Yang, F., . .. Lu, G. (2014). Brain
iron redistribution in mesial temporal lobe epilepsy: a susceptibility-weighted
magnetic resonance imaging study. BMC Neurosci, 15, 117. doi: 10.1186/s12868-
014-0117-3

Zhou, X., Pardue, M. T., luvone, P. M., & Qu, J. (2017). Dopamine signaling and myopia
development: What are the key challenges. Prog Retin Eye Res, 61, 60-71. doi:
10.1016/j.preteyeres.2017.06.003

Zhu, Z. Q., Armstrong, D. L., Grossman, R. G., & Hamilton, W. J. (1990). Tyrosine
hydroxylase-immunoreactive neurons in the temporal lobe in complex partial
seizures. Ann Neurol, 27(5), 564-572. doi: 10.1002/ana.410270518

114



