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Abstract

L-3,4-dihydroxyphenylalanine (L-DOPA) can ease symptoms of Parkinson’s disease (PD), but
extended use of L-DOPA causes abnormal involuntary movements (AIMs) called L-DOPA induced
dyskinesias (LIDs). The present study aims to investigate alterations in HPA axis stimulation,
neuroinflammation, DA signalling, and cholinergic signalling using molecular markers in a rat model
of LIDs. A unilateral 6-hydroxydopamine (6-OHDA) lesion in the medial forebrain bundle of male
Sprague-Dawley rats was used to model Parkinsonism. The PD rat model was treated with L-DOPA to
further model LIDs. L-DOPA treated groups included rodents treated for 14 days and rats that
developed AlMs during 28 days of treatment. LIDs severity was rated using the AlMs score. Motor
skills were assessed using the elevated beam walking test. Cognitive functions were assessed using the
Morris water maze test and the novel object recognition test. The concentrations of tumour necrosis
factor-alpha (TNF-a), corticosterone, acetylcholinesterase (AChE), and dopamine (DA), and the
expressions of D1 receptor (D1R) and D2 receptor (D2R) were quantified. L-DOPA treatment for 14
days improved the 6-OHDA-induced hypokinesia, incoordination, spatial learning, and spatial memory
but did not improve recognition memory impairment. Prolonged (28 days) L-DOPA treatment led to
AlMs development and failed to improve 6-OHDA-induced spatial memory impairment. L-DOPA
treatment significantly increased striatal TNF-a and striatal DA concentration, cerebellar TNF-a and
DA concentration, prefrontal cortex (PFC) DA and AChE concentration, but significantly reduced
striatal AChE concentration, the concentration of TNF-a and DIR expression in the PFC, plasma
corticosterone, and hippocampal AChE concentration. When treatment was prolonged for 28 days,
striatal D2R expression significantly increased, while cerebellar TNF-a and DA concentration
significantly decreased. Increased striatal D2R signalling increases motor output since the direct basal
ganglia (BG) pathway is activated in LIDs. The present study showed significantly increased cerebellar
DA concentration in response to BG hypoactivity; however, as striatal D2R increased cerebellar DA
decreased. The connectivity between the BG and cerebellum in PD increases off L-DOPA and lowers
On L-DOPA. The cognitive decline in the 6-OHDA lesioned rodents and those treated with L-DOPA
results from increased AChE concentration. High AChE concentration leads to increased ACh

catabolism which impairs cognitive function.

Keywords: Parkinson’s disease, L-3,4-dihydroxyphenylalanine, Dopamine, tumour necrosis factor-

alpha, acetylcholinesterase, corticosterone

xii



Chapter 1: Literature review
1. Introduction

Parkinson’s disease (PD) is a neurodegenerative motor disorder, that results from a dysregulation in the
basal ganglia (BG) (Boecker et al., 1999). This disease results from the death of dopamine (DA) neurons
in the pars compacta of the substantia nigra, and this deficiency of DA signalling in the BG leads to
motor symptoms characteristic of PD (Fearnley and Lees, 1991, Gibb and Lees, 1991). The motor
symptoms used to diagnose PD include bradykinesia, akinesia, resting tremors, postural instability, and
rigidity (Hughes et al., 1992, Jankovic and Tolosa, 2007, Postuma et al., 2015). PD affects 1-2 people
in a population of 1000, affecting most people above the age of 60 years (Tysnes and Storstein, 2017).
Approximately 10% of PD patients in the early, untreated disease state met the traditional cognitive

impairment criteria (Weintraub and Claassen, 2017).

The cognitive deficits expressed by PD patients include impaired visuospatial learning, spatial
recognition memory, attention deficiencies and others (Chaudhuri et al., 2006, Amboni et al., 2015,
Pfeiffer, 2016). The cognitive deficits in PD may result from irregular dopaminergic, noradrenergic,
and cholinergic inputs to the cortex (Béackstrom et al., 2018). DA deficiency in PD is related to mild
cognitive deficits in frontostriatal functions, memory and attention deficits prevalent in PD (Backstrom
et al., 2018). The most effective pharmacotherapy for PD is L-3,4-dihydroxyphenylalanine (L-DOPA)
combined with monoamine oxidase and catechol-O-methyltransferase inhibitors (Kang et al., 2016). L-
DOPA is a DA precursor molecule that can cross the blood-brain barrier, and the inhibitors reduce the
peripheral degradation of L-DOPA, therefore increasing DA signalling in the brain (Ruonala et al.,
2018).

Long-term use of L-DOPA results in abnormal involuntary movements called levodopa-induced
dyskinesias (L1Ds) (Luquin et al., 1992). LIDs affect 40% of PD patients that have been treated with L-
DOPA for six years, and this percentage surges to 60% after ten years of treatment (Ahlskog and
Muenter, 2001, Tran et al., 2018). Studies to elucidate the pathophysiology of LIDs have shown the
involvement of oxidative stress, dysregulated serotonin signalling, dysregulated DA signalling,
dysregulated cholinergic signalling, dysfunction of the glutamatergic pathway, dysfunction of the
GABAergic pathway and others (Murer et al., 1998, Shen et al., 2015, Ndlovu et al., 2016, Smith et al.,
2016). These molecular dysregulations in brain areas, like those of the basal ganglia, can lead to
abnormal involuntary movements in PD patients treated with L-DOPA (Ndlovu et al., 2016). However,

the effect of L-DOPA on the cognitive decline prevailing in PD is yet to be established.



Molecular dysfunctions in LIDs were studied using animal models (Branchi et al., 2008, Tadaiesky et
al., 2008). Numerous animal models of PD were modified to model dyskinesias that result from treating
parkinsonism with L-DOPA over a specified period (Jackson et al., 2014, Iderberg et al., 2015, Ndlovu
et al., 2016). Models that use neurotoxins like 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
or 6-hydroxydopamine (6-OHDA) are used if a nigrostriatal lesion is required for the study (Calne et
al., 1985, Mandel et al., 1997). The unilateral lesion into the medial forebrain bundle (MFB) has been
shown to induce memory impairments showing that DA depletion may play a role in the cognitive
decline evident in PD (Tadaiesky et al., 2008). The lesion in the MFB is thought to reduce DA signalling
in the striatum, prefrontal cortex (PFC), and hippocampus, which are brain areas that play a crucial role
in cognition (Du et al., 2018). The lesion in the nigrostriatal pathway affects the BG pathway,
contributing to the initiation of the desired movement and inhibition of undesired movement
(Ungerstedt, 1968, Middleton and Strick, 1994).

2. The Basal Ganglia pathway and symptoms of Parkinson’s disease

The basal ganglia (BG) comprises subcortical nuclei that span the telencephalon, midbrain and
diencephalon (Albin et al., 1989). The nuclei that make up the BG include the striatum, substantia nigra
(the pars compacta and the pars reticulata), the Globus pallidus (the internal and the external segment),
and the subthalamic nucleus (figure 1a) (Heimer, 1983, Rommelfanger and Wichmann, 2010).
Dopamine (DA) is known for modulating the functions of the BG, and the disrupted DA signalling in
the striatum and other areas is thought to play a significant role in the development of symptoms of
Parkinson’s disease (PD) (Sian et al., 1994, Ruskin et al., 1999, Szewczyk-Krolikowski et al., 2016).
The BG dysregulation can be attributed to the death of dopaminergic neurons in the pars compacta of
the substantia nigra (figurelb), which supplies the BG, specifically the striatum, with DA (Hajdu et al.,
1973, Burns et al., 1983). Motor symptoms of PD become apparent when the concentration of DA in
the striatum is low (Zarow et al., 2003). The striatum projects to the substantia nigra par reticulata and
the outer segment of the Globus pallidus (figure 1a), and therefore plays a crucial role in both the direct
and indirect basal ganglia pathways (Domesick et al., 1983, Staines and Fibiger, 1984). The classical
PD model implies that the degeneration of the DA neurons (figure 1b) results in hyperactivity of the
neurons in the striatum (Albin et al., 1989). This leads to uncurbed inhibition of the neurons of the outer
segment of the Globus pallidus and, therefore, a reduced inhibitory tone of the subthalamic nucleus
(Starr et al., 2005, Milosevic et al., 2017).

The resultant hyperactivity in the subthalamic nucleus contributes to the neuron's hyperactivity in the
Globus pallidus' internal segment (DeLong and Wichmann, 2007). The hyperactivity of the neurons of

the inner segment of the Globus pallidus leads to an inhibited thalamus, and therefore, reduced signals



to the motor cortex (DeLong and Wichmann, 2007). The above results in difficulty initiating and
executing movement, which accounts for many clinical features used to diagnose PD (DeLong and
Wichmann, 2007). Other brain areas that play a critical role in the movement are the cerebellum and
other regions of the cerebral cortex (Middleton and Strick, 1994, Bostan et al., 2013). The cerebellum
receives DA signals from the substantia nigra and the ventral tegmental area (VTA), and the dysfunction
in the BG can lead to impaired signalling in the connected brain areas (Panagopoulos et al., 1991, Ikai
et al., 1992, Melchitzky and Lewis, 2000). Cerebellar dysregulations and the BG mediate both motor
and non-motor symptoms of PD (Wu and Hallett, 2013). This is supported by the anatomical
connections between the BG and the cerebellum (figure 2) (Bostan et al., 2010). There are
morphological alterations in the cerebellum and the primary motor cortex, which may result from the
hyperactivity observed in both brain areas in PD patients (Sabatini et al., 2000, Haslinger et al., 2001,
Borghammer et al., 2010). The hyperactivity within the brain areas is thought to be a compensatory
mechanism by the defective BG (Sabatini et al., 2000, Wu and Hallett, 2005). The cerebellar-BG-motor
cortex loop is correlated with motion while the neurons in the BG and cerebellum that circles (figure 2)
with areas of the prefrontal cortex (PFC) is related to cognitive function (Middleton and Strick, 1994).
Damage in the BG or the cerebellum will affect the motor function while the resultant dysregulation in
the non-motor brain areas leads to cognitive deficits and other non-motor symptoms of PD (Middleton
and Strick, 1994).

L-DOPA treatment has shown to improve clinical symptoms of PD on the Unified Parkinson’s Disease
Rating Scale motor score (Festini et al., 2015, Mueller et al., 2019). The above improvements were
accompanied by a connectivity increase between the cerebellum and other brain areas that make up the
motor system like the brainstem, thalamus, and globus pallidus (Festini et al., 2015, Mueller et al.,
2019). The cerebellum connections to the other brain areas were recognised almost immediately after
the first L-DOPA dose (Mueller et al., 2019). The improved motor performance was associated with
increased cerebellar-motor system connectivity, which implies that cerebellar networks can be a crucial
pharmaceutical target in PD treatments (Mueller et al., 2019). The increased connectivity shows that
patients on dopaminergic medication recruit the cerebellum during periods of increasing variability
(Gilat et al., 2017).
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Figure 1: an illustration of DA neurons projecting from the substantia nigra pars compacta to the
striatum, activating the dopamine D1 receptor on the medium spiny neurons in the direct BG pathway
(red lines) and dopamine D2 receptor which inhibits the neurons of the indirect BG pathway (blue
lines) (Calabresi et al., 2014).
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Figure 2: showing the structural connections between the basal ganglia and the cerebellum. The solid
lines show the neuronal projections to the striatum from the dentate nucleus, and the dotted lines show
the axonal projections to the cerebellar cortex from the subthalamic nucleus (Bostan et al., 2010, Wu
and Hallett, 2013).

3. Diagnosis of PD

No one test can definitively diagnose PD; however, it can be diagnosed using a clinical criterion

(Jankovic, 2008, Mahlknecht et al., 2015). The Movement Disorder Society has criteria for clinical



research and PD diagnosis (Postuma et al., 2015). Accurate diagnosis of PD is possible during life, and
75%-90% of diagnosed cases have been confirmed posthumously (Rizzo et al., 2016). Central to the
criteria for the diagnosis of PD is cardinal motor symptoms, like bradykinesia, rigidity, resting tremors
and postural instability (Hughes et al., 1992). Current criteria not only focuses on the motor symptoms
of PD but also acknowledges non-motor symptoms (Postuma et al., 2015). Non-motor symptoms
include impaired sense of smell, sleep dysfunction, dysautonomia, and cognitive deficits (Zis et al.,
2015). Motor parkinsonism can be defined as bradykinesia and resting muscle rigidity or resting tremor
(Postuma et al., 2015). The revised version of the Movement Disorder Society for the confirmation of
parkinsonism involves four parts, namely, information of their daily non-motor experiences, daily
motor experiences, an examination of motor skills, and motor complications (Goetz et al., 2008,
Postuma et al., 2015, Berg et al., 2018). During the diagnosis, the doctor may require other laboratory
examination from blood to imaging tests, even though these tests cannot confirm PD they can be used
to rule out other diseases (Kim et al., 2002). A patient must show motor parkinsonism, and those

symptoms must not be ascribable to any other confounding factors (Postuma and Berg, 2016).

Proving that PD is the causal factor for parkinsonism observed in a patient requires the following
categories of diagnostic features to be fulfilled, absolute exclusion criteria, at least two supportive
criteria, and no red flags (Postuma et al., 2015). The absolute exclusion criteria are used to debar PD in
patients with other mental disorders like behavioural variant frontotemporal dementia (Postuma et al.,
2015). The supportive criteria are met when the patient has a beneficial response to DA replacement
therapy that is dose-dependent, and a predicted end of the dose wearing off, i.e., a marked on/off
fluctuation (Postuma et al., 2015). The no red flag criteria are ideal, but the diagnosis of probable PD
can be made even when the patient presents some red flags provided that for every red flag, there is a
supportive criterion (Postuma et al., 2015). Examples of red flags include an absence of motor symptom
progression over five years of observations and rapid gait impairment progression that requires the use
of a wheelchair (Postuma et al., 2015). The accuracy of diagnosis is dependent on the age of the
individual, the clinical expertise of the attending clinician, and the duration of the disease (Adler et al.,
2014, Postuma et al., 2015).

In recent years, there has been an increase in the use of imaging techniques used in diagnosing PD
(Galinowski et al., 2017). Modern technology used in magnetic resonance imaging can show the
absence of the standard swallow tail sign in the substantia nigra of PD patients and has a 90% accuracy
of diagnosing PD (Schmidt et al., 2017). The computed tomography scans cannot show a distinct
difference between patients with PD and the control, but this technology can be used to rule out other
diseases, making it a useful tool for the diagnosis of PD (Galinowski et al., 2017). Striatal DA activity
can be determined using the DA reuptake transporter (DAT)-single-photon emission computed

tomography (SPECT) (Noyce et al., 2018). This technique quantifies striatal DA activity by using the
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transcranial sonography and striatal binding ratio, which can be used to identify the hyperechogenicity

of the substantia nigra of PD patients (Noyce et al., 2018).

A range of cognitive impairments occur in PD, from mild deficits to dementia (Aarsland et al., 2010,
Litvan et al., 2012, Wang et al., 2015). There are two criteria for diagnosing cognitive deficits in PD
as defined by clinical presentation (Yang et al., 2016). Level 1 diagnosis is a brief assessment based on
the Queen's Square Brain Bank criteria for PD's cognitive deficits (Gibb and Lees, 1991, Hughes et al.,
1992). The mild cognitive decline occurs slowly and can be described by caregivers, patients, or a
physician can observe it during an examination (Yang et al., 2016). The criteria exclude impairments
that result from the manifestation of parkinsonism, other possible causes of cognitive decline and
another factor that occur comorbid with PD that may influence the mental examination results (Emre et
al., 2007). The mild cognitive deficits eventually progress to dementia in most cases and avoid to errors
in the diagnosis that may arise more than one neurophysiological test is used (Emre et al., 2007). Mild
cognitive deficits in PD can be diagnosed with a second criterion which requires two
neuropsychological tests examining five cognitive domains described by the Movement Disorder
Society (Yang et al., 2016). The five cognitive domains are neuropsychiatric functions, instrumental

functions, memory, executive functions and global mental efficiency (Muslimovi¢ et al., 2005).

4, Treatment of PD

The cure for Parkinson’s disease (PD) is currently non-existent, but there are numerous ways for PD
patients to maintain a reasonable standard of living. There are medications, physical treatments, and
surgery that help the patients cope with the disease (Weaver et al., 2009). Surgical intervention is only
required when the symptoms are not adequately ameliorated with medical therapy (Williams et al.,
2010, Diestro et al., 2018). The subthalamic nucleus can be electrically stimulated to attenuate the
severity of the advanced PD symptoms (Limousin et al., 1998, Weaver et al., 2009). Examples of such
cases include PD that presents with essential tremors that are still disabling, even though the patient
receives adequate doses of medication (Picillo and Fasano, 2016). Patients may need deep brain
stimulation or lesional surgery in some basal ganglia regions, which can improve severe symptoms of
PD (Laitinen, 1966, Kumar et al., 1998, Ruonala et al., 2018).

PD patients require rehabilitation to help improve their standard of living reduced by the disease (Hely
et al., 2008). A rehabilitation program for PD patients includes occupational therapy, speech therapy,
and physiotherapy (Radder et al., 2017). The above helps improve and maintain mobility, flexibility,
strength gait speed, speech and overall quality of life (Kluger et al., 2017). The palliative care approach
provides patients and families affected by PD with some relief from suffering and information that will

help manage the symptoms (Kluger et al., 2017).



The most effective pharmacotherapy given to help manage PD symptoms is dopamine (DA)
replacement therapy, which increases DA signalling in the brain (Calne et al., 1969, Qi et al., 2016).
DA cannot cross the blood-brain barrier because of the charge on the molecule, so a precursor of DA
called L-3,4-dihydroxyphenylalanine (L-DOPA) is administered orally instead (Kang et al., 2016).
Enzymes like monoamine oxidase degrade L-DOPA in the periphery, which poses a problem since this
will reduce the amount of L-DOPA reaching the brain (Brannan et al., 1992, Doudet et al., 1997).
Therefore, L-DOPA is administered with monoamine oxidase inhibitors and catechol-O-
methyltransferase inhibitors (Brannan et al., 1992, Doudet et al., 1997). L-DOPA can be transported
across the blood-brain barrier via transcellular passive diffusion (Kageyama et al., 2000). There are
alternative medications, but none are as effective as L-DOPA. However, L-DOPA causes L-DOPA
induced dyskinesias (LIDs) in PD patients (Mones et al., 1971).

5. Pathophysiology of L-DOPA induced dyskinesia

The Pathophysiology of L-3,4-dihydroxyphenylalanine (L-DOPA) induced dyskinesias (LIDs) is still
not clearly understood. There are numerous neurotransmitter pathways whose dysregulations are
implicated in the pathology of LIDs. The molecular pathways implicated include oxidative stress,
inflammation, mitochondrial dysregulation, imbalanced dopaminergic signalling, impaired
serotonergic pathway, dysfunction of cholinergic neurotransmission and other molecular pathways
(Ding et al., 2011, Devos et al., 2013, Michel et al., 2015, de Farias et al., 2016). Oxidative stress due
to reactive species, nitrogen or oxygen, and reduced activity of catalase enzymes increase the chances
of dopamine (DA) neuron death in Parkinson’s disease (PD) (de Farias et al., 2016). L-DOPA promotes
excessive DA release in the striatum, increasing the oxidative stress and the release of pro-inflammatory
cytokines (de Farias et al., 2016). DA replacement therapy, like L-DOPA, does not necessarily reduce
the rate of degeneration of DA neurons. The loss of DA neurons in the substantia nigra causes impaired
DA storage capacity and impaired physiological DA release (Ding et al., 2011, Tronci et al., 2017). It
is not clear whether L-DOPA promotes DA and serotonin's production and secretion from serotonin
neurons (Ng et al., 1970, Melamed et al., 2007, Miguelez et al., 2016). Reduction of striatal cholinergic
tone and the ablation of striatal cholinergic interneurons ameliorates LIDs (Ding et al., 2011, Won et
al., 2014). Further details need to be elucidated in each pathway to help paint a clear picture of the

pathology of LIDs.

5.1. Inflammatory response
The neuropathology of PD includes non-apoptotic and apoptotic cell deaths, and this injury in the
nigrostriatal pathway results in activated microglia (Devos et al., 2013). The microglia in the substantia
nigra and the striatum of PD patients are activated (Kim et al., 2000). Once activated, the microglia

respond via hypertrophy, proliferation, and release of inflammatory mediators (Devos et al., 2013).



Mediators like interleukin-1p, interleukin-6, and tumour necrosis factor-alpha (TNF-a), have been
shown to play a role in metabolism, ion channel activity and growth factor expression (Mogi et al.,
1994, Kim et al., 2000). TNF-a is a pro-inflammatory cytokine elevated in the striatum, prefrontal
cortex (PFC), cerebellum and cerebrospinal fluid of PD patients (Mogi et al., 1994, Khadrawy et al.,
2017). This cytokine is thought to work as a transducer of the immune response in brain injuries (Mogi
etal., 1994). It also has stimulator and cytotoxic properties that prevent infection in the injured area and
enhances the immune response to brain tissue damage (Mogi et al., 1994). Gliosis may be beneficial at
times but deleterious at other times as it can lead to increased production of reactive oxygen species
(ROS) (Kim et al., 2002). ROS generation is counterbalanced by enzymes eliminating ROS compounds
by detoxifying them (Olufunsho and Ayodele, 2017). One of the features of PD is reduced antioxidant
capacity, which leads to the oxidation of biomolecules that make up the DA neurons (Campolo et al.,
2016). Unfortunately, the gliosis can lead to the death of DA neurons in a process called glial cell-

mediated neurotoxicity (Liao and Chen, 2001).

The progressive death of DA neurons is a predominant risk factor for LIDs development in PD patients
(Hong et al., 2014, Bastide et al., 2015). In-vitro studies show that high L-DOPA concentrations can
initiate the degeneration of cultured DA neurons by inducing both apoptosis and necrosis; how this
could relate to the brain in the PD condition is unclear (Basma et al., 1995, Ziv et al., 1997). A low L-
DOPA concentration did not show any toxic effects on the cultured dopamine neurons (Mytilineou et
al., 1993). However, it showed some protective effects against toxicity that could have been mediated
by peroxide and the upregulation of antioxidant molecules (Han et al., 1996, Warren, 2015). In vivo
studies and clinical trials have not demonstrated any indication of toxicity, although none of the animal
models of LIDs is a precise replication of the PD condition (Perry et al., 1984, Lyras et al., 2002). The
augmented inflammation in PD may lead to heightened effector responses, and one such effector is the

hypothalamus-pituitary-adrenal (HPA) axis (Ericsson et al., 1994).

5.2. Hypothalamus-pituitary-adrenal axis
Potent inflammatory cytokines like TNF-a can induce the release glucocorticoids (GCs) by stimulating
the HPA axis (Sapolsky and Pulsinelli, 1985, Dunn, 2000). The GCs released from the adrenal glands
by inflammatory mediators from injured cells or presence of pathogens (Dunn, 2000, Galon et al.,
2002). GCs is thought to have pro-inflammatory and anti-inflammatory properties (Cruz-Topete and
Cidlowski, 2015). The anti-inflammatory properties are due to the GCs' ability to repress the pro-
inflammatory genes through signal transduction using glucocorticoid receptors (GR) on the surface of
the immune cells (Cruz-Topete and Cidlowski, 2015). Studies of genome-wide microarrays of human
mononuclear cells show that GCs can upregulate some innate immune-related genes (Galon et al., 2002,
Chinenov and Rogatsky, 2007). The GCs bind to GRs and regulate inflammation by altering the

transcription of target genes and inhibiting the transcriptional factors like NF-kB, AP-1 or interferon

8



regulatory factors (Dunn, 2000, Cruz-Topete and Cidlowski, 2015). In PD patients, the HPA axis is
hyper-stimulated due to heightened pro-inflammatory cytokines concentration (Herrero et al., 2015).
However, this imbalance in the HPA axis secretions leads to a high cortisol level and eventual
dysregulated GRs function in the immune cells (Phillips et al., 2017). In the PD model, microglial GRs
are activated, which has a significant effect on reducing microglia cell activation and diminishing DA
degeneration (Palhagen et al., 2010). GCs play a role in the brain's regulations as it affects the blood-
brain barrier's permeability (BBB) (Kortekaas et al., 2005, Desai et al., 2007). In PD, an impaired BBB
could lead to cytotoxic molecules' infiltration resulting in increased DA neuron death through chronic
inflammation (Kortekaas et al., 2005). High secretion of GCs can cause brain tissue injury especially in
the hippocampus, PFC, and amygdala because of oxidative stress, mitochondrial dysfunction and
apoptosis (Dinkel et al., 2002, Sato et al., 2010). High oxygen, high iron content, fatty acid peroxidation,
and low antioxidant capacity in the brain makes it susceptible to oxidative stress (Madrigal et al., 2006).
The high GCs may increase the risk to develop cognitive or anxiety symptoms, common to brain

diseases like dementia and depression in which plasticity changes occur (Lucassen et al., 2015).

5.3. Dopamine signalling

DA plays a crucial role in sleep, learning, attention, pain processing, and working memory (Ayano,
2016). DA exerts its function via DA receptors which are classified into Gs/Golf-coupled D1-like
receptors (D1 receptor (D1R) and D5 receptor) and Gi/o-coupled D2-like receptors (D2 receptor (D2R),
D3 receptor, and D4 receptor) (Ryoo et al., 1998, Yano et al., 2018). DA reuptake transporter (DAT) is
responsible for terminating DA signalling by pumping the DA molecules back into the cytosol (Howe
and Dombeck, 2016, Weintraub and Claassen, 2017). In the indirect basal ganglia (BG) pathway, D2Rs
are inhibitory as they are thought to play a critical role in inhibiting undesired movements (Surmeier et
al., 2010). The stimulation of D2R modulates neuronal activity and inhibits DA and acetylcholine
(ACh) release (Tozzi et al., 2011, Threlfell et al., 2012). This complex interaction further affects the
striato-thalamicortical circuits which affects DA signalling in the cerebellum (Kharkwal et al., 2016,
Avila-Luna et al., 2018). DA axons that project to the cerebellum are from the substantia nigra and
ventral tegmental area (lkai et al., 1992, Flace et al., 2018). Studies have shown the presence of DA
regulatory machinery and tyrosine hydroxylase, i.e., a rate-limiting enzyme in the synthesis of
catecholamine in the cerebellum (Diaz et al., 1995, Melchitzky and Lewis, 2000, Flace et al., 2018,
Qian et al., 2018). DA axons that project to the cerebellum may play a key role in motor control and
posture regulation (Schweighofer et al., 2004, Dirkx et al., 2017). DA also regulates essential cognitive
functions through DA receptors expressed in the prefrontal cortex (PFC), striatum and hippocampus
(Cools et al., 2002, Da Cunha et al., 2002). DA neurotransmission in the PFC plays an essential role in

mediating executive functions such as the working memory (Arnsten et al., 2015). DA exerts these



effects by acting on D1Rs because blockade or stimulation of these receptors in the PFC can impair
performance on delayed response tasks (Floresco and Magyar, 2006). Little is known about how DA

mediates the executive functions regulated by the PFC (Meltzer et al., 2019).

Reduced DA signalling, such as in PD, leads to increased D2R expression, i.e., an increased inhibitory
drive of the indirect pathway and therefore inducing motor impairments (Gerfen et al., 1990, Petzinger
etal., 2013). Basal ganglia (BG) impairment affects signals that directly or indirectly connect to the BG
(Floresco and Magyar, 2006, Arnsten et al., 2015). Furthermore, there is an anatomical association of
cortico-striatal circuitry with the PFC, resulting in executive deficits in PD (Robbins and Cools, 2014,
Sook et al., 2017). The reduced DA signalling in the BG leads to reduced DA signalling in the PFC, but
little is known about how cerebellar DA neurotransmission is affected (Parenti et al., 1986, Floresco
and Magyar, 2006, Petzinger et al., 2013, Arnsten et al., 2015). L-DOPA treatment ameliorates PD
symptoms by altering cerebellar, limbic, and striatal processing L-DOPA has been shown to improve
learning and executive cognitive deficits in patients and spatial memory in rodents and monkeys
(Murphy etal., 1972, Fernandez-Ruiz et al., 1999, Cools et al., 2002). However, logical memory deficits
have been found in treated PD patients compared to untreated patients; moreover, a pre-clinical study
showed no improvement in learning and memory in rodents (Hietanen and Terdvéinen, 1988, Gevaerd
etal., 2001, Zhao et al., 2016).

Increased striatal D2R signalling in LIDs causes increased motor output, i.e., more severe dyskinesia
since the direct nigrostriatal pathway is the principal signalling cascade activated in LIDs (Murer and
Moratalla, 2011, Suarez et al., 2014). Dopaminergic terminals convert L-DOPA into DA which is
released in the synaptic cleft in a controlled way due to the expression of a regulatory mechanism
composed of the dopaminergic D2R and the DAT proteins (Bertolino et al., 2009). Thus, D2R and DAT
can regulate the firing rate of dopaminergic neurons and DA reuptake, respectively, leading to a
controlled DA release (Bertolino et al., 2009). LIDs associated with long-term L-DOPA use occur due
to maladaptive striatal plasticity (Bezard et al., 2013, Aristieta et al., 2016). The development of LIDs
is dependent on the degree of degeneration of dopaminergic neurons, the type of treatment and the
schedule of administration of the drug (Michel et al., 2015). The first potentiating factor for LIDs is the
progressive degeneration in the nigrostriatal pathway, which leads to reduced capacity for storing DA
in the presynaptic vesicles and a reduced physiological DA secretion (Bastide et al., 2015, Tronci et al.,
2017). Additionally, genetically modified mice lacking D1 receptors do not develop LIDs, and a
combination of D2R agonists and L-DOPA in L-DOPA naive rodents resulted in zero to mild cases of
LIDs (Blanchet et al., 1993, Pearce et al., 1998, Darmopil et al., 2009). Furthermore, deletion of D3
receptors decreases LIDs via targeting D1R-mediated signalling (Darmopil et al., 2009, Solis et al.,

2015). The development of LIDs involves the interaction between DA and the cholinergic system (Conti
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et al., 2016). DA receptors play a crucial role in the complex interactions between the DA and

cholinergic systems because the neurons in both systems express D2R (Kharkwal et al., 2016).

5.4. Cholinergic Signalling

DA and ACh have a feed-forward mechanism since DA can stimulate ( via D5R) or inhibits the release
(via D2R) of ACh depending on which receptors are stimulated, while ACh stimulates the release of
DA via nicotinic and muscarinic receptors present on DA neurons (Kharkwal et al., 2016). The striatum
contains the highest level of ACh and cholinergic markers in the brain, including choline
acetyltransferase and acetylcholinesterase (AChE) (Kawaguchi et al., 1995, Zhou et al., 2002). ACh is
an excitatory neurotransmitter in the brain and AChE terminates the neurotransmission by hydrolysing
ACh to acetate and choline (Maiti et al., 2017). The cholinergic system in the PFC and the hippocampus
plays a role in learning and memory, and dysfunction in cholinergic signalling may result in cognitive
deficits (Toyoda, 2018, Gargouri et al., 2019). The loss of nigral DA neuron innervation to the striatum
in PD leads to a hypercholinergic tone in the BG (Fino et al., 2007, Salin et al., 2009, Tubert et al.,
2016). The increased ACh distorts the function of the network in the brain, which induce structural

alterations that contribute to PD symptoms (Pisani et al., 2007).

Interestingly, pharmacological reduction of striatal cholinergic tone and ablation of striatal cholinergic
interneurons (Chls) have been shown to decrease the severity of LIDs (Ding et al., 2011, Won et al.,
2014). A recent optogenetic study showed that stimulation of cholinergic interneurons modulates LIDs
severity (Bordia et al., 2016). The changes in striatal cholinergic signalling and DA depletion contribute
to PD pathology and the appearance of LIDs (Perez et al., 2018). Muscarinic antagonists were among
the first treatments for PD, although their use is limited by low selectivity and side effects (Duvoisin,
1967). Striatal DA depletion provokes a reduction in the efficacy of M4 auto-receptors on Chils,
resulting in the self-disinhibition of acetylcholine release that contributes to the hypercholinergic tone
observed with DA depletion (Ding et al., 2006). Dysregulated striatal cholinergic transmission via M1
and M4 muscarinic receptors has directly been shown to contribute to the motor impairments observed
with DA depletion in PD (Ztaou et al., 2016). There is an association between LIDs and the aberrant
striatal output caused by an impaired nigrostriatal pathway and chronic L-DOPA administration (Cenci,
2014, Bastide et al., 2015). Enhanced cholinergic tone and its facilitation of long-term potentiation,
along with DA deficiency, are thought to be contributing factors to the development of LIDs (Fino et
al., 2007, Salin et al., 2009, Cenci and Konradi, 2010, Tubert et al., 2016).

6. Animal models of LIDs
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Studies in rodent and primate models of L-3,4-dihydroxyphenylalanine (L-DOPA) induced dyskinesias
(LIDs) have been widely used to understand the pathophysiology related to LIDs and facilitate pre-
clinical testing of novel therapeutics targets (Perez et al., 2018). Animal models represent a pre-clinical
tool since factors such as disease severity, drug treatment, and comorbidities are easily controlled
(Nestler and Hyman, 2010). Animal models have been useful in investigating pathogenic pathways and
therapeutic targets of Parkinson's disease (PD) and LIDs (Francardo and Cenci, 2014). These models
generally show PD cardinal signs and biochemical and behavioural features (Bové et al., 2005). Most
animal models of PD show non-motor symptoms such as abnormal olfactory function, gastrointestinal
problems and sleep disorders (Issy et al., 2015). Animal models of PD are mostly based on dopamine
(DA) neuron death in the substantia nigra and cellular dysregulation due to toxins like 6-
hydroxydopamine (6-OHDA), 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), rotenone and
paraquat (Bové et al., 2005, Bezard et al., 2013, Bez et al., 2016). The MPTP-lesioned non-human
primate model is an excellent symptomatic PD model and was the first model used to reproduce LIDs
experimentally (Johnston et al., 2010). MPTP recapitulates the motor features of human dyskinesia, that
is chorea and dystonia and is considered a reliable animal model to define novel therapies (Johnston et
al., 2010).. The nigrostriatal system's partial lesion is more likely to mimic these earlier stages of PD if
a lower dose of the toxin was used (Sebastianutto et al., 2016). The unilateral 6-OHDA-lesioned rat
model can mimic the status of advanced PD and has been widely used for many years to assess drugs'
symptomatic effects (Picconi et al., 2003, Boix et al., 2015, Michel et al., 2015). The unilateral 6-OHDA
model presents a side-biased motor impairment, and it allows control of the extent of DA neuron
degenerations (Beal, 2001). Progression of DA neuron degeneration is most likely the predominant risk
factor for the appearance of LIDs, but only in subjects with an extensive DA neuron degeneration,
resulting in more than 80% reduction in striatal DA levels (Hong et al., 2014, Bastide et al., 2015).
Ulusoy and colleagues (2010) showed that rats whose striatal DA levels had been reduced by 70%,
without any damage to the striatal dopaminergic innervation (obtained by employing AAV vector
overexpressing a SiRNA for the tyrosine hydroxylase) could develop dyskinesias induced by
apomorphine. However, they were refractory to dyskinesias generated by L-DOPA (Ulusoy et al.,
2010). Showing that LIDs cannot be induced as long as a sufficient number of DA terminals are present
to mediate the regulated release of L-DOPA-derived DA (Carta and Bjorklund, 2018).

7. Basis of the study

The dopamine (DA) neuron death in Parkinson’s disease (PD) leads to the alterations in the molecular
markers within the basal ganglia pathways, which affects all the other brain areas that interact directly
or indirectly with basal ganglia (BG). The brain areas affected lead to more symptoms other than motor

symptoms, including impaired attention, memory, executive and visuospatial functions. It has been
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shown that L-3,4-dihydroxyphenylalanine (L-DOPA) ameliorates resting tremors, bradykinesia and
muscle rigidity in PD patients (Ruonala et al., 2018). L-DOPA can remediate some cognitive deficits.
It can also induce non-motor fluctuations with cognitive dysfunction, e.g. there is no apparent
improvement in episodic memory and visuospatial learning and memory (Dubois and Pillon, 1996,
Robbins and Cools, 2014). Altered DA signalling and cholinergic signalling in the prefrontal cortex
(PFC) and hippocampus impacts episodic memory acquisition (Morici et al., 2015). Studying the effect
of L-DOPA on the Hypothalamus-pituitary-adrenal axis and expression of pro-inflammatory markers
like tumour necrosis factor o will show if L-DOPA exacerbates glial cell linked neurotoxicity in the
BG, PFC, and the cerebellum. If this is so, the exaggerated neurotoxicity in PD patients may play a
significant role in the development of LIDs and cognitive decline (Pisanu et al., 2018, Boi et al., 2019).
L-DOPA medication results in LIDs and these behavioural fluctuations may not only be limited to
motor fluctuations. More work focusing on the social aspects, cognitive impairment, and mood
dysfunction in PD need to be done to understand other effects of LIDs. The present study aimed to
investigate the gradual effect of L-DOPA treatment on the inflammation, HPA axis, cholinergic
pathway and dopaminergic pathway using molecular markers for each pathway in the cerebellum, PFC
and striatum of rats that were unilaterally lesioned with 6-OHDA in the medial forebrain bundle.
Obijectives

o To assess basal motor function and dyskinesias.

e To assess cognitive deficit.

e To determine the level of corticosterone (plasma)

e To assess the level of TNF-a (striatum and PFC).

e To assess the level of DA (PFC and striatum) and the expression of D1 (PFC) and D2

(striatum).

e To assess the level of AChE in the PFC, hippocampus, and striatum.

8. General methodology

The present study received ethical approval (AREC/077/018M) from the University of KwaZulu-
Natal's Animal ethics committee. Seventy-two adult male Sprague-Dawley (SD) rats with weights
ranging from 220-250 g were obtained from the Biomedical Resource Unit at the University of
KwaZulu-Natal and were used in the present study. After the rats were acclimatised, they were trained
for the elevated beam walking test (EBWT) for two days and assessed on the third day. A day later the
SD rats were separated into two groups where one group was intracranially injected with saline (4 pL)
and the second group was lesioned with 6-hydroxydopamine (6-OHDA) (8 pg/4 ul dissolved in 0.2%
ascorbic acid) in the right side of the medial forebrain bundle. The SD rats included in the first phase

of the present study went through handling or received a subcutaneous injection of saline or L-3,4-
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dihydroxyphenylalanine (L-DOPA) (50 mg/kg) and benserazide (10 mg/kg) for 14 days. During the
first day of treatment, 1 hour after handling and administering the L-DOPA or saline, the SD rats'
balance and coordination were assessed using the EBWT (figure 3). The SD rats' object recognition
memory, visuospatial learning and spatial memory were assessed using the novel object recognition test
(NORT) and the Morris water maze test (MWMT) (figure 3).

The second phase of the present study includes SD rats that developed dyskinesias after subcutaneous
injections of L-DOPA and benserazide for the treatment duration of 28 days. The dyskinesias
experienced by the group were recorded between 9 am to 10 am and scored using the abnormal
involuntary movements (AIMs) score. Once the AIMs have receded, the animals are given an hour to
rest. Once the SD rats were rested, the SD rats' balance and coordination were assessed using the EBWT.
The SD rats' objection recognition memory, visuospatial learning and spatial memory were assessed
using the NORT and the MWMT (figure 3).

SD rats were sacrificed, and the blood, cerebella, striata, hippocampus, and the prefrontal cortex (PFC)
collected for neurochemical analysis. The collected tissues were analysed to determine striatal
dopamine (DA) concentration, cerebellar DA concentration, striatal tumour necrosis factor a (TNF-o)
concentration, striatal acetylcholinesterase (AChE) concentration, cerebellar TNF-a concentration, PFC
DA concentration, PFC AChE, PFC TNF-a concentration, hippocampal AChE concentration, and
plasma corticosterone concentration using Enzyme-linked Immunosorbent assay (ELISA) Kit.
Furthermore, D1 and D2 receptor expressions were determined using reverse transcription-polymerase
chain reaction to analyse the PFC and striatum, respectively. The study design and timeline are

illustrated in figure 3 below.
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9. Experimental Design
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The collected samples were stored in a bio-freezer at -
80°C for neurochemical analysis.

Day 48

N

'

RT-PCR - D1 and D2 receptor expression

ELISA Assay - TNF-a, DA, AChE, and corticosterone

Figure 3: illustration of the study design and timeline for the induction of parkinsonism and treatment

with L-DOPA.
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Chapter 2
Prologue

Manuscript 1

Dopamine (DA) signalling deficiency within the basal ganglia has been shown to result in motor
symptoms that are features of Parkinson's disease (PD). The golden standard for treating PD symptoms
is the DA replacement therapy called L-3,4-dihydroxyphenylalanine (L-DOPA), which increases DA
signalling in the basal ganglia. However, prolonged use of L-DOPA leads to abnormal involuntary
movements called L-DOPA induced dyskinesias (LIDs). L-DOPA remains the most effective PD
treatment, hence gathering information to ascertain dysregulations that lead to the development of LIDs
is essential. Studies have used the 6-OHDA rat model of PD to imitate dyskinesias' development by
treating 6-OHDA lesioned rodents with L-DOPA. In addition to the basal ganglia, the cerebellum is
also associated with motor function. The present study investigates the alteration of striatal AChE and

cerebellar DA as abnormal involuntary movements develop in a rat model of LIDs.

The present manuscript was prepared according to the author guidelines for the Journal brain research.

The alteration of the D2 receptor as abnormal involuntary movements develop due to L-DOPA therapy
in a 6-OHDA rat model of PD.
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The alteration of dopamine signalling in the striatum and the cerebellum as abnormal
involuntary movements develop due to L-DOPA therapy in a 6-OHDA rat model of PD.

M. Mokgokong, Z.N.P. Msibi, M. V. Mabandla

Discipline of Physiology, School of Laboratory Medicine and Medical Sciences, College of Health
Sciences, University of KwaZulu-Natal, Private Bag X54001, Durban, 4000, South Africa

Abstract

Forty to sixty per cent of Parkinson's disease (PD) patients on chronic L-3,4-dihydroxyphenylalanine
(L-DOPA) treatment develop abnormal involuntary movements (AIMs) called L-DOPA induced
dyskinesias (LIDs). The present study investigates the alteration in striatal acetylcholinesterase (AChE)
and cerebellar dopamine (DA) concentration as abnormal involuntary movements develop in a rat
model of LIDs. 6-hydroxydopamine (6-OHDA) was used to unilaterally lesion the medial forebrain
bundle of Sprague-Dawley rats to induce parkinsonism which was treated with L-DOPA. The motor
skills were assessed using the elevated beam walking test and the abnormal involuntary movement
score. Tumour necrosis factor-alpha (TNF-a), AChE, and DA concentrations, and the expression of
dopaminergic D2 receptor (D2R) were measured. L-DOPA treatment alleviated 6-OHDA-induced
hypokinesia and motor incoordination, while prolonged L-DOPA treatment led to AIMs. L-DOPA
treatment increased striatal TNF-a and DA concentration as well as D2R expression but reduced striatal
AChE concentration. Reduced AChE concentration impairs the regulation of ACh signalling indirectly
affecting DA signalling. The progressive increase in striatal D2R and DA between 14 and 28 days of
treatment may play a vital role in the appearance of AlMs. Cerebellar TNF-o, and DA concentrations
were elevated following 14 days of L-DOPA treatment, but both markers were decreased following 28
days of treatment. Increased cerebellar DA concentration in the L-DOPA treated group resulted in
improved motor skills. However, reduced cerebellar DA occurred with AIMs and hypokinesia,

demonstrating the cerebellum's involvement in PD and LIDs pathology.

Key words: Parkinson‘s disease, dopamine, tumour necrosis factor-alpha, acetylcholinesterase, and 6-

hydroxydopamine.
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1. Introduction

Parkinson's disease (PD) is a disease whose phenotype includes motor symptoms like bradykinesia and
akinesia which are a result of impaired basal ganglia (BG) signalling that prevails in the disease state
(Boecker et al., 1999, Postuma and Berg, 2016). The BG is a subcortical nuclei group that plays a role
in initiating desired and inhibition of undesired movements (Ungerstedt, 1968, Middleton and Strick,
1994). PD is characterised by dopamine (DA) neurons' death in the pars compacta of the substantia
nigra (Issy et al., 2015). The death of DA neurons results in diminished DA neurotransmission in the
striatum, which results in motor symptoms such as hypokinesia, that are characteristic of PD (Zhai et
al., 2018).

Effective medication used to treat motor symptoms of PD is the DA replacement therapy that includes
a combination of L-3,4-dihydroxyphenylalanine (L-DOPA) and inhibitors of monoamine oxidase and
catechol-O-methyltransferase (Cotzias et al., 1969, Mannist6 et al., 1990, Kang et al., 2016). The
inhibitors are administered to lessen the peripheral degradation of L-DOPA, therefore enhancing the
concentration of L-DOPA that reaches the central nervous system, where it can be converted to DA-
thus, increasing DA neurotransmission in PD patients' striatum (Térnwall and Méannist6, 1993, Stacy
and Galbreath, 2008, Ruonala et al., 2018). One of the significant side-effects of long-term use of L-
DOPA is the development of abnormal involuntary movements called L-DOPA induced dyskinesias
(LIDs) (Cotzias et al., 1969, Ko et al., 2014, Conti et al., 2016). Forty per cent of PD patients develop
LIDs after using L-DOPA for six years, this percentage increases to sixty per cent after ten years of
treatment (Ahlskog and Muenter, 2001, Tran et al., 2018). Factors that predispose PD patients to
develop LIDs include, age of PD onset, body weight, the dose of L-DOPA prescribed and others
(Daneault et al., 2013).

The pathophysiology of LIDs is still under investigation. However, some of the findings implicated
impaired striatal DA signalling, increased conversion of L-DOPA to dopamine by striatal serotonin
neurons, impaired cholinergic fibre signalling, and neuroinflammation (Murer et al., 1998, Shen et al.,
2015, Ndlovu et al., 2016, Smith et al., 2016). Neuroinflammation is central to the pathology of PD as
it is thought to not only be a result of the disease itself but also to propagate the death of DA neurons
via pro-inflammatory cytokines like tumour necrosis factor-alpha (TNF-a) (Mogi et al., 1994, Jin et al.,
2008, Tufekci et al., 2012). The release of pro-inflammatory cytokines like TNF-a is beneficial in the
early stages of the disease as it enhances the immune response to the tissue damage occurring in PD
(Boka et al., 1994, Tufekci et al., 2012). However, as the disease progresses, this augmented
inflammatory response leads to increased synthesis of reactive oxygen species that eventually cause the
death of DA neurons (Hunot et al., 1999, Felger et al., 2015, Peter et al., 2018).
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DA neurons can convert L-DOPA into dopamine which is released in the synaptic cleft in a controlled
manner due to the expression of a delicate regulatory mechanism composed of the dopaminergic D2
receptor (D2R) and the DA active transporter proteins (Bertolino et al., 2009, Kintz et al., 2017). The
decreased DA signalling in PD has been shown to lead to increased D2R sensitivity as a compensatory
mechanism (Petzinger et al., 2013, Kintz et al., 2017). The increased endogenous DA production due
to L-DOPA therapy and increased D2R sensitivity in the basal ganglia causes increased motor
complications, i.e., LIDs (Parenti et al., 1986, Surmeier et al., 2010, Murer and Moratalla, 2011,
Petzinger et al., 2013).

Striatal cholinergic interneurons express D2R, which, when stimulated, inhibits ACh secretion and
reduced DA signalling, such as in PD, leading to increased ACh signalling (Soreq, 2015, Souza et al.,
2015). The changes in striatal cholinergic signalling and DA depletion contribute to PD pathology and
the appearance of LIDs (Perez et al., 2018). The ablation of cholinergic neurons, i.e., decreased striatal
ACh concentration, has been shown to decrease the severity of LIDs (Ding et al., 2011, Won et al.,
2014). ACh signalling is regulated by a group of enzymes called Acetylcholinesterase (AChE) that
break down ACh to acetate and choline, a critical process that regulates ACh signalling (Zugno et al.,
2015). Studying the role that AChE plays in the pathology of PD and LIDs is essential for the

development of more pharmaceutical interventions that can reduce the severity of LIDs.

The study of molecular changes in PD that lead to the development of LIDs has been done in humans
and animal models. One such animal model that can mimic the death of DA neurons in the medial
forebrain bundle and the resulting parkinsonism is the 6-hydroxydopamine (6-OHDA) rodent model of
PD (Paxinos and Watson, 1986). The neurotoxin is injected into the medial forebrain bundle, affecting
the DA neurons in the substantia nigra (Ngema and Mabandla, 2017). The reduced DA signalling affects
the basal ganglia, especially the striatum leading to impaired motor skills (Zarow et al., 2003). The
ventral tegmental area and substantia nigra supply DA to the cerebellum but not much is known about
cerebellar DA content in PD patients (Ikai et al., 1992, Flace et al., 2018). The administration of L-
DOPA can affect DA signalling in the cerebellum. The present study investigates the alteration of

striatal AChE and Cerebellar DA as abnormal involuntary movements develop in a rat model of LIDs.
2. Results
2.1 The Elevated Beam walking test
Motor coordination and balance were assessed before (pre-lesion) and seven days after stereotaxic
surgery (post-lesion) in the following groups: Sal (14), 6-OHDA (14), L-DOPA (14), Sal (28), 6-OHDA

(28), and L-DOPA (28), figure 1. The two-way analysis of variance followed by Sidak's multiple
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comparisons test was used to analyse the data in figure 1. The 6-OHDA lesion significantly increased
the time taken to cross the beam (pre-lesion vs post-lesion; 6-OHDA (14); 6-OHDA (28); F 5, 60 =
28,53, p<0.0001, figure 1a) and the number of foot slips observed when crossing the beam (pre-lesion
vs post-lesion; 6-OHDA (14); 6-OHDA (28); F5, 60= 16.04, p<0.0001, figure 1b). Treatment with L-
DOPA significantly reduced the time to cross the beam (6-OHDA (14) vs L-DOPA (14); 6-OHDA (28)
vs L-DOPA (28); F 5, 60 = 22,64, p<0.0001, figure 1a) and significantly reduced the number of foot
slips (6-OHDA (14) vs L-DOPA(14); F5, 60= 14,4, p<0.0001, figure 1b) and L-DOPA (28) (6-OHDA
(28) vs L-DOPA (28); F5, 60 = 14,4, p=0,0001, figure 1b). AlMs development in the L-DOPA (28)
group increased the time the SD rats took to reach the home cage (pre-lesion vs post-lesion, L-DOPA
(28); F5, 60=28.53, p< 0,0022, figure 1a).
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Figure 1. Graph showing (a) the time it took the SD rats to reach the home cage and (b) the number of

foot slips observed as SD rats crossed the beam in the Elevated beam walking test (n=11per group).

2.2 The abnormal involuntary movement score
Abnormal involuntary movements were rated in L-DOPA (28), figure 2. The two-way analysis of
variance followed by Sidak's multiple comparisons test was used to analyse the data in figure
2. There was no significant difference in the severity of AIMs in the L-DOPA (28) group in the eight
days of observation (L-DOPA (28); F9, 63 = 3,393, p=0,6162, figure 2).
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Figure 2: Graph showing the average severity of the abnormal involuntary movements in the L-DOPA

(28) group for eight days of treatment (n=10).

2.3 The striatal tumour necrosis factor-alpha concentration
Striatal TNF-a concentration was assessed in the following groups: Sal (14), 6-OHDA (14), L-DOPA
(14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 3. One-way analysis of variance plus
Tukey's multiple comparisons test was used to examine the data in figure 3. TNF-o
concentration was significantly increased in 6-OHDA-lesioned rats at day 14 of saline injections (Sal
(14) vs 6-OHDA (14); F5, 12 = 27.2, p= 0,0078, figure 3). This effect was also observed at day 28 of
saline injections (Sal (28) vs 6-OHDA (28); F5, 12 = 27.2, p< 0,0088 figure 3). TNF-a concentration
was significantly heightened after 14 days (Sal (14) vs L-DOPA (14); F5, 12 = 27.2, p= 0,0154, figure
3) and 28 days (Sal (28) vs L-DOPA (28); F5, 12 = 27.2, p= 0,0081, figure 3) of L-DOPA treatment.
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Figure 3: Graph showing striatal TNF-a concentration in the following groups: Sal (14), 6-OHDA
(14), L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28) (n=3 per group).

2.4 The concentration of cerebellar Tumour necrosis factor-alpha (TNF-a)
Cerebellar TNF-a concentration was assessed in the following groups: Sal (14), 6-OHDA (14), L-
DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 4. One-way analysis of variance
plus Tukey's multiple comparisons test was used to examine the data in figure 4. TNF-a
concentration was significantly increased in 6-OHDA-lesioned rats at day 14 (Sal (14) vs 6-OHDA
(14); F5, 12 = 29.47, p= 0.0067, figure 5) and day 28 (Sal (28) vs 6-OHDA (28); F5, 12 = 29.47, p<
0.0001, figure 5). Treatment with L-DOPA for 14 days significantly increased TNF-a concentration
(Sal (14) vs L-DOPA (14); F5, 12 = 29.47, p= 0.0024, figure 5), while 28 days of treatment
significantly decreased it (6-OHDA (28) vs L-DOPA (28); F5, 12 = 29.47, p< 0,0001, figure 4). TNF-
a concentration significantly increased with time in the 6-OHDA lesioned groups only (6-OHDA (14)
vs 6-OHDA (28); F5, 12 = 29.47, p= 0,0051, figure 4).
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Figure 4: Graph showing cerebellar TNF-a concentration in the following groups: Sal (14), 6-OHDA
(14), L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28) (n=3 per group).

2.5 The concentration of dopamine in the striatum
Striatal DA concentration was assessed in the following groups: Sal (14), 6-OHDA (14), L-DOPA
(14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 5. One-way analysis of variance plus
Tukey's multiple comparisons test was used to examine the data in figure 3. DA concentration
was significantly decreased in 6-OHDA-lesioned rats 14 days (Sal (14) vs 6-OHDA (14); F2, 10 =
3.288, p<0,0001, figure 5) and (Sal (14) vs L-DOPA (14); F2, 10 = 3.288, p= 0.0003, figure 5) and 28
days (Sal (28) vs 6-OHDA (28); F2, 10 = 3.288, p<0.0001, figure 5) and (Sal (28) vs L-DOPA (28);
F2, 10 = 3.288, p= 0.0019, figure 5) post treatment. However, there was a treatment effect in the 6-
OHDA lesioned groups (6-OHDA (14) vs L-DOPA (14); F2, 10 = 3.288, p= 0.0147, figure 5) and (6-
OHDA (28) vs L-DOPA (28); F2, 10 = 3.288, p= 0.0011, figure 5). Furthermore, there was a time
effect in the L-DOPA treated groups (L-DOPA (14) vs L-DOPA (28); F2, 10 = 3.288, p=0.0014,
figure 5).
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Figure 5: Graph showing striatal DA concentration in the following groups: Sal (14), 6-OHDA (14), L-
DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28) (n=3 per group).

2.6 The concentration of DA in the cerebellum
Cerebellar DA concentration was assessed in the following groups: Sal (14), 6-OHDA (14), L-DOPA
(14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 6. One-way analysis of variance plus
Tukey's multiple comparisons test was used to examine the data in figure 6. DA concentration
was significantly increased in 6-OHDA-lesioned rats 14 days of treatment (Sal (14) vs 6-OHDA (14);
F5, 12 = 34.1, p= 0,0035, figure 6) and (Sal (14) vs L-DOPA (14); F5, 12 = 34.1, p= 0,0006, figure
6). Cerebellar DA was significantly elevated in the 6-OHDA lesioned rats 28 days post-lesion (Sal
(28) vs 6-OHDA (28); F5, 12 = 34.1, p=0,0002, figure 6). However, the 6-OHDA lesioned rats that
were treated with L-DOPA for 28 days had a significantly lower cerebellar DA concentration (6-
OHDA vs L-DOPA (28); F5, 12 = 34.1, p< 0,0001, figure 6). The rats treated with L-DOPA for 28
days had a significantly decreased cerebellar DA concentration as compared to the group treated for
14 days (L-DOPA (14) vs L-DOPA (28), F5, 12 = 34.1, p< 0,0001, figure 6).
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Figure 6: Graph showing cerebellar DA concentration in the following groups: Sal (14), 6-OHDA (14),
L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28) (n=3 per group).

2.7 The expression of Dopamine 2 receptor in the striatum

Striatal D2R expression was assessed in the following groups: Sal (14), 6-OHDA (14), L-DOPA (14),
Sal (28), 6-OHDA (28), and L-DOPA (28), figure 7. One-way analysis of variance plus Tukey's
multiple comparisons test was used to examine the data in figure 7. There was a significant upregulation
of D2R gene expression as time progressed in the 6-OHDA lesioned groups (6-OHDA (14) vs 6-OHDA
(28), F5, 12 = 25.86, p= 0,0004, figure 7) and (L-DOPA (14) vs L-DOPA (28); F5, 12 =
25.86, p=0,0011, figure 7). There was a lesion effect 35 days post lesion (Sal (28) vs 6-OHDA (28);
F5, 12 = 25.86, p<0.0001, figure 7) and (Sal (28) vs L-DOPA (28); F5, 12 = 25.86, p= 0.0083, figure
7).
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Figure 7: Graph showing the change in D2R expression relative to GAPDH expression in the striata of
the following groups: Sal (14), 6-OHDA (14), L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA
(28) (n=3 per group).

2.8 The concentration of acetylcholinesterase in the striatum
Striatal AChE concentration was assessed in the following groups: Sal (14), 6-OHDA (14), L-DOPA
(14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 8. One-way analysis of variance plus Tukey's
multiple comparisons test was used to examine the data in figure 8. AChE concentration was
significantly increased in 6-OHDA lesioned rats (Sal (14) vs 6-OHDA (14); F5,12 =114.1,p <
0,0001, figure 8) and (Sal (28) vs 6-OHDA (28); F5, 12 = 114.1, p < 0,0001, figure 8). AChE
concentration was significantly reduced in 6-OHDA lesioned rats that were treated with L-DOPA(6-
OHDA (14) vs L-DOPA (14); F5, 12 = 114.1, p< 0,0001, figure 8) and (6-OHDA (28) vs L-DOPA
(28); F5, 12 = 114.1, p< 0,0001 figure 8).
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Figure 8: Graph showing striatal AChE concentration in the following groups: Sal (14), 6-OHDA (14),
L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28) (n=3 per group).

3. Discussion
L-DOPA is still the most effective pharmacological intervention for motor complications related to
Parkinson’s disease (PD) (Kang et al., 2016). However, chronic treatment of PD with L-3,4-
dihydroxyphenylalanine (L-DOPA) has been known to progressively lead to abnormal involuntary
movements (AIMs) (Bezard et al., 2013, Aristieta et al., 2016). The neurotoxin 6-hydroxydopamine (6-
OHDA) causes the degeneration of dopamine (DA) neurons in the nigrostriatal pathway, which leads
to motor impairment in a rat model of PD (Schober, 2004). The rodent 6-OHDA model has been
modified by treating the rodents with a combination of L-DOPA and benserazide for 28 days post-6-
OHDA surgery to model the development of L-DOPA-induced dyskinesias (LIDs) (Picconi et al., 2003,
Lundblad et al., 2005, Ndlovu et al., 2016). Previous studies have shown that the administration of L-
DOPA led to the development of AlMs after 21 days of treatment (Ndlovu et al., 2016). The present
study investigated motor complications related to prolonged exposure to L-DOPA in a unilaterally
lesioned 6-OHDA rat model of PD. The present study further explored cerebellar (DA and tumour
necrosis factor-alpha (TNF-a)) and striatal (TNF-0, Acetylcholinesterase (AChE), DA and
dopaminergic D2 receptor (D2R)) molecular marker alterations in the progression of L-DOPA

treatment, before and after AIMs developed.
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In the present study, the elevated beam walking test (EBWT) was used to assess two motor skills, viz.
hypokinesia and fine coordination (Carter et al., 2001, Luong et al., 2011). The 6-OHDA lesion caused
hypokinesia, incoordination and motor imbalance which was observed on the 8" and 27"-day post-
surgery. These results agree with reports showing rats intracranially injected with 6-OHDA in the
medial forebrain bundle showed motor impairments (Pierucci et al., 2009, Chen et al., 2018). The motor
impairments were ameliorated by L-DOPA as assessed on the first day of treatment and the 20" day of
treatment using the EBWT. These findings agree with literature that showed that the motor impairment
that resulted from a unilateral 6-OHDA lesion is ameliorated by L-DOPA treatment (Strome et al.,
2007, Ordofiez-Librado et al., 2010). However, prolonged exposure to L-DOPA resulted in AIMs with
a consistent score for the eight days of observation (from the 21% day to the 28" day of treatment). These
findings align with Ndlovu et al., (2016), who found that rats treated with L-DOPA after a unilateral 6-
OHDA lesion in the medial forebrain bundle resulted in AlMs 21 days post-L-DOPA administration.
The development of AIMs has been attributed to impaired DA signalling in the striatum (Ahlskog and
Muenter, 2001).

PD is associated with chronic inflammation, and the injection of 6-OHDA in the medial forebrain
bundle has shown to result in an inflammatory response (Farbood et al., 2015). One of the main effectors
of inflammation is the pro-inflammatory cytokine TNF-a, and the increased expression of this
biomarker in PD shows that it may be a mediator of neural damage via oxidative stress (Boka et al.,
1994, Nagatsu et al., 2000). Under normal conditions, TNF-a is not toxic to DA cells but persistently
high expression of TNF-a can lead to notable death of DA neurons (Boka et al., 1994, Leal et al., 2013).
The present study showed that a 6-OHDA lesion increased striatal TNF-a concentration, suggesting
that the neurotoxin causes hyper-inflammation in the striatum, a state that remained in the striatum
throughout treatment with L-DOPA (Mogi et al., 1994, Mogi et al., 1999). The 6-OHDA lesion
increased cerebellar TNF-a concentration with a progressive increase observed from week two to week
four in the untreated 6-OHDA groups. Increased cerebellar and striatal TNF-o concentration show a
heightened inflammatory state, leading to the death of DA neurons via glial cell-mediated neurotoxicity
(Hwang et al., 2008, Chung et al., 2016). These findings show that PD has pathophysiological features
that allow the death of DA neurons to occur in other brain areas besides the basal ganglia (BG) and

prevails in the disease state (Khadrawy et al., 2017).

DA signalling is tightly regulated by DA receptors and DA reuptake transporter (Howe and Dombeck,
2016). DA neurons convert endogenous L-DOPA to DA which is released into the synaptic cleft, and
the DA transporters facilitate reuptake of DA into the presynaptic neuron (Mannisto et al., 1990, Howe
and Dombeck, 2016). In PD and animal models of the disease, there is a death of DA neurons resulting
in reduced DA signalling in the striatum (Lai et al., 2019). In our study, the intracranial injection of 6-

OHDA into the medial forebrain bundle led to DA concentration reduction in the striatum. These results
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align with Lai et al., 2019, who showed that the intracranial injection of 6-OHDA in the medial
forebrain bundle reduced striatal DA content. The administration of L-DOPA increased DA signalling
in the striatum and along with the hypersecretion of DA in the cerebellum ameliorated the motor
impairment that prevails due to the 6-OHDA lesion (Bertolino et al., 2009). However, comparing the
striatal DA concentration after 14 days of L-DOPA treatment and after 28 days of L-DOPA
administration showed a progressive increase in striatal DA concentration. The severely depressed
striatal DA signalling due to the loss of DA neurons causes the recruitment of striatal serotonin neurons
that uptake exogenous L-DOPA and produce DA (Ng et al., 1970, Maeda et al., 2005, Bastide et al.,
2015). The issue with the above mechanism is that it does not have the same regulatory mechanism for
DA release as the DA neurons (Tanaka et al., 1999). DA released from serotonergic neurons will act in
coordination with orally administered L-DOPA to cause pulsatile stimulation of DA receptors, which
cause changes in downstream signalling pathways in striatal neurons and contributes to the development
of LIDs (Tanaka et al., 1999, Bjorklund et al., 2007, Carta and Bjorklund, 2018). The unregulated
release of striatal DA by serotonin neurons leads to uncontrolled movements, i.e., AIMs observed in

the present study.

Cerebellar DA sources are axonal projections from the ventral tegmental area and the substantia nigra
(Ikai et al., 1992, Flace et al., 2018). There was increased cerebellar DA concentration in groups
lesioned with 6-OHDA except in the group treated with L-DOPA for 28 days. Humans and animal
studies showed hyperactivity in the cerebellum and motor cortex in response to the reduced signalling
in the substantia nigra. Furthermore, there is increased connectivity between the cerebellum and other
brain areas in PD patients off L-DOPA treatment (Festini et al., 2015). The increased activity and
connectivity is thought to compensate for the depressed neurotransmission in the BG in PD. In the
present study, the hyperactivity observed in the cerebellum is increased DA signalling in rodents
lesioned with 6-OHDA. The above may be due to increased connectivity to the VTA in response to
depressed DA signalling in the BG. PD patients on L-DOPA treatment had reduced connectivity
between the cerebellum and other brain areas (Festini et al., 2015). Initially, the treatment with L-DOPA
for 14 days showed a high cerebellar DA concentration, but there was a significant reduction of

cerebellar DA concentration after 28 days of treatment.

The second factor that plays a role in the regulation of DA transmission is DA receptors. DA receptors
help facilitate the action of DA and are often the target site for DA therapy drugs (Ryoo et al., 1998).
In the present study, the unilateral lesion using 6-OHDA and the resultant DA depression resulted in
heightened D2R expression in the ipsilateral striatum. The upregulated D2R expression becomes more
prominent as time progressed from 14 days to 28 days of treatment. These findings align with literature
which shows that in PD the reduced DA signalling causes an increased D2R expression in the striatum

as a compensatory mechanism, i.e., rendering the post-synaptic neuron more sensitive to DA (Gerfen
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etal., 1990, Nikolaus et al., 2003, Smith et al., 2016). Initially, the treatment with L-DOPA for 14 days
showed a tendency to reduce the D2R expression, but after 28 days of treatment, the expression of D2R
increased significantly. These findings align with Narang and Wamsley (1995) who found a significant
increase in D2R expression from the second week to the sixteenth-week post-lesion. This increased
expression and increased DA production from exogenous L-DOPA administration may increase motor
output, i.e., AIMs (Murer and Moratalla, 2011).

D2Rs are expressed on acetylcholine (ACh) neurons, and once stimulated, they inhibit the activation
and release of ACh (Kharkwal et al., 2016). The reduced activity of the dopaminergic system in the
striatum has been shown to occur in parallel with the cholinergic system'’s hyperactivity (Dagaev et al.,
2004, Fino et al., 2007, Salin et al., 2009, Tubert et al., 2016). In normal physiological conditions, ACh
signalling is tightly regulated by cholinergic receptors and AChE (Kawaguchi et al., 1995, Zhou et al.,
2002). AChE is an enzyme that hydrolyse extracellular ACh and is sometimes used as a cholinergic
biomarker (Zaretsky et al., 2016). In the present study, the 6-OHDA lesion alone showed increased
striatal AChE concentration. The reduced DA signalling in the 6-OHDA lesioned groups has been
shown to lead to an increased ACh as a compensatory mechanism since ACh stimulates DA secretion
from DA neurons (Ding et al., 2011). The heightened ACh signalling increases AChE concentration,
allowing for pulsatile release of ACh and diminishing the chances of receptor desensitization on the
DA neuron (Zhou et al., 2001). Increased DA signalling, such as in the groups treated with L-DOPA,
reduces ACh's secretion and eventually decreased the concentration of the enzyme AChE. ACh and DA
have a feedforward mechanism since DA neurons also have nicotinic and muscarinic receptors that,
when activated lead to the DA release (Kharkwal et al., 2016). The reduced striatal AChE in groups
treated with L-DOPA increases ACh signalling which may play a vital role in the development of LIDs
since the pharmaceutical reduction of cholinergic signalling has been shown to reduce the severity of
LIDs (Ding et al., 2011, Won et al., 2014).

4. Conclusion
The present study showed that L-DOPA attenuates the hypokinesia and impaired motor coordination
caused by the injection of 6-OHDA into the medial forebrain bundle. The hypokinesia returned after
the development of AIMs because of increased DA signalling and reduced AChE concentration in the
striatum. The present study showed that the hyperactivity and increased connectivity previously
reported in PD patients' cerebellum off L-DOPA treatment would translate to increased cerebellar DA
concentration and hyper-inflammation (Festini et al., 2015, Mirdamadi, 2016). The prolonged treatment
with L-DOPA reduced cerebellar DA concentration and hyperinflammation. This reduction may be
because of decreased connectivity between the cerebellum and other brain areas (Festini et al., 2015).

There was a progressive increase in DA signalling in the striatum during prolonged L-DOPA treatment
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which causes a progressive decline in DA signalling in the cerebellum. Furthermore, the present study
showed that prolonged treatment reduces hyper-inflammation in the cerebellum, which reduces the
chance of cerebellar neuronal degeneration. These findings suggest that DA plays a crucial role in the
pathology of PD and LIDs. The findings may be beneficial to reduce the disease's progression and
reduce the chances of developing dyskinesias. This increases the longevity and quality of life for PD
patients. Future studies may focus on the progressive alteration of the apoptotic marker in the
cerebellum, thalamus, and motor cortex to illuminate the heightened inflammatory response’s effect on

the neurons in the cerebellum.

5. Materials and methods
5.1 Animal Care and Housing
The University of KwaZulu-Natal's Animal Research Ethics Committee (AREC/077/018M) granted
the present study ethical approval. Upon ethical approval, seventy-two adult male Sprague-Dawley
rats with weights ranging from 220-250 g were obtained from the Biomedical Resource Unit of the
University of KwaZulu-Natal. The rats were housed in clear cages and given standard rat feed and
water freely. The holding area where the rats were kept for the study's duration was under standard
laboratory conditions and a 12-hour light/dark cycle with lights automatically switching on at 06:00.

The rats were given an acclimatisation period of 7 days before any behavioural tests.

5.2 Elevated Beam walking test

In the present study, the elevated beam walking test was used to assess two motor skills, i.e., fine
coordination and balance (Carter et al., 2001, Luong et al., 2011). The elevated beam walking test
(EBWT) was performed twice, before the 6-OHDA lesion and after the lesion has stabilised (figure
9). This task includes a training phase that happens over two days, followed by a 1-day assessment
(figure 9). The training phase included the rats being trained to cross an 80 cm long, 4 cm wide beam
on the first day, followed by a 60 cm long, 3 cm wide wooden beam on the second day to reach the
goal box. On the day of the assessment, the rats crossed a 60 cm long, 2 cm wide wooden beam to
reach the goal box. During the training and assessment, the wooden beam was 30 cm above a soft
surface on a wooden frame. The rats that fell off were returned to the starting position, and the timer
restarted. The parameters measured during the assessment was the time taken for the rat to cross the

narrow beam and the number of foot slips that the animals displayed as they crossed the beam.

5.3 Stereotaxic surgery

The rats were placed under chemical anaesthesia prior to surgery. The chemicals used were a
combination of ketamine and xylazine (125 mg/kg and 10 mg/kg, respectively) which was administered
via intraperitoneal injection (Veilleux-Lemieux et al., 2013). The ketamine keeps the rats in a state of

unconsciousness, and xylazine helps increase the heart rate to prevent hypotension during surgery

48



(Bennett and Bullimore, 1973, Veilleux-Lemieux et al., 2013). Once the rat was unconscious, it was
placed in the stereotaxic frame (David Kopf Instruments, Tujunga, USA). The scalp was marked at the
following coordinates from the lambda 4.7 mm anterior and -1.6 mm from the midline (Paxinos and
Watson, 1986). A small hole was drilled at the marked area and a Hamilton syringe loaded with 4 pl of
the 6-OHDA (8 pg/4 pL dissolved in 0.2% ascorbic acid; Sigma, Sigma-Aldrich, United States) or
saline solution was lowered 8.4 mm below the skull (Paxinos and Watson, 1986, Kang et al., 2016,
Ndlovu et al., 2016). The 6-OHDA solution or 0.9% saline was unilaterally infused at a rate of 1 puL per
minute. In total the needle was left inside the brain for 6 minutes allowing for the diffusion of the 6-
OHDA or 0.9% saline solution into the surrounding tissue after which the needle was slowly retracted
(Mabandla et al., 2015).

5.4 Animal grouping

The SD rats were divided into two phases which define the overall study design, the pre-LID and the
LID phase. The groups in the pre-LID phase comprised of the rats that were treated for 14 days. The
first day of treatment was 7 days post-surgery. Saline-lesioned rats were handled for 14 days and served
as the negative control (Sal (14)) group, while the 6-OHDA-lesioned rats were further divided into two
groups. The 6-OHDA-lesioned rats that received a subcutaneous injection (s.c) of saline for 14 days
served as the positive control (6-OHDA (14)). The other 6-OHDA-lesioned group received a s.c with a
combination of L-DOPA (50 mg/kg) and benserazide (10 mg/kg) for 14 days, which served as the test
group (L-DOPA (14)). The LID phase groups comprised of SD rats that received treatment for 28 days.
Saline-lesioned rats were handled for 28 days and served as a negative control (Sal (28)). The 6-OHDA-
lesioned rats that received a s.c of saline for 28 days served as the positive control (6-OHDA (28)) and
the remaining 6-OHDA-lesioned received s.c with a combination of L-DOPA (50 mg/kg) and
benserazide (10 mg/kg) for 28 days, which served as the test group (L-DOPA (28)) (figure 9).

5.5 L-DOPA treatment

Seven days after the surgery, L-DOPA (50 mg/kg; Sigma, Sigma-Aldrich, United States), combined
with the peripheral DOPA—decarboxylase inhibitor, benserazide (10 mg/kg; Sigma, Sigma-Aldrich,
United States), was dissolved in 0.9% saline (Huang et al., 2011). Benserazide was administered to
reduce the metabolism of L-DOPA in the periphery. The drugs were administered twice daily (9 am
and 4 pm) for 14 days (pre-LID phase) or 28 days (LID phase).

5.6 Abnormal involuntary movement scoring

Abnormal involuntary movements (AIMs) were scored daily between 9 am, and 10 am from the 21st
day of L-DOPA injection (Ndlovu et al., 2016). On the day of observation, the rats were individually
placed in transparent empty plastic cages 10 min before drug administration. Fifteen minutes after the

drug administration, each rat was observed for 60 minutes for AIMs scoring. The AIMs scoring was
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done for the last eight days of the 28-day treatment. The AIMs being observed and scored were A) axial
dystonia (contralateral twisted posturing of the neck and upper body), (B) abnormal orolingual
movements (stereotyped jaw movements and contralateral tongue protrusion) and (C) abnormal
forelimb movements (repetitive rhythmic jerks or dystonic posturing of the contralateral forelimb and
grabbing movements of the contralateral paw) (Ostock et al., 2011). The severity of the three AlMs
were rated from 0 to 4, where 0 denotes the absence of AlIMs, 1 represents occasional occurrence, 2
represents frequent occurrence, 3 represents uninterrupted occurrence, and 4 means that the dyskinetic
behaviour was continuous and not interrupted by sensory distraction (Ndlovu et al., 2016). Total AIMs
were determined from each rat's total scores, which were averaged to determine the group total, and
reported (Ndlovu et al., 2016).

5.7 Euthanasia

The rodents were brought to the autopsy suite an hour before decapitation. The rats were decapitated
using a guillotine at 12 pm, and trunk blood was collected in EDTA coated blood vails; after
centrifugation for ~5 minutes, the plasma collected and stored at -80°C for further analysis. The
cerebella and the striata from the rodent's brain were collected in Eppendorf tubes. The tissue was then

snap-frozen in liquid nitrogen and stored at -80°C for further analyses (figure 9).

5.8 Neurochemical analysis
5.8.1 Tumour necrosis factor-alpha ELISA assay

Frozen striatal/cerebella tissue samples were thawed at room temperature. A competitive ELISA kit
from Elabscience science (Biocom Africa (Pty) Ltd, South Africa) was used to determine the
concentration of TNF-a, as per the manufacturer's guidelines. The tissue samples were minced and
washed using iced-cold PBS to remove excess blood. The tissue samples were homogenised in PBS
buffer (1 g of tissue: 9 mL of PBS) and further centrifuged at 5000 xg for 5 minutes. The supernatant
was collected, and the standards and other reagents were prepared separately. The standard solution
(100 pL) was added to each well in the first two columns of the 96 well plate. The samples (100 pL)
were added to the remaining wells. The sealed plate was incubated at 37°C for 90 minutes. The liquid
in the plate was decanted, and Biotinylated Detection Ab working solution (100 L) was added to the
wells. The sealed plate was incubated at 37°C for 60 minutes. The solution was decanted, and the plate
washed using the wash buffer. The HRP Conjugate working solution was added to each well, the plate
sealed and incubated at 37°C for 30 minutes. The plate was then decanted and washed using the wash
buffer and plate washer. Substrate Reagent was added into each well; the plate was sealed and incubated
for 15 minutes at 37°C. Stop solution (50 pL) was added to each well, and the optical density
immediately determined using the SPECTROstar™N° micro-plate reader (BMG LABTECH) set to 450

nm.
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5.8.2 Dopamine ELISA assay

Frozen striatal/cerebella tissue samples were left on the benchtop, allowing it to thaw at room
temperature. A competitive ELISA kit from Elabscience science (Biocom Africa (Pty) Ltd, South
Africa) was used to determine the concentration of dopamine (DA). This assay was executed according
to the manufacturer's guidelines. The tissue samples were minced and washed using iced-cold PBS to
remove excess blood. The tissue samples were homogenised in PBS buffer (1 g of tissue: 9 mL of PBS)
and further centrifuged at 5000 xg for 5 minutes. The supernatants were collected; standards and other
reagents were prepared separately. The standard working solutions (50 pL) were added to the first two
strips of the antibody-coated 96 well plate, and the sample homogenates (50 uL) were added to the
remaining wells. Immediately after, 50 L of Biotinylated Detection solution was added to each well.
The plate was sealed and incubated for 45 minutes at 37°C. The solution was decanted, and the plate
washed using the wash buffer. HRP Conjugate working solution (100 uL) was added to each well. The
plate was sealed and incubated for 30 minutes at 37°C. The plate was then decanted and washed using
the wash buffer and plate washer. Substrate Reagent was added into each well. The sealed plate was
incubated for 15 minutes at 37°C. Stop Solution (50 uL) was added to each well. Stop solution (50 pL)
was added to each well, and the optical density immediately determined using the SPECTROstarNAN°
micro-plate reader (BMG LABTECH) set to 450 nm.

5.8.3  Reverse transcription-polymerase chain reaction
5.8.3.1 RNA extraction

The extraction process was performed in three steps: homogenisation of tissue, clearing, and RNA
purification. The RNA extraction was done using the Zymo Research's Quick-RNA Miniprep kit
(Ingaba Biotechnical Industries (Pty) Ltd, South Africa), following the manufacturer's guidelines.
Frozen striata tissue samples were homogenised in RNA lysis buffer. The homogenates were
centrifuged for 1 minute at 10000 xg, and the supernatants were further filtered, and the flow-through
was saved. Absolute ethanol (95-100%) was added to the sample (1 mL of lysis buffer: 1 mL of
ethanol). The mixture was filtered, and the flow-through was discarded. RNA Prep Buffer (400 pL)
was added to the Spin-Away filters in collection tubes, and the tube was centrifuged for half a minute.
The filtrate was kept, and the flow-through was discarded. The RNA wash buffer was added to the
filter tube and centrifuged for 2 minutes at 10000 xg. The filter tubes were placed in RNase free tubes

and 100 pL DNase/RNase-Free water was added into the filter tubes and centrifuged for 30 seconds.

5.8.3.2 cDNA synthesis
Synthesis of cDNA was done using the BioLabs Inc. ProtoScript Il First-strand cDNA synthesis kit
(Ingaba Biotechnical Industries (Pty) Ltd, South Africa). This procedure was done following the

manufacturer's guidelines. The cDNA synthesis reaction components were as follows: extracted RNA
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(1 png), 2 uL of d(T)23 VN, 10 pL of ProtoScript 1l Reaction Mix, 2 pL of ProtoScript 11 Enzyme Mix
(10X) and nucleases-free water was added to make a final volume of 20 pL in a 0.2 mL tube. The
reaction components were briefly mixed, and the tubes were incubated for 60 minutes at 42°C, and the

enzyme was inactivated at 80°C for 5 minutes.

5.8.3.3 Gene expression
The primers used in this experiment were prepared by Ingaba Biotechnical Industries (Pty) Ltd, South
Africa. The reference gene used is glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The forward
and revise primer sequences that were used to amplify the expression of GAPDH and D2R are in table
1. The cDNA (5 pL) sample was used as a template for PCR amplification using Luna Universal g°PCR
Master Mix (Ingaba Biotechnical Industries (Pty) Ltd, South Africa) as a fluorophore. The real-time
PCR detection system used was the LightCycler® 96 Instrument (Roche Life Science, South Africa).
The reaction had a denaturation and polymerase activation procedures for 30 seconds at 95°C and
amplification process comprising of denaturation for 15 seconds at 95°C and annealing for 60 seconds
at 60°C for 40 cycles. The system read the plate at 60°C, and the LightCycler® 96 software (Roche Life
Science, South Africa) was used to analyse the data collected. The AACq method was used to compare

the expression of the reference gene to the expression of D2R.

Table 1: The primers sequences for D2R, and GAPDH that were used in the present study

Primer Forward primer Reverse primer

D2R 5’-CAA-CAA-TAC-AGG-CAA-ACC-AGA- 5’-ACC-AGC-AGA-GTG-ACG-ATG-AAG-
ATG- AG- 3’ G-3’

GAPDH | 5’-GCG-AGA-TCC-CGT-CAA-GAT-CA-3’ 5’-CCA-CAG-TCT-TCT-GAG-TGG-CAG-3’

5.8.4  Acetylcholinesterase ELISA assay
Frozen striata tissue samples were thawed at room temperature. A competitive ELISA kit from
Elabscience science (Biocom Africa (Pty) Ltd, South Africa) was used to determine the concentration
of AChE, following the manufacturer's guidelines. The tissue was minced and washed using iced-cold
PBS to remove excess blood. The tissue samples were homogenised in PBS buffer (1 g of tissue: 9 mL
of PBS) and further centrifuged at 5000 xg for 5 minutes. The supernatant was collected, and the
standards and other reagents were prepared separately. The standard solution (100 uL) was added to
each well in the first two columns of the 96 well plate. The samples (100 pL) were added to the
remaining wells. The sealed plate was incubated at 37°C for 90 minutes. The liquid in the plate was
decanted, and Biotinylated Detection Ab working solution (100 pL) was added to the wells. The sealed

plate was incubated at 37°C for 60 minutes. The solution was decanted, and the plate washed using the
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wash buffer. The HRP Conjugate working solution was added to each well, the plate sealed and
incubated at 37°C for 30 minutes. The plate was decanted and the plate washed using the wash buffer.
The substrate solution (90 pL) was added to each well; the plate was sealed and incubated at 37°C for
15 minutes. Stop solution (50 pL) was added to each well, and the optical density immediately
determined using the SPECTROstar"*N° micro-plate reader (BMG LABTECH) set to 450 nm.

5.9 Statistical analysis

The statistical software GraphPad Prism version 7 (GraphPad Software Inc, United States) was used to
analyse the data. Shapiro-Wilk normality test was used to ascertain the distribution of the data. The
two-way analysis of variance followed by the Sidak's multiple comparisons test was used to analyse the
behavioural tests' data. One-way analysis of variance plus Tukey's multiple comparisons test was used
to examine the neurochemical results. All the data were expressed as standard error of the mean, and a

p-value of less than 0.05 was considered significant.

Table 2: Showing the symbols that will be used to describe the p-values obtained in the multiple

comparison test

Symbol p-value

* 0.01>p<0.05

. 0.001 >p < 0.01
ok 0.0001 >p < 0.001
— p < 0.0001
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5.10 Experimental design
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Figure 9: Hlustrates the study design and timeline for the induction of parkinsonism in SD rats and the
treatment using L-DOPA.
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Chapter 3:
Prologue

Manuscript 2

Previous studies showed that reduced DA signalling plays a significant role in the development of both
motor and cognitive deficits in PD. The unilateral 6-hydroxydopamine (6-OHDA) lesion of the medial
forebrain bundle has been shown to reduce DA signalling in the striatum, hippocampus, amygdala and
the PFC. The reduced DA signalling and other molecular dysfunction in these brain areas have been
associated with cognitive decline. The treatment with L-DOPA improves DA signalling in the brain
and has been shown to alleviate some cognitive deficit. Still, other studies have also reported L-DOPA's
detrimental effects on cognition. The present study investigates how chronic L-DOPA treatment affects

spatial learning, spatial memory, and recognition memory.

The alteration of prefrontal cortex D1 receptor expression as abnormal involuntary movement

develops in a rat model of L-DOPA induced dyskinesias.

The present manuscript was prepared according to the College of Health guidelines.
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The alteration of prefrontal cortex D1 receptor expression as abnormal involuntary movement
develops in a rat model of L-DOPA induced dyskinesias.

M. Mokgokong®, Z.N.P. Msibi !, M. V. Mabandla!

!School of Laboratory Medicine and Medical Sciences, College of Health Sciences, University of
KwaZulu-Natal, Private Bag X54001, Durban, 4000, South Africa

Abstract

L-3,4-dihydroxyphenylalanine (L-DOPA) increases dopamine (DA) signalling and has been shown to
ease some of the cognitive difficulties caused by Parkinson’s disease (PD). The present study
investigates how chronic L-DOPA treatment affects spatial learning, spatial memory, and recognition
memory. The Morris water maze test and the novel object recognition test were used to assess cognitive
function. The concentration of tumour necrosis factor-alpha (TNF-a), corticosterone,
acetylcholinesterase (AChE), and DA were quantified along with dopaminergic D1 receptor (D1R)
expression. The results showed that a unilateral 6-OHDA lesion resulted in impaired spatial learning,
spatial memory, and object recognition memory. Treatment with L-DOPA did not improve object
recognition memory. However, L-DOPA treatment for 14 days improved spatial learning and memory,
but spatial memory was impaired when the treatment was prolonged for 28 days. There was a
significantly increased concentration of TNF-a in the prefrontal cortex (PFC), plasma corticosterone,
hippocampal AChE, and upregulated D1R expression in 6-OHDA lesioned rats. The treatment with L-
DOPA significantly reduced the concentration of TNF-o. in the prefrontal cortex, plasma corticosterone,
hippocampal AChE, and D1R expression in the PFC but increased PFC DA and AChE concentration.
There were cognitive deficits induced by the 6-OHDA lesion, but L-DOPA was only able to improve
spatial learning and memory. However, prolonged treatment failed to improve 6-OHDA induced spatial
memory impairment. This resulted from heightened AChE concentration in both the hippocampus and
PFC that persisted since L-DOPA was able to ameliorate imbalances in the HPA axis,

neuroinflammation in the PFC, and maintained DA signalling.

Keywords: Parkinson ‘s disease, dopamine, tumour necrosis factor-alpha, acetylcholinesterase, and 6-

hydroxydopamine.
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1. Introduction
Parkinson's disease (PD) is a disorder that is characterised by motor symptoms that result from the loss
of dopaminergic neurons specifically in the nigrostriatal pathway (German et al., 1989, Gibb and Lees,
1991). PD's hallmark features are motor symptoms, but PD also prevails with non-motor symptoms,
including cognitive deficits (Baggio et al., 2014, Zis et al., 2015, Yang et al., 2016). Studies have shown
that PD patients present with cognitive deficits even in the early stages of the disease (Dubois and
Pillon, 1996, Baggio et al., 2015). The incidences of cognitive deficits in PD increases from 10% to
80% from early to advanced stages of the disease (Williams-Gray et al., 2007, Hely et al., 2008).
Cognitive deficits associated with PD include impaired visuospatial learning, spatial recognition
memory, attention deficiencies and others (Muslimovi¢ et al., 2005, Paolo et al., 2011, Amboni et al.,
2015). The development of cognitive deficits in PD patients depend on several factors, including the

age of disease onset (Muslimovi¢ et al., 2005, Babiloni et al., 2019).

Studies have reported cognitive decline while others showed no deviation in cognitive behaviours
(Miyoshi et al., 2002, Braga et al., 2005, Branchi et al., 2008). The unilateral lesion into the medial
forebrain bundle (MFB) has been shown to induce memory impairment showing that dopamine (DA)
depletion may play a role in the cognitive decline evident in PD (Tadaiesky et al., 2008, Du et al., 2018).
The lesion in the MFB is thought to reduce DA signalling in the prefrontal cortex and hippocampus,
two areas that play a crucial role in cognition (Du et al., 2018). DA signalling is dependent on DA
receptors, especially DA D1 receptor (D1R), which is thought to modulate aspects of cognition (Song
et al., 2016, Meltzer et al., 2019). This receptor is highly expressed in the PFC, striatum, and

hippocampus of PD patients in response to low DA signalling (Ledonne and Mercuri, 2017).

The excitatory neurotransmitter acetylcholine (ACh) can also stimulate DA release via nicotinic and
muscarinic receptor present on DA neurons (Kharkwal et al., 2016). However, the presence of DA D2
receptor on ACh neurons, which stimulated the release of ACh, shows that both neurotransmitters have
a feedback mechanism (Kharkwal et al., 2016). ACh may play a vital role in the cognitive deficits in
PD since ACh alterations in the hippocampus, and the PFC have been associated with cognitive decline
(Tzavara et al., 2003, Croxson et al., 2011). ACh's function is also regulated by acetylcholinesterase
(AChE), an enzyme that hydrolysis ACh to acetate and choline (Bourne et al., 2003, Maiti et al., 2017).
Reduced DA signalling such as in PD, distorts cholinergic signalling, which would impair cognitive
function (Ngoupaye et al., 2018). L-DOPA treatment may improve ACh signalling and, therefore,
improve cognitive skills in PD patients (Toyoda, 2018). Another factor that may lead to cognitive
deficits in PD is a hyperactive hypothalamic-pituitary-adrenal axis which results in an increased
secretion of cortisol in humans and corticosterone in rodents (Hartmann et al., 1997, Ngema and
Mabandla, 2017). Glucocorticoids like corticosterone in high concentration have a neurotoxic effect

which can play a crucial role in exacerbating the rate of DA neuron degeneration in PD (Kibel and
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Drenjancevic-Peri¢, 2008). The elevated glucocorticoid levels promote the release of pro-inflammatory
cytokines (Shini et al., 2010). In addition to high glucocorticoids, the death of DA neurons stimulates
an immune response, propagated by pro-inflammatory cytokines like tumour necrosis factor-alpha
(TNF-a) (Mogi et al., 1994, Jin et al., 2008, Tufekci et al., 2012). The increased secretion of these
cytokines is associated with higher oxidative stress, leading to the death of DA neurons (Boka et al.,
1994, Tufekci et al., 2012).

Standard treatment for PD patients remains the DA precursor, L-3,4-dihydroxyphenylalanine (L-
DOPA) which increases DA signalling and is, therefore, able to ameliorate the motor symptoms
characteristic of PD (Gotham et al., 1988, Kulisevsky et al., 1996). Continual use of L-DOPA usually
results in abnormal motor fluctuations called L-DOPA induced dyskinesias (LIDs) (Ndlovu et al.,
2016). In some studies with L-DOPA as a treatment for PD, there was a significant improvement in the
cognitive deficits associated with PD (Celesia and Wanamaker, 1972, Gul and Yousaf, 2018).
However, other findings showed that L-DOPA therapy does not improve episodic, spatial learning and
spatial memory in PD (Hietanen and Teradvéinen, 1988, Gevaerd et al., 2001). The above is possibly
due to dopamine influx to cortical areas related to cognitive function (Swainson et al., 2003, Cools,
2006, Ko et al., 2016). L-DOPA therapy's effect on cognitive function is still not apparent because
although it can remediate some cognitive deficits, it can also induce non-motor fluctuations with
cognitive dysfunction and neuropsychiatric symptoms (Calabresi et al., 2015). The present study
investigates how the development of abnormal involuntary movements (AIMs) affects spatial learning,
spatial memory, and episodic memory during L-DOPA treatment. Understanding the alteration of D1
and AChE in the different PD stages could provide the knowledge required to develop preventative or

more effective treatments as PD progresses.

2. Materials and methods

2.1 Animal Care and Housing
All the experimental procedures in the present study were approved by the University of KwaZulu-
Natal's Animal Research Ethics Committee (AREC/077/018M). Male Sprague Dawley rats weighing
220 -250 g were obtained from Biomedical Resource Unit of the University of KwaZulu-Natal. The 72
rats were housed in clear polycarbonate cages in the holding area during the study. The holding area
was kept under standard laboratory conditions: 22 +/-1°C room temperature, 50 - 70% humidity, and a
12h light/dark cycle with lights on at 06h00. The rats were given seven days to acclimatise to the

holding area's conditions with standard rat feed and water given liberally.
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2.2 Stereotaxic surgery
The combination of Ketamine (125 mg/kg) and xylazine (10 mg/kg) was used as anaesthesia (Veilleux-
Lemieux et al., 2013). Ketamine keeps the rat unconscious, and xylazine increased the heart rate to
prevent low blood pressure during surgery (Bennett and Bullimore, 1973, Veilleux-Lemieux et al.,
2013). The Hamilton syringe was loaded with 4 uL of the 6-hydroxydopamine (6-OHDA) solution (8
ug/4 ul dissolved in 0.2% ascorbic acid; Sigma, Sigma-Aldrich, United States) or saline and mounted
on the stereotaxic frame (David Kopf Instruments, Tujunga, USA). The anaesthetic was administered
via intraperitoneal injection before surgery. The unconscious rats were placed into the stereotaxic frame,
and a small hole was drilled at the following coordinates from the lambda 4.7 mm anterior and -1.6 mm
from the midline (Paxinos and Watson, 1986). The Hamilton syringe was then lowered 8.4 mm below
the skull, and the 6-OHDA solution or 0.9% saline was released at a rate of 1 puL per minute. The syringe
was left in place for 6 minutes to allow the 6-OHDA to diffuse into the surrounding tissue after which
the needle was slowly retracted (Mabandla et al., 2015). The rats were given 7 days to recover from the

surgery.

2.3 Animal grouping
The rats were divided into 2 timelines, the pre-LID and the LID timeline. In the first timeline, the rats
were sacrificed after 14 days of handling, subcutaneous saline injections, or L-DOPA treatment. The
negative control (Sal (14)) consists of rats that were intracranially injected with 0.9% saline and
handled for 14 days. The positive control group (6-OHDA (14)) consists of rats lesioned with 6-
OHDA solution and were subcutaneously injected with 0.9% saline for 14 days. The test group (L-
DOPA (14) comprised of rodents that were lesioned with 6-OHDA and later treated with L-DOPA.
The LID timeline consisted of rats sacrificed after 28 days of handling, subcutaneous saline injections,
or L-DOPA treatment. The negative control (Sal (28)) consists of rats that were intracranially injected
with 0.9% saline and handled for 28 days. The positive control group (6-OHDA (28)) consists of rats
lesioned with 6-OHDA solution and were subcutaneously injected with 0.9% saline for 28 days. The
test group (L-DOPA (28) comprised of rats that were lesioned with 6-OHDA solution and treated with
L-DOPA for 28 days.

2.4 L-DOPA treatment and administration schedule
A combination of L-DOPA (50 mg/kg s.c; Sigma, Sigma-Aldrich, United States) combined with the
peripheral DOPA—decarboxylase inhibitor, benserazide (10 mg/kg s.c; Sigma, Sigma-Aldrich, United
States), was dissolved in 0.9% saline (Huang et al., 2011). The drug was administered seven days after

surgery. This combination was administered two times a day (9 am and 4 pm) for 14 days or 28 days.

67



2.5 Behavioural tests

2.5.1 Novel object recognition test

The novel object recognition test (NORT) was conducted to assess a rodent's recognition memory,
determined by the rodent's exploratory behaviour. The test is based on the rodent's tendency to study a
novel object more than an object it has encountered. This test comprises of 3 stages: habituation,
familiarisation, and the final test (Batool et al., 2016). The rats were given 3 days (figure 1) to get
habituated to being in the square wooden box (100x100x50 cm). On the 4th day (figure 1), the two
identical objects were placed in the wooden box so that the rats could study the objects for 5 minutes.
The test stage commenced an hour after the familiarisation stage. In the final stage, one of the familiar
objects was replaced by the novel object and the animals were given 5 minutes to explore the objects.
The exploratory behaviour was recorded, i.e., the time the animals spent exploring the familiar object
(F) and the time the rats spent exploring novel objects (N) (Ngoupaye et al., 2018). Intact recognition
memory is evidenced by subjects spending more time investigating the novel object. A discrimination

index (DI) defined as (N - F)/(N + F) was calculated for each animal (Ngoupaye et al., 2017).

2.5.2 Morris water maze test

Morris water maze test (MWMT) was used to assess spatial learning and memory. The MWMT
apparatus is an open circular 1 m diameter pool with a black interior that is half-filled with water with
a small transparent escape platform hidden inside. Two lines perpendicular to each other, divide the
maze into four quadrants and visual cues will be placed inside each of the quadrants. The MWMT
comprises two stages: the learning stage, which lasted for 3 days and the probe stage in 1 day (figure
1). During the learning stage of the MWMT, the rats were trained to find a submerged platform that
was placed in one of the quadrants (target quadrant) (D’Hooge and De Deyn, 2001). The rats were
trained to find the hidden platform using distal visual cues on the maze wall. The time taken by the rats
to find the hidden platform was recorded. The time it took the rats to find the platform was used as an
indication of spatial learning. The probe stage is a post-test for learning that measures an animal's ability
to remember the target quadrant. The time the rodent spent in the target quadrant is deemed the measure

of the rats' ability to remember or spatial memory (Cassim et al., 2015).

2.6 Euthanasia
Twelve rats per group were sacrificed on the 14th and 28th day of treatment or handling. The rats were
decapitated using a guillotine and trunk blood, and brain tissue was collected. The blood was collected
in EDTA coated tubes and centrifuged for 5 minutes at 5000 xg. The isolated plasma was transferred
to Eppendorf tubes and stored at -80°C for further analysis. The brain was dissected, and the prefrontal

cortex (PFC) and hippocampus were collected and stored at -80°C for further analysis.
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2.7 Neurochemical analysis

2.7.1  Tumour necrosis factor-alpha ELISA kit

A sandwich ELISA kit from Elabscience science (Biocom Africa (Pty) Ltd, South Africa) was used to
determine the concentration of Tumour necrosis factor-alpha (TNF-a) in PFC samples. This process
was done according to the manufacturer's guideline. Frozen rat PFC tissue was taken out of the bio-
freezer and placed on ice, allowing it to defrost before use. The defrosted tissues were washed in PBS
buffer to remove excess blood. Homogenisation of the tissue samples occurred in PBS buffer (1 g of
tissue: 9 mL of PBS) after which the homogenate was centrifuged at 5000 xg for 5 minutes. The
standard and other reagents from the ELISA kit were prepared as per the manufacturer's guidelines. The
supernatant was collected from the centrifuged homogenate and placed in Eppendorf tubes. A sealed
96 well plate was provided in the kit, and a 100 pL of the standard solutions were added to the wells in
the first two columns with the blanks in the bottom two wells. A 100 pL of the supernatant samples
were added to the remaining wells, and the plate was sealed and incubated at 37°C for 90 minutes. The
solution in the plate was decanted, then a 100 L Biotinylated Detection Ab working solution was added
to each well. The plate was incubated at 37°C for 60 minutes. The wells' solution was decanted, and the
plate washed three times using the provided wash buffer. Avidin-Horseradish Peroxidase conjugate
working solution (100 uL) was added to each well; the plate was sealed and incubated at 37°C for 30
minutes. The solution in the plate was decanted and washed five times. The substrate solution (90 pL)
was added to each well, and the plate was sealed and incubated at 37°C for 15 minutes. The stop
solution (50 pL) was added to each well, and the optical density of the solution in each well was
determined using the SPECTROstar"N° micro-plate reader (BMG LABTECH) set to 450 nm.

2.7.2  Corticosterone ELISA kit
A competitive ELISA kit from Elabscience science (Biocom Africa (Pty) Ltd, South Africa) was used
to determine plasma corticosterone concentration. This process was executed according to the
manufacturers' guideline. The collected plasma was centrifuged 15 minutes at 1000 xg at 4°C. The
plasma, standards, and other reagents were prepared according to the manufacturers' guidelines. A
sealed 96 well plate was provided in the kit, and 50 L of the standard solutions were added to the wells
in the first two columns with the blanks in the bottom two wells. The plasma samples' supernatants
were added to the remaining wells, then Biotinylated Detection Ab working solution (50 pL) was added
to all the wells. The plate was sealed and incubated for 45 minutes at 37°C. The solution was decanted
from the plate; then it was washed three times using the ELISA kit's wash buffer. Avidin-Horseradish
Peroxidase conjugate working solution (100 pL) was added to each well; the plate was sealed and
incubated at 37°C for 30 minutes. The solution was decanted, and the plate was washed five times. The
substrate solution (90 uL) was added to each well; the plate was sealed and incubated at 37°C for 15

minutes. The stop solution (50 uL) was added to each well, and the optical density of the solution in
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each well was determined using the SPECTROstar™N° micro-plate reader (BMG LABTECH) set to
450 nm.

2.7.3  Acetylcholinesterase ELISA kit

A sandwich ELISA kit from Elabscience science (Biocom Africa (Pty) Ltd, South Africa) was used to
determine the concentration of acetylcholinesterase (AChE) in the PFC or hippocampal tissue samples.
This process was done according to the manufacturer's guideline. Frozen rat PFC or hippocampal tissue
samples were taken out of the bio-freezer and placed on ice, allowing it to defrost before use. The
defrosted tissues were washed in PBS buffer to remove excess blood. Homogenisation of the tissue
samples occurred in PBS buffer (1 g of tissue: 9 mL of PBS) after which the homogenate was
centrifuged at 5000 xg for 5 minutes. The standard and other reagents from the ELISA kit were prepared
as per the manufacturer's guidelines. The supernatant was collected from the centrifuged homogenate
and placed in Eppendorf tubes. A sealed 96 well plate was provided in the kit, and a 100 pL of the
standard solution was added to the wells in the first two columns with the blank in the bottom two wells.
A 100 pL of the supernatant samples were added to the remaining wells, and the plate was sealed and
incubated at 37°C for 90 minutes. The solution in the plate was decanted, then a 100 pyL biotinylated
Detection Ab working solution was added to each well. The plate was incubated at 37°C for 60 minutes.
The wells' solution was decanted, and the plate washed three times using the provided wash buffer. The
Avidin-Horseradish Peroxidase conjugate working solution was added to each well; the plate was sealed
and incubated at 37°C for 30 minutes. The solution in the plate was decanted and washed five times.
The substrate solution (90 L) was added to each well; the plate was sealed and incubated at 37°C for
15 minutes. The stop solution (50 uL) was added to each well, and the optical density of the solution
in each well was determined using the SPECTROstarNN° micro-plate reader (BMG LABTECH) set to
450 nm.

2.7.4 Dopamine ELISA kit
A competitive ELISA kit from Elabscience science (Biocom Africa (Pty) Ltd, South Africa) was used
to determine the concentration of dopamine (DA) in the PFC tissue samples. This process was done
according to the manufacturer's guidelines. Frozen rat PFC tissue samples were taken out of the bio-
freezer and placed on ice, allowing it to defrost before use. The defrosted tissues were washed in PBS
buffer to remove excess blood. Homogenisation of the tissue samples occurred in PBS buffer (1 g of
tissue: 9 mL of PBS) after which the homogenate was centrifuged at 5000 xg for 5 minutes. A sealed
96 well plate was provided in the kit, and 50 pL of the standard solutions were added to the wells in the
first two columns with the blanks in the bottom two wells. The samples' supernatants were added to
the remaining wells, then Biotinylated Detection Ab working solution (50 puL)was added to all the wells

on the plate. The plate was sealed and incubated for 45 minutes at 37°C. The solution was decanted
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from the plate. Then it was washed three times using the wash buffer provided in the ELISA kit. Avidin-
Horseradish Peroxidase conjugate working solution (100 uL) was added to each well; the plate was
sealed and incubated at 37°C for 30 minutes. The solution was decanted, and the plate was washed five
times. The substrate solution (90 pL) was added to each well; the plate was sealed and incubated at
37°C for 15 minutes. The stop solution (50 pL) was added to each well, and the optical density of the
NANO

solution in each well was determined using the SPECTROstar
LABTECH) set to 450 nm.

micro-plate reader (BMG

2.7.5 Reverse transcription-polymerase chain reaction
This process is divided into three main steps ribose nucleic acid (RNA) extraction, cDNA synthesis,
and polymerase chain reaction (PCR). The RNA extraction was done using the Zymo Research's Quick-
RNA Miniprep kit (Ingaba Biotechnical Industries (Pty) Ltd, South Africa) from crushed PFC tissue
samples. The extracted RNA (1 ug) was used as a template to make complementary dihydroxy ribose
nucleic acid (cDNA) using the BioLabs Inc. ProtoScript 1l First-strand cDNA synthesis kit (Ingaba
Biotechnical Industries (Pty) Ltd, South Africa). Dopamine type 1 receptor (D1R) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) genes were amplified using the Luna Universal g°PCR Master
Mix (Ingaba Biotechnical Industries (Pty) Ltd, South Africa). The forward and revise primer sequences
that were used for the amplification of GAPDH and D1R are in table 1, below. The primers used in this
experiment were prepared by Ingaba Biotechnical Industries (Pty) Ltd, South Africa. The real-time PCR
system used was the LightCycler® 96 Instrument (Roche Life Science, South Africa). The reaction had
a denaturation and polymerase activation procedures for 30 seconds at 95°C and amplification process
comprising of denaturation for 15 seconds at 95°C and annealing for 60 seconds at 60°C for 40 cycles.
The system read the plate at 60°C, and the LightCycler® 96 software (Roche Life Science, South
Africa) was used to analyse the data collected. The AACq method was used to compare the expression

of the reference gene to the expression of D1R.

Table 1: The primers sequence for D1R and GAPDH that were used in the present study (de Souza et
al., 2018)

Primer Forward primer Reverse primer

D1R 5’-CTG-GAG-GAC-ACC-GAG-GAT-GAC-3’ 5’-GTC-GAT-GAG-GGA-CGA-TGA-AAT -
GG-3’

GAPDH | 5’-GCG-AGA-TCC-CGT-CAA-GAT-CA-3’ 5’-CCA-CAG-TCT-TCT-GAG-TGG-CAG-3’

2.8  Statistical Analysis
The collected data were analysed using GraphPad Prism version 7 software (GraphPad Software Inc,

United States). The Shapiro-Wilk normality test was used to ascertain data distribution. One-way
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analysis of variance was used to analyse the data followed by Tukey's multiple comparisons test to
determine the differences between individual groups. A p< 0.05 is considered statistically significant.

The data were expressed as meant SEM.

Table 2: Shows the symbols that will be displayed in the graphs to describe the p-values obtained in

the multiple comparison test

Symbol p-value

* 0.01 >p<0.05

o 0.001>p <0.01
ok 0.0001 >p < 0.001
- p < 0.0001
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2.9 Experimental design

Male Sprague Dawley rats from BRU (n=72)

¥

Rats were given 7 days of acclimatization and were then randomly separated.

7
Stereotaxic surgery/ Lesioning. Day 0
¥ ! v
Control (n=24) - Saline P/Control (n=24)->6-OHDA Test (n=24)->6-OHDA
v v v
7 days for the lesion to stabilise. Day 1-7
+
First day of treatment either handling, saline (sc) or a combination of L-DOPA and benserazide (sc).
Day 8
v !
Pre-LID Phase LID Phase
v ¥ v v v v
Sal (14) 6-OHDA (14) L-DOPA (14) Sal (28) 6-OHDA (28) L-DOPA (28)
(n=12) (n=12) (n=12) (n=12) (n=12) (n=12)
Handling Saline (sc) (L-DOPA +Benserazide (sc)) Handling (Saline (sc)) (L-DOPA +
l ! s Benserazide (sc))

NORT and MWMT. Day 15-20

A

SD Rats were sacrificed - plasma, PFC and
hippocampus tissues was collected and Snap frozen in
liquid nitrogen.

The collected samples were stored in a bio-freezer at -
80°C for neurochemical analysis.

Day 21

NORT and MWMT. Day 29-34

|

SD Rats were sacrificed = plasma, PFC and
hippocampus tissue was collected and Snap frozen in
liquid nitrogen.

The collected samples were stored in a bio-freezer at -
80°C for neurochemical analysis.

Day 35

ELISA Assay > TNF-a (PFC), DA (PFC), AChE (PFC and hippocampus) and corticosterone (plasma)
RT-PCR - D1 receptor expression (striata)
(n=3/group)

Figure 1: The study design and the timeline for the treatment of L-DOPA.
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3. Results

3.1 Novel object recognition test

The recognition memory of the SD rats was assessed in the following groups: Sal (14), 6-OHDA (14),
L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 2. The discrimination index was
significantly reduced in the groups lesioned with 6-OHDA (Sal (14) vs 6-OHDA (14); F5, 60 =
15.38, p = 0,0012, figure 2), (Sal (14) vs L-DOPA (14); F5, 60 = 15.38, p = 0,0001, figure 2), (Sal
(28) vs 6-OHDA (28); F5, 60 = 15.38, p = 0,0001, figure 2), and (Sal (28) vs L-DOPA (28); F5, 60 =
15.38, p = 0,0011, figure 2). There was a L-DOPA effect present when comparing the untreated and
treated 6-OHDA lesioned groups after 14 days of treatment (6-OHDA (14) vs L-DOPA (14); F5, 12 =
7.128, p=0.0033, figure 2).
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Figure 2: Graph showing the discriminatory index as assessed using the NORT (n=11 per group).

3.2 Morris water maze test

3.2.1 Spatial learning

Spatial learning was assessed in the following groups: Sal (14), 6-OHDA (14), L-DOPA (14), Sal (28),
6-OHDA (28), and L-DOPA (28), figure 3. There was a 6-OHDA effect in finding the hidden platform
(Sal (14) vs 6-OHDA (14); F5, 60 = 75.42, p<0.0001, figure 3) and (Sal (28) vs 6-OHDA (28); F5, 60
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= 75.42, p<0.0001, figure 3). L-DOPA treatment attenuated the 6-OHDA effect (6-OHDA (14) vs L-
DOPA (14); F5, 60 = 75.42, p<0.0001, figure 3) and (6-OHDA (28) vs L-DOPA (28); F5, 60 = 75.42,
p<0.0001, figure 3).
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Figure 3: Shows the time taken for the rats to find the submerged platform during the third day of
training in the MWMT (n=11 per group).

3.2.2 Spatial memory

Spatial memory of the SD rats was assessed in the following groups: Sal (14), 6-OHDA (14), L-DOPA
(14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 4. A 6-OHDA effect was observed in the time
spent in the target quadrant (Sal (14) vs 6-OHDA (14); F5, 60 = 48.84, P<0.0001, figure 4) and (Sal
(28) vs 6-OHDA (28); F5, 60 = 48.84, P<0.0001, figure 4). This effect was ameliorated in the group
treated with L-DOPA for 14 days (6-OHDA (14) vs L-DOPA (14); F5, 60 = 48.84, P<0.0001, figure
4). However, L-DOPA treatment did not lessen the effects of 6-OHDA following 28 days of treatment.
(Sal (28) vs L-DOPA (28); F5, 60 = 48.84, p<0.0001, figure 4). Prolonged L-DOPA treatment had a
detrimental effect on spatial memory (L-DOPA (14) vs L-DOPA (28); F5, 60 = 48.84, p<0.0001, figure
4).
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Figure 4: Shows the amount of time spent by the animals in the target quadrant during the test day of
the MWMT (n=11 per group).

3.4 Prefrontal cortex tumour necrosis factor-alpha concentration

TNF-a concentration was assessed in the following groups: Sal (14), 6-OHDA (14), L-DOPA (14), Sal
(28), 6-OHDA (28), and L-DOPA (28), figure 5. There was a 6-OHDA effect on TNF-a concentration
(Sal (14) vs 6-OHDA (14); F5, 12 = 8.074, p=0,0472, figure 5) and (Sal (28) vs 6-OHDA (28); F5, 12
= 8.074, p=0,0274, figure 5). The 6-OHDA effect was attenuated following 28 days of L-DOPA
treatment (6-OHDA (28) vs L-DOPA (28); F5, 12 = 8.074, p=0.0302, figure 5).
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Figure 5: Graph showing PFC TNF-o concentration in the following groups: Sal (14), 6-OHDA (14),
L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28) (n=3 per group).

3.5 Plasma corticosterone concentration

Plasma corticosterone concentration was assessed in the following groups: Sal (14), 6-OHDA (14), L-
DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 6. The 6-OHDA lesion significantly
increased plasma corticosterone concentration (Sal (14) vs 6-OHDA (14); F5, 12 = 45.5, p= 0,0005,
figure 6) and (Sal (28) vs 6-OHDA (28); F5, 12 = 45.5, P<0.0001, figure 6), which was significantly
reduced in L-DOPA treated animals (6-OHDA (14) vs L-DOPA (14); F5, 12 = 45.5, p= 0,0458, figure
6) and (6-OHDA (28) vs L-DOPA (28); F5, 12 = 45.5, p < 0.0001, figure 6). Plasma corticosterone
concentration progressively increased in the 6-OHDA lesioned groups (6-OHDA (14) vs 6-OHDA
(28); F5, 12 = 45.5, p = 0.0002, figure 6).
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Figure 6: Graph showing plasma corticosterone concentration in the following groups: Sal (14), 6-
OHDA (14), L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28) (n=3 per group).

3.6 Prefrontal cortex acetylcholinesterase concentration

AChE concentration was assessed in the ipsilateral PFC of the following groups: Sal (14), 6-OHDA
(14), L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 7. There was an L-DOPA
effect present on AChE concentration (Sal (14) vs L-DOPA (14); F5, 12 = 7.128, p=0.0079, figure 7)
and (Sal (28) vs L-DOPA (28); F5, 12 = 7.128, p= 0.0296, figure 7). The L-DOPA effect was also
present when comparing the untreated and treated 6-OHDA lesioned groups after 14 days of treatment
(6-OHDA (14) vs L-DOPA (14); F5, 12 = 7.128, p= 0.0384, figure 7).

78



N
1

the PFC (ng/mL)
(=Y
1

Concentration of AChE in

Figure 7: Graph showing PFC AChE concentration in the following groups: Sal (14), 6-OHDA (14),
L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28) (n=3 per group).

3.7 Hippocampal acetylcholinesterase concentration

AChE concentration was assessed in the ipsilateral hippocampus of the following groups: Sal (14), 6-
OHDA (14), L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 8. There was a 6-
OHDA effect on AChE concentration (Sal (14) vs 6-OHDA (14); F5, 12 = 42.99, p= 0,0229, figure 8)
and (Sal (28) vs 6-OHDA (28); F5, 12 = 42.99, p=0,0298, figure 8). This effect persisted after L-
DOPA treatment for 14 days (Sal (14) vs L-DOPA (14); F5, 12 = 42.99, p= 0,0039, figure 8) and 28
days (Sal (28) vs L-DOPA (28); F5, 12 = 42.99, p< 0,0192, figure 8). However, there was a L-DOPA
effect present when comparing the untreated and treated 6-OHDA lesioned groups after 14 days of
treatment (6-OHDA (14) vs L-DOPA (14); F5, 12 = 42.99, p= 0.0496, figure 8).
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Figure 8: Graph showing hippocampal AChE concentration in the following groups: Sal (14), 6-OHDA
(14), L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28) (n=3 per group).

3.8 Prefrontal cortex dopamine concentration

DA concentration was assessed in the ipsilateral PFC of the following groups: Sal (14), 6-OHDA
(14), L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28), figure 9. There was a 6-OHDA effect
on DA concentration (Sal (14) vs 6-OHDA (14); F5, 12 = 163.2, p<0,0001, figure 9) and (Sal (28) vs
6-OHDA,; F5, 12 = 163.2, P<0.0001, figure 9). This effect persisted after treatment with L-DOPA (Sal
(14) vs L-DOPA (14); F5, 12 = 163.2, p<0,0001, figure 9) and (Sal (28) vs L-DOPA (28); F5, 12 =
163.2, P<0.0001, figure 9). However, L-DOPA was able to attenuate the effect of 6-OHDA on DA
concentration (6-OHDA (14) vs L-DOPA (14); F5, 12 = 163.2, p= 0,0230, figure 9) and (6-OHDA
(28) vs L-DOPA (28); F5, 12 = 163.2, p= 0,0225, figure 9).
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Figure 9: Graph showing PFC DA concentration in the following groups: Sal (14), 6-OHDA (14), L-
DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA (28) (n=3 per group).

3.9 Prefrontal cortex D1R expression

The expression of D1R was assessed in the following groups: Sal (14), 6-OHDA (14), L-DOPA (14),
Sal (28), 6-OHDA (28), and L-DOPA (28), figure 10. There was a 6-OHDA effect on D1R expression
(Sal (14) vs 6-OHDA (14); F5, 12 = 41, p<0.0001, figure 10) and

(Sal (28) vs 6-OHDA (28); F5, 12 = 41, p<0.0001, figure 10). This effect was attenuated by 14 days
(6-OHDA (28) vs L-DOPA (14); F5, 12 = 41, p<0.0001, figure 10) and 28 days (6-OHDA (28) vs L-
DOPA (28); F5, 12 = 41, p<0.0001, figure 10) of L-DOPA treatment.
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Figure 10: Graph showing the change in D1R expression relative to GAPDH expression in the PFC of
the following groups: Sal (14), 6-OHDA (14), L-DOPA (14), Sal (28), 6-OHDA (28), and L-DOPA
(28) (n=3 per group).
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4. Discussion
The present study investigated L-3,4-dihydroxyphenylalanine (L-DOPA) treatment's effects on the
learning and memory of rodents with a unilateral 6-hydroxydopamine (6-OHDA) lesion in the medial
forebrain bundle (MFB). The present study also examined how the development of abnormal
involuntary movements (AIMs) affect the hypothalamic-pituitary-adrenal axis (HPA axis),
inflammation, cholinergic signalling, and dopamine (DA) signalling in unilateral 6-OHDA lesioned
rats. The present study found that 6-OHDA lesion resulted in impaired spatial learning, spatial memory,
and object recognition memory. The treatment with L-DOPA did not improve object recognition
memory. However, L-DOPA treatment for 14 days improved spatial learning and memory, but spatial
memory was impaired when the treatment was prolonged for 28 days. These behavioural changes
observed result from increased pro-inflammatory cytokine secretion in the prefrontal cortex (PFC),
increased plasma corticosterone concentration, reduced DA signalling in the PFC, increased cholinergic
signalling and increased D1 receptor (D1R) expression in the 6-OHDA lesioned rats. The treatment
with L-DOPA reduced the concentration of tumour necrosis factor-alpha (TNF)-a in the PFC, plasma
corticosterone  concentration, and DI1R expression; however, increased PFC DA and
acetylcholinesterase (AChE) concentration. Cholinergic signalling has been associated with learning

and memory function.

The novel object recognition test (NORT) is a test that uses a rodent's spontaneous preference to explore
novel objects relative to familiar objects to assess rodent's objection recognition memory (Darcet et al.,
2014, Grayson et al., 2015, Nezhadi et al., 2016). Injecting 6-OHDA into the MFB induces impairment
in learning and memory, suggesting that DA signalling is significant in cognitive function (Liu et al.,
2016, Du et al., 2018). The rats lesioned with 6-OHDA showed a reduced discrimination index, which
indicates impaired object recognition memory. The above findings are similar to Bonito-Oliva et al.
(2014)'s findings, which showed that dopamine degeneration in 6-OHDA lesioned mice resulted in
impaired recognition memory. The above is because the interaction between the PFC and nigrostriatal
DA projections is essential for recognition memory (Chao et al., 2013). L-DOPA exposure worsened
and did not progressively improve recognition memory because of impaired DA signalling in the PFC.
These findings are in line with finding from treating MitoPark mice (mice genetically engineered to
have DA degeneration in the midbrain) with L-DOPA, resulted in recognition memory deficits assessed
using the NORT (Li et al., 2013). Human studies showed that high L-DOPA doses worsened some
cognitive behaviours due to PFC DA fluctuations (Gotham et al., 1988, Cooper et al., 1992, Kulisevsky
etal., 1996).

The present study further used the Morris water maze test (MWMT) to assess spatial learning and
memory. The rats lesioned with 6-OHDA took longer to find the platform on the last day of the MWMT

learning phase, and they spent less time in the target quadrant on test day. The above is evidence of
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spatial learning and memory deficits in the animals lesioned with 6-OHDA. These results are in line
with findings that showed that reduced DA signalling in hemiparkinsonian rodent model leads to
impaired spatial learning and memory (Nezhadi et al., 2016). Furthermore, the present study indicated
that L-DOPA improved spatial learning, although the occurrence of AIMs worsens spatial memory.
The findings align with reports in human and animal studies showing increased DA signalling due to
L-DOPA therapy improves spatial learning and memory (Ambrée et al., 2009, Wang et al., 2017).
Studies have also shown that spatial learning and memory were impaired in aged rats treated with L-
DOPA (Shohamy et al., 2006, Hernandez et al., 2014). Heightened inflammatory cytokines like TNF-
a have been associated with cognitive deficits that prevail in Parkinson's disease (PD), dementia, and

Alzheimer's disease (Menza et al., 2010).

Chronic inflammation is a characteristic of PD, and it has been demonstrated in animal models and
human studies using prominent pro-inflammatory molecules like TNF-a (Menza et al., 2010). In the
present study, the PFC of rodents lesioned with 6-OHDA had a high concentration of TNF-a, which is
an indicator of hyper-inflammation. Studies have shown that high concentrations of pro-inflammatory
cytokines are released by activated glial cells in response to the injection of the neurotoxin 6-OHDA
(Lindgvist et al., 2013). The consequences of increased pro-inflammatory cytokines have been
associated with the progressive death of DA neurons through oxidative stress and increased glutamate
activity (Liao and Chen, 2001). The combination of heightened glutamate and oxidative stress
exaggerates neuronal death (Liao and Chen, 2001). The pro-inflammatory environment was not
restricted to the nigrostriatal pathway, yet it spread to other areas, including the PFC. These findings
are supported by literature showing that oxidative stress induced by 6-OHDA injection in the striatum
can be propagated to the PFC and the hippocampus (de Araudjo et al., 2013). The heightened
inflammatory response in the PFC was attenuated by L-DOPA treatment, which showed a reduced
TNF-a PFC concentration. This is in line with findings that showed that treating rodents lesioned with
6-OHDA in the striatum with L-DOPA reduced the pro-inflammatory response (de Aradjo et al., 2013).

One other effector for inflammation is the HPA axis's stimulation to release glucocorticoids in response
to cell injury, stress or pathogens (Herrero et al., 2015, McHugh Power, 2016). The upregulated
inflammatory response in the rodents lesioned with 6-OHDA lead to a hyperactive HPA axis which is
evident by heightened plasma corticosterone concentration whose toxic effects have been shown to
result in spatial learning, spatial memory, and episodic memory impairment (Miyoshi et al., 2002,
Barnum et al., 2008, Wang et al., 2010). These results are in line with findings that showed that 6-
OHDA lesion in a rodent model results in a higher concentration of corticosterone in plasma (Hartmann
et al., 1997, Ngema and Mabandla, 2017). L-DOPA was able to reduce the plasma corticosterone level
caused by 6-OHDA lesion. Findings showed that increased DA signalling can result in DA mediated

inhibition of adrenocorticotropic hormone release from the hypothalamus, which would result in
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reduced corticosterone hormone secretion (Ulrich, 1973, Muller et al., 2007). The above contributed to
improved spatial learning and memory caused by treating the 6-OHDA lesioned rodents with L-DOPA,;
however, episodic memory was still impaired, showing that there is another pathway involved in

cognition affected.

Parts of the limbic system involved in cognitive function include the hippocampus and the PFC
(Toyoda, 2018). DA and acetylcholine (ACh) signalling have an inverse relationship and a reduced DA
signalling that occurs in the prefrontal cortex of PD patients and rodent models would result in
heightened ACh signalling (Maiti et al., 2017). ACh is a neurotransmitter that plays a critical role in
learning and memory formation (Ngoupaye et al., 2018). They are two parameters that regulate ACh
signalling: ACh receptors and AChE (Kawaguchi et al., 1995, Zhou et al., 2002). In this current study,
rodents treated L-DOPA had augmented AChE concentration in the hippocampus and PFC which is
necessary to reduce ACh neurotransmission by breaking down ACh to acetate and choline (Zaretsky et
al., 2016). Increased AChE is associated with impaired object recognition memory impairment because
of increased ACh breakdown (Ngoupaye et al., 2018). L-DOPA treatment reduced the heightened
AChE concentrations caused by the 6-OHDA injection into the MFB. However, this treatment was not
enough to return the AChE concentration to normal, and as the treatment continued to the LID phase,
there is a progressive increase of AChE content in the PFC. This heightened AChE concentration in the
PFC may be the reason for episodic memory deficits in the L-DOPA (14) and L-DOPA (28).

The dentate nucleus of the hippocampus also received DA from the substantia nigra (via the mesolimbic
pathway) and ventral tegmental area (VTA) (Nezhadi et al., 2016). Impairing DA neurotransmission in
the substantia nigra will affect DA signalling, affecting ACh signalling in the hippocampus (Branchi et
al., 2008). In the present study, rodents lesioned with 6-OHDA had a significantly higher AChE
concentration in the hippocampus an indicator of hyperactive cholinergic signalling resulting from
reduced DA signalling due to the 6-OHDA lesion (Soreq, 2015). Increased AChE activity in the
hippocampus is associated with impaired spatial learning, spatial memory, and episodic memory
impairment because of increased ACh signalling termination (Ngoupaye et al., 2018). L-DOPA
treatment increased AChE concentration in the hippocampus leading to decreased ACh signalling
(Sriraksaetal., 2012). It seems L-DOPA alleviates some cognitive deficits but impairs those that depend

on an intact basal ganglion due to abnormal DA signalling in the striatum.

DA regulates essential cognitive functions through DA receptors expressed in the prefrontal cortex
(PFC), striatum and hippocampus (Cools et al., 2002, Da Cunha et al., 2002). The Cognitive deficits in
PD are thought to arise from two mechanisms: reduced DA signalling in the PFC and an imbalance in
the corticostriatal circuits (Monchi et al., 2004). The injection of 6-OHDA into the MFB reduced DA
concentration in the ipsilateral PFC. This finding is aligned with findings showing that the 6-OHDA
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lesion in the MFB reduced DA concentration (Adu and Mabandla, 2019, Wu et al., 2019). Treatment
with L-DOPA increased DA signalling in the PFC, and this increased DA signalling played a role in
ameliorating the spatial learning and memory impairments that persisted due to the 6-OHDA lesion
(Chiu et al., 2015). DA signalling is dependent on DA receptors expression (Ryoo et al., 1998). The
hypoactivation of D1Rs in the PFC can impair cognitive function in Alzheimer's disease, Schizophrenia,
and PD (Floresco and Magyar, 2006, Kintz et al., 2017, Meltzer et al., 2019). In the present study, there
was increased D1R expression in the PFC of rats lesioned with 6-OHDA because of the reduced DA
concentration in the PFC. These findings align with reports showing that 6-OHDA lesion leads to
reduced DA concentration in the PFC and in response to the DA depletion the PFC post-synaptic
neurons increase the expression of dopamine receptors like D1R (Cools, 2006, Kravitz et al., 2012).
The treatment with L-DOPA increases DA concentration in the PFC (Frank, 2005) , which causes a

reduced dopamine receptor expression, as seen in the present study.

5. Conclusion
The findings of the present study showed that a 6-hydroxydopamine (6-OHDA) lesion in the medial
forebrain bundle (MFB) impairs recognition memory and although L-3,4-dihydroxyphenylalanine (L-
DOPA) improved spatial learning and memory, it was not able to enhance object recognition memory.
L-DOPA can reduce imbalances in the hypothalamic-pituitary-adrenal axis, neuroinflammation in the
prefrontal cortex (PFC), but not the heightened cholinergic signalling in both the hippocampus and
PFC, and it maintained DA signalling in the PFC. The death of dopamine (DA) neurons in the MFB
significantly reduced DA signalling and increased neuroinflammation in other brain areas that play
crucial roles in cognition. Future studies may focus on other brain areas involved in learning, memory

function, and the interactions those brain areas have with the basal ganglia.
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Chapter 4: Synthesis

Parkinson's disease (PD) is characterised by abnormal motor symptoms like postural instability and
akinesia. However, PD patients also display non-motor symptoms like cognitive decline. These
symptoms result from the death of dopamine (DA) neurons in brain areas collectively called the basal
ganglia (BG). The BG is responsible for initiating and halting movement. In PD, some dysfunctions
begin in the BG and spread to other brain areas via direct or indirect communication with the BG. The
brain areas affected include the cerebellum, prefrontal cortex (PFC), hippocampus, amygdala, and other
brain areas. Literature has shown that L-3,4-dihydroxyphenylalanine (L-DOPA) can alleviate motor
symptoms of PD and some cognitive deficits by increasing DA signalling in the brain. However, the
long-term use of L-DOPA is known to result in abnormal involuntary movements called L-DOPA
induced dyskinesias (L1Ds). Therefore, it became necessary to explore the effects that the development

of LIDs would have on motor incoordination and cognitive decline experienced by PD patients.

The aid used to explore LIDs development's effects was a 6-hydroxydopamine (6-OHDA) model,
resulting in LIDs-like behaviour when the rats are treated with L-DOPA. The present study showed that
L-DOPA could alleviate motor incoordination, spatial learning, and spatial memory, but failed to ease
object recognition memory. LIDs-like behaviour development in rodents leads to hypokinesia and
impaired spatial memory. Altered behaviour is usually the result of impaired signalling in the brain and
the case of PD, many of abnormalities stem from the death of DA neurons in the BG. L-DOPA slightly
increased DA signalling, but even with this exogenous intervention, the brain progressively increased
DA receptor expression to compensate for the significantly lower DA signalling. This is thought to play
a crucial role in the progressive development of LIDs. The low BG DA signalling caused a reduced
PFC DA concentration, which leads to reduced DA receptor activation is associated with impaired
spatial learning, impaired spatial memory, and impaired object recognition memory. L-DOPA therapy
improved spatial learning and memory. However, this changes as L1Ds-like behaviour occurs because
the continued exposure to exogenous DA will eventually lead to a reduced DA receptor expression in

the PFC, which has been associated with a severe decline in working memory.

Along with DA signalling deficiencies, increased termination of cholinergic signalling in the brain
underlies the cognitive impairments in PD. The present study found that in the two limbic brain areas
that play a significant role in learning and memory had a higher concentration of the enzyme
acetylcholinesterase (AChE) in groups treated with L-DOPA. This enzyme terminates cholinergic
signalling, and other studies have shown that a high concentration of AChE in the hippocampus and
PFC causes impaired object recognition memory. Most studies have focused on impaired DA signalling
in the BG. Still, the present study also looked at other molecular alterations in different brain areas that

may perpetuate the damage initiated by DA neurons' death.

95



The uncontrolled death of DA neurons causes a pro-inflammatory response. While this initiative is
beneficial, this response's continued stimulation due to continued tissue damage has neurotoxic
consequences. One such consequence is oxidative stress when reactive oxygen molecules break down
the cell membrane and eventually kill the cell. The present study found that hyper-inflammation persists
in the BG of the untreated brain and spreads to other brain areas like the cerebellum and the PFC. The
neurotoxic effects of hyper-inflammation could be why some PD patients present with cognitive deficits
even in the early stages of the disease. L-DOPA reduced the inflammatory response in the indirectly
affected brain areas although after LIDs-like behaviour developed, there was hyper-inflammation in the
cerebellum. In addition to oxidative stress, another consequence of hyper-inflammation is the
stimulation of the hypothalamic-pituitary-adrenal (HPA) axis. This may increase the neurotoxic
environment since the hyperactivation of the HPA axis results in an increased secretion of
glucocorticoids, i.e., corticosterone (rodents) and cortisol (humans). Heightened glucocorticoids
concentration is neurotoxic and has been associated with impaired spatial learning, impaired spatial
memory, and impaired episodic memory. L-DOPA was able to reduce the plasma corticosterone level

and therefore ameliorating imbalance caused by the heightened inflammation.

Conclusion

The present study showed that the dopamine (DA) replacement therapy with L-3,4-
dihydroxyphenylalanine (L-DOPA) attenuated the hypokinesia, impaired motor coordination, impaired
spatial learning, and spatial memory caused by the injection of 6-hydroxydopamine (6-OHDA) into the
medial forebrain bundle. The progressive increase in the expression of D2 receptor (D2R) and the
persisting hyper-inflammation in the BG seem to play a vital role in the development of L-DOPA
induced dyskinesias (Mela et al., 2012, Suarez et al., 2016, Pisanu et al., 2018). Neuroinflammation
makes the DA neurons vulnerable and increases the chance of degeneration. The high concentration of
DA resulting from L-DOPA helps with the motor symptoms; however, the eventually increased
expression of D2R receptors seem to increase the likelihood of abnormal involuntary movement (AIMs)
development. The death of DA neurons in the medial forebrain bundle significantly reduced DA
signalling and increased neuroinflammation in other brain areas that play crucial roles in cognition.
However, L-DOPA can reduce imbalances in the hypothalamic-pituitary-adrenal axis,
neuroinflammation in the PFC, but cholinergic signalling in both brain areas was significantly impaired
during AlMs. This resulted in impaired episodic and spatial memory deficits. Furthermore, these
cognitive deficits may be caused by dopamine influx to cortical areas related to these particular
cognitive functions (Swainson et al., 2003, Ko et al., 2016). Future studies may focus on the progressive
alteration of apoptotic markers in the cerebellum, thalamus, and motor cortex to elucidate the

heightened inflammatory response's effect on the neurons.
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Appendix 2: Corticosterone ELISA kit protocol

Elabscience®

(FOR RESEARCH USE ONLY. DO NOT USE IT IN CLINICAL DIAGNOSTICS [)

Rat CORTICorticosterone) ELISA Kit
Synonyms: CORT

Catalog Mo : E-EL-R026%
a6T

This manual must be read atentively and completely before using this product.
If you have any problems, please contact our Technical Service Center for help (info in the header of each page).
Phone: 240-252-7368(UUSA)  240-252-T376(USA)

Email: (ec ahscienc
Website: www elobscience corr

Please refer to specific expiry date fmom label on the side of box.

Please kindly provide us with the lot number (on the ouside of the box) of the kit for more efficient service.
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Appendix 3: Tumour necrosis factor-alpha ELISA kit protocol

Elabscience®

(FOR RESEARCH USE ONLY. DO NOT USE IT IN CLINICAL DIAGNOSTICS 1)

Rat TNF-e(Tumor Necrosis Factor Alpha) ELISA Kit
Synonyms: DIF, TNF-alpha, TNFA, TNFSI2

Catalog No - E-EL-R0O019
96T

This manual must be read attentively and completely before using this product.
If you have any problems, please contact our Technical Service Center for help (info in the header of each page).
Phone: 240-252-7308(1U5A)  240-252-T376(L54)

Website: wwow elahscience cor

Please refer 1o specific expiry date from label on the side of box.

Please kindly provide us with the lot number {on the outside of the box) of the kit for more efficient service,
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Appendix 4: Dopamine ELISA Kit protocol

Elabscience®

(FOR RESEARCH USE ONLY. DO NOT USE IT IN CLINICAL DIAGNOSTICS !)

DA(Dopamine) ELISA Kit

Synonyms: 2-(3, 4-dihydroxyphenylethylamine, 3, 4-dihydroxyphenethylamine, 3-hydroxytyramine, DA, Intropin,

Revivan, Oxytyramine

Catalog No : E-EL-0046
96T

This manual must be read attentively and completely before using this product.
If you have any problems, please contact our Technical Service Center for help (info in the header of each page).
Phone: 240-252-7368(USA)  240-252-7376(USA)

Email: techsupport @elabscience.com
Website: www elabscience com

Please refer to specific expiry date from label on the side of box.

Please kindly provide us with the lot number (on the outside of the box) of the kit for more efficient service.
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Appendix 5: Acetylcholinesterase ELISA kit protocol

Elabscience®

(FOR RESEARCH USE ONLY. DN} NOT USE IT IN CLINICAL DIAGNOSTICS !)

Rat AChE(Acetylcholinesterase) ELISA Kit
Synonyms: ACEE. ARACHE, N-ACHE, YT, acetylhydrolase

Catalog No : E-EL-RO355
96T

This manual must be read attentively and compleiely before using this product.
If you have any problems, please contact our Technical Service Center for help (info in the header of each page).

Phone: 240-252-7368(USA)  240-252-T376(LUSA)
Email: techsuppont @elabscience com
Wehsite: www. elabscience com

Please refer to specific expiry date from label on the side of box.

Please kindly provide us with the lot number {on the outside of the box) of the kit for more efficient service.

102



Appendix 6: RNA extraction kit protocol
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Appendix 7: cDNA synthesis Kit protocol

First Strand cDNA Synthesis Protocols
(E6560)

Thaw kit components on ice and mix by inverting several times.

Easy Protocol

1. Mix the following components and incubate at 42°C for 1 hour. If Random Primer Mix is
used, an incubation step at 25°C for 5 minutes is recommended before the 42°C

incubation.
COMPONENT VOLUME
Template RINA upto 1l pg
&(T) VN 2ul
ProtoScript IT Reaction Mix (2X) 10
ProtoScript IT Enzyme Mix (10X) 2ul
Nuclease-free HO to a total volume of 20 pl

2. Inactivate the enzyme at 80°C for 5 minutes. For downstream PCR
application, the volume of cDNA product should not exceed 1/10 of the PCR.
Feaction volume.
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Appendix 8: Master Mix Protocol

Home Protocols Luna® Universal gPCR Master Mix Protocol (M3003)

Lunas Universal gPCR Master Mix Protocol

(M3003)

* Prepare DNA or cDMA of inferest using desired DMA exiraction and purification method.

» Make dilutions of DNA or cDNA to be used for the standard curve. These should be prepared
fresh before each experiment and can be diluted in either water or TE.

Reaction Setup: For best results, we recommend running each DMA standard and sample in

triplicate.

COMPONENT 20 pl REACTION

Luna Univerzal gPCR Master | 10 pl

Mix

Forward primer (10 pM) 0.35pl
Reverse primer (10 pM) 0.5 pl
Template DNA variable
Nucleage-free Water to 20 pl
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Appendix 9: Brain research author information pack

I A UTHOR INFORMATION PACK

TABLE OF CONTENTS )
Ersin Rosrar
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. Audlence p.2
- Impact Factor p-2
- Abstracting and Indexing p.2
L Edltorial Board p.Z
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LT Paali ol -]
DESCRIPTION
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breakthroughs are communiated and Brain Ressarch & committed o serving as a mmr:
jourmal meeting the needs of the neurosdence research community. We now affer muitiple ats
for sdentists to share ther work with the community. These nclude Short Reports, Technology
Do ments, and Commentanes, in addition to standard research articles and reviess that the
jourmal has published in it stored S0-year history.

Brain Aesearch is a broad-format journal accepting manuscripts from acoss the intemational
MU rosCienoe Comimunity that ange in scope from issues infundamaental neurobdalogy to translational
and chinical neurcecience, thene are contemporary themes within neuroscience that our Editerial Board
has identified that are of particular inrovation and interest because of their innovation and impartance,
highlighted below. The jourral s further commitied to studies that investigate sex-differences as a
poserful cross-cutting varable within these high-intenrest areas. Consstent with our mission, hovwewer,
Brain Research remains enthusiastic to publish any neurcscience-criented work that advances the
fiedd in @ meaningful way.

Heurodegenerative Diseases and Dementia - moleoutar insights into the mechansm of disease
and preclinical modeds Peychiatric disesses, autism m disorders - prechinical models and
inzights into mechanisms underiying neuropsychiatnc disorders Neuromode n - cptogenetics,
DREADDs, desp brain stimulation, TMS, tDCS are all creating new lewels of control and intervention
in brain function in both the preclinical and dinical setbings fMRI; ERP and other “windows
into the braln® - quantitative approaches to cognitres neurascience and real-time measures are
rapidhy advandng our understanding of the brain Stem oedl bliolegy / newrodevelopment - Emergi
developments in stem cell biology ane changing the way we view, and study, neurodevelopment, a:ﬂ
represent an exdting imterface of technology and biology

Article Types: Ressarch Article - Standard submission, graphical abstract required Reviow -
Subject to Editorial Board approval prior to consideration, graphical abstract required Short Report
- High impact, 3 figure max, expedied review, cne-rownd cnly, can be moved to Research Article
majar revisions are nequested and interest is strong, graphical abstract requined Mewnofech Report
- & methods paper whose impact is based purely on a techrikal or methodolegical advance, does
not need o be hypothess-driven science, graphical abstract required Poinf-Counterpoint - & pair
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of articles addressing a contermporary debate or controversy within a field - can be broad or wery
focused in nature, merged graphical abstract reguired

AUDIENCE

Neurcscientists, neurcphysiclogists, neurcendocrinclogists, neurcchemists, neurcanatomists,
neurcpharmacologists, rewnologists.

IMPACT FACTOR
2019: 27313 £ Clarivate Analytics Journal CRation Reports 2020

ABSTRACTING AND INDEXING

Scopus
BLOE]S Creation [ndex
Chemical Abstracts

Cuwmment Contents - Lfe Soences
Embase

Elovinr BIDBASE
FubMed/Medline

Fascal Francis
FsycINFO

RIS (Reference Update)

EDITORIAL BOARD

Bt T Chied
Matthew 1. LaVoie, Unhvwersity of Flonda, Gainesvilie, Fiorida, United States
Deputy Edioes-in-Cikel

Susan Reviess, Exst Lansing, United Stabis

Call Blalogy, Slomaliag and Synaptic Tramrsmasiog
Bl
Yi-Shuisn Husmg, Talpel, Takwan

Gtk @i Computathona) Neurasckamos

Edliows

Andres Antal, GRUNGEN, SEMTang

Marian Barryhill, Rene, Newada, Unibed States

Heather Bimonte-Melson, Tompe, Adzoma, Unksd States
Alwmad B. Harid, Durhan, Morth Camollina, Unibed Stains
Maria Matashs Rajah. Custhae, Queber, Canads

Deveiopreent avad Agimg
Edlieows
Fer-Bisn Gard, Worcester, Massachuesaits, Unked Stabes

Carina Hamnashima, Tokyo, lapan
Fhzre Varocmrins, Mew Havwen, Connectiout, Linked Stabes

Neurodhalogy of Disesse
[==n o]
Assoc. PFrof. Jose F. Abisambre, Galnesslke, Florda, Uniteal States

Ceasr Borlongan, Tampa, Florkds, Uniied Stabes
Sandre Hewett, Syracuse, Mew York, Unibed Stes

E. Kline, Plitsburgh, Pennsytvanis, Unked States
Salvatare Dddo, Temnpe, Areona, United States
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GUIDE FOR AUTHORS
INTRODLICTION

Brain Aesearch s dedicated to publishing the highest guality and gresbest impact artickes within the
evwer-gvolving field of Neuroscienoz. ‘'We recognize how bechnology has changed the way sceentific
breakthrouvghs are commurkcated and Brain Research s commithed o serving as a NaMis
jourmal meeting the needs: of the newrosdenoe research comimunity. We now offer multiple ats
for sdentists to share ther work with the community. These include Short Reports, Techniol
Developments, and Commentaries, in addition to standard research articles and reviess that
jourmal has published in its storied S0-wear history.

Hrain fesearch = a broad-format journal accepting manuscripes from aooss the inbemational
Ny rossclenoR comemunity that mnge in soope from issues in fundamental newrobéology to translational
and clinical neurcsciences, there are comtemporary themes within neurcscience: that our Editorial Board
has identified that ane of partioaslar innovation and interest becawse of their innovation and importance,
haghlighted below. The journal s further committed to studies that investigate sex-differences as a

rful cross-cutting varable within these high-interest aneas. Consistent with our mission, boweser,
Brain Research nemains enthusiastc o publish any neurcscience-onented work that advances the
fimdd im 2 meaningful way. Neurodegenerative Diseases and Dementia - mokecular insights
into the mechansm of disease and predinical models Psypchiatric dissases, autism spectrum
disorders - preclinical models and insights into mechanisms underiying newmopsychiatnc disorders
Meuromodulation - optogenetics, DREADDS, deep brasn stmulation, TMS, tDCS are all neEw
leveds of controd and inteEreention In brain function in both the precinical and direcd settings MR,
ERF and other “windows Into the braln™ - guantitatree approaches mmﬂ:r:l MHELINOS CHEN O
and real-time messures are rapidly advancing our understanding of the brain oall blolegy #
neurodevelopment - Emerging developments in stem oell biclogy ane changing the way we view,
and study, neurcdevelopment, and nepresent an exciting interface of technology and biclogy

Arthcle Types

1. Ressarch Articles: Standard submissicn, are not limibed in sizee However, se do :huna_l:
recommend to authors be as succinct a5 possible in the best interest of the readers and
dissemination of the work. Graphical abstract requined.

Revikews: Reviews are by invitation only and subject to Editorial Board approval prior to consideration,
graphical abstract nequired. Inquinies and swuggestons for reviews should be directed to the Brain
Ressarch Editorial Office (bres@slseviercom ).

Short Report: Short Reports have the foliowing soft limits. The manusconipt should ideally contain no
more than 3 Figunes/Tables and 4000 words, induding the title page, all sedtions of the manuscript
[irduding the references), and Figune/Table legends. The abstract should be limited to 200 5.

High imipact, expedied review, one-round anly, graphical abstract reguired.

Meurotech Report:These reports provide ressarchers with a full-length format in which to report:
significant methodological adwanoes. The basic components of a Research Article will be the
presentation of the method, a compariseon of the method with related methods when appropriate,
and validation. The impact is based p-lurd'r'un a techinical or methodological advanoe, does not nesd
to be hypothesis-driven soience, graphical abstract reguired.

Polnt-Counterpointis. pasr of articles addressing a contemporary dehate or controsersy within a
fiedd - two indwiduals need to @ice opposing sides of a controversial topic; these arbces ane then
published together. The articles can be broad or wery focused in nature (no bmit in sEe), merged
graphical abstract requined.

HBrain Research will also regularty publish thematc special lsswes highlighting important nesw
dewslopments N NeUreSCEnoe research.

The NMewrosclance Fear Review Coneartiim
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HBrain Ressardy is a member of the Newnoscdenoe Feer Review Corsortium (FRPFRC). The NFRIC has been
farmed o reduce the time expended and, in partoularn, the doplication of effort by, and assocated
burden on revieses imecdved in hrrmwﬂwlnﬂnmmrﬂrﬂ—m papers. It =
an alliance of neurscence joumals that hawe agreed o acoept Manuscript resvews from other
Consartum jowmnals. By reducing the number of times that a manuscript s reviessed, the Consartium
will reduor the loed on Meviewers and Edibors, and speed the publication of research reswits.

If a manuscpt I'-sm by ancther jowmal in the Corsortium, agthors cn submit the
marnusonpt to Srain and ndicate that the referees’ meports from the first jourmal be made
available to the Editors of Brain Researoh.

It = the auvthors’ dedsion as o whethser or not o ndicate that a set of referee’s eports should be
forwarded from the first jowmal o Brain Ressarchy. IF an author does not wish for this to kappen,
the manusmoipt can be submitted to Sain Research without reference o the previous submmisskon.
Mo informaticn will be exchanged beteeen journals except at the reguest of authors. However, if the
original referees’ reports suggested that the paper i of high guality, but not suitable for the first
Jnlumal. 1:I1|:1H:: will often be to an author's advantage to indicate that referees” reports should be
mia arwai 3

Authors should rewiss the onginal submission in accordance with the first jourmal’s st of referes
reports, reformat the paper to Bradé Research s spectfication and submit the paper to Srain Reseanch
with a cowerning better desonibing the danges that bave been made, and informiing the Editors that
the authors will ask for the referee's reports to be foresanded from the first Corsortium journal. The
authors then must contact the first jourmal, and ask that reviews be forwarded, ndiating they hawe
submitted to Sradn Recsarcty, and prowiding the nes manusoript 10 rombenr

The Editors of Sradn Aeseavs will use forwanded meferees’ neports at their dscretion. The Edmors many
usa the reports directly to make a decision, or they may request further reviews i they fesl such
ane NeDEssary.

visie http A nprc.inct.org for a st of Consortiom journalks, as well 25 further information on the scheme.
Contact Detaills for swhmission

Submisson af manusCrpts i Erain Research is entirety online at
hittpes: A wwear_editorialmanager. oomyfbrainres/ default_aspw. Quenes aboart the submission or ediborial
ProCEsses b directed to the Brain Reseanch BEd itorial Offics, Elseviern, 525 B Strest, Swibe 1EO0,
San Depgo, A S2101-4455, USE; Faw: (1)-619-69%5 6850, Email: breselsevier oom

checholst

You can use this list o ca aut a final check of youwr submission before you send it to the journal for
revies. Please check the: ne section in this Guide for Authors for mome detiks.

Ensure that the following Rems are present:

Dne author has been designated a5 the cormesponding author with contact details:
= E-mail address

& Full postal address:

Al necessary files have been wploaded:

Manuscrint-

= Inchude keywords

= &l figures {inClude nelevant captons )

= all tables {including titles, description,, fooctrotes)

= Ensune all figure and table citatiors in the text marbch the flles prosiced

& Imdicate ckearty  color shouwld be esed for any figures in prit
Abstracts ts fik=s (where a

?ﬂﬂmﬂaﬂhﬂﬁ'ﬂ {whrﬁmﬂ:ﬂlmhhf pricsslel

wWhile submitting the revision, pleass Indude both marked and un-marked sersbom of the
manuscript. Also, please respond to all the gueres ralssd by the reviesers via “Response
o rewlewers” documeent.
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Further considerations

# Manuscript has been ‘spell checked” and ‘grammar chedoed’

& Al references mentioned in the Reference List ane cited in the text, and vice versa

# Permission has been obtained for use of copynighted material from other sources (including the
Intemet

® H.dm:l"lt_ﬂm: aof interest hawe been made

# Journal polides detailed in this guide have been reviewed

= Referse suggestions and conkact details provided, based on journal requirements

For further information, visit cur Support Center.

BEFORE YOU BEGIN

Ethics in publishing
Flease see our information pages on Ethics in publishing and Exhical guidelines for journal publication.

and athics
The waork described in your article must have been camed out in accordance with The Code
of Etfrics of the World Medical Associstion (Declamtion of Meisini) for experments iv
frurmans hitpe/ fwwsowma.netfen/ 30publications 1 Dpolicies/ b3/ index. htmil; BC Direchive B8/809)
for amma! experiments httpcffec. suropa_ewenvironmentf chemicalsfab_animalsflegislation_en.htm;
Lindform Requirements for manusopls subvmitted to Biomedical jowmails http /) wers iomjearg. This
must be stated at an appropriate point in the artiche.

For other policy issues, authors are refermed to the policy guidelnes of the Sodety for Meurosoence
[sem their website bt/ fwwes_jneurosclong/miscimoa. shtmil).

Declaration of nterast

All authars must discices any firandal and personal relaticnships with other people or organizations
that could inappropriately influenoe (béas) their worke Examples of potential competing intenests
indude employment, consultandes, stock ownership, honorana, paidd expert testimony, patent
applicatiorsfregistations, and grants or other funding. Authors must disclose any interests in bwo
places: 1. A surnmar} declaration of interest stabement in the title page file (f double anonymized) or
the manuscript fike (f single anonymized ). If there ane no interests to declare then please state this:
‘Dedarations of interest: none'. This summary statement will be ultimately published f the article =
acoepted. 2. Detailed disclosures as part of a sepamte Declaration of Interest form, which forms part
of the journals offidal records. It & important for potentiad interests to be declared in both places
and that the information matches. Mare information.

Submission declaration and variffcation
Submission of an article implies that the work described Fas not been publshed previously (exoxcept in
the form of an abstract, a published lecture or academic thesis, see 'Multiple, redundant or concurment
publication’ for mone information), that it i nat under corsideration for publication elsewhere, that
its publication is approved by all authors and tadtly or explicitly by the responsible authorities where
the work was carmied out, and that, if acoepted, it will not be published elsewhene in the same form, in
sh ar in any other language, including electronicaly without the written corsent of the copyright-
m. To wertfy originality, your artide may be checked by the onginalty detection service Crossref
Simitarity Check.

Frepnints
Flease note that preprints can be shared anywhere at any time, in ling with Blsevier's sharing policy.
Shanng your preprints eg. on a t server will not count as prior publication (see “Multiple,
redurdant or concurment publicaticn' mare information).

Urza of inclusive Ianguage

Indusive language acknowledges diversity, comseys respect to all people, & sensitive to differences,
and promotes equal opportunities. Combent should make no assum 5 about the belefs or
commitmaents nl’.qm',' reader; contain nathing which might imgply that Eﬂtﬁ'ﬂlﬂ| is superior to
another on the grounds of ﬂ?l,l]lﬂ_; race, ethnicity, culture, sexual crientation, disability or health
condition; and use inclusive language throughout. Authors should ensure that writing is fres from bias,
stereotypes, slang, reference to dominant culture andfor cultural assumptions. We advise to seck
gender neutrality by using plural nouns (“dinidans, pabtierts/clients™) as default/wherever possible
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to avoid u-ﬂ'lg “he, she,” or "hefshe.” We recommend avoiding the use of descriptors: that refier to
personal atmbutes such 2% age, gender, race, ethnicty, culture, sexual orentation, disabilty or health
oondition unfess they are redevant and valid. These guidelines ane meant as a point of reference: to
hszip idertsfy appropriate language but are by no mears exhaustive or definftive.

Avrthor contribufions

For transparency, we encourage authors to submit an author staterment file cutlining ther individual

confributions to the paper using the melevant ORediT roles: Conceptualcation; Data curation;

Formal analysis; Funding aoquisition; Ireestigation; Methodo ] ect administration; Resources;

Softemne Sup-vhan:thhhum; Wisualization; H:l:lllﬂ"l'i'rﬂ:lhrgr- ernlu:!'nal draft; Writing - review &
. sutharship satements should be formatted with the rmames of authors first and CRediT rales)

following. More details and an excamphe

Changes bo suitharship
Authors are expected to consider carefully the kst and order of authors beforne submitting their
maruscrigt and provide the definttes list of authors at the time of the cnginal submission. fAny
addition, debetion or rearrangement of author rames in the authorship st should be made only
before the marnuscnipt has been accepbed and only if approved by the journal Editorn. To reguest such
a change, the Editor must receive the following from the correspondl -E'urn-ﬂ“ {a) the reason
for the change in awthor list and (b} writben confirmation (e-mail, letter) all authors that they
with the addition, removal or resrmrangement. In the case of addifion or removal of authaors,
this mcludes confirmation from the author b-1-|;| added or remoed.
Omby in excepticnal ciroumstanoes will the Edfor corsider the addiion, deletion or rearmangement of
authors afber the manuscript has besn acoephted. While the Editor corsiders the requaest, publication
of the manuscnpt will be suspended. If the manuscript has already been published inan online s5ue,
any requests approved by the Edior will result in & comigendum.

Article transfer sarvios

This journal is part of our Articlke Transfer Service. This means that  the Editor feels your article =
miore suitable in one of our other participating journals, then you may be askoed to consider trarsferming

thi article to cne of thase. If agres, r artide will be transferred a on your behalf
with no need to reformat. Fi:n“;- nobe I:I'm-l'g,u.lr artichke will be revieswed again by N journal.
More infonmeaition._

Coppright

Upon acceptance of an arbide, authors will be askoed to.complete a J-uu'n:l Publishing Agresment’ (see
miore information on this) An e-mail will be sent to the ng author confirming receipt of
thie manusoript together with a “Joumal Fublishing Sgresmen |:r a link to the onfine wersion

of this agreement.

Subsorbers may ne woe tables of contents ﬂrm‘ﬁl‘-lmﬂ arbides incuding abstracts for intemal
circulation within ir institutiors. Permission of Publisher i required for resale or distributicon
outside the institution and for all other dervaties works, including compilations and transiatons. IF
excerpts from other copyrighted works ane included, the avthons) must obtain writben permission
from the copyright owners and credt the sourceds) in the article. Elsevier has preprin formes for
use by authors in these cases.

a;.dwld open acoess artides: Upon acoeptanoe of an arbide, authors will be asied to complete an
License Agresment” {more information). Permitted thind party reuse of gold open acoess
artickes is determined by the author's choice of user lioense.

Author
Ax an author you (or your employer or institution) have ocertain fghts to rewuse your work. Mo
information.

Elseviar supparts responsitde sharng
Find out how you can share your ressarch published in Esevier joumals.
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Rale of the funding Sourca

fou ame meguested to identify who provided firandal support for the condwct of the research andfor
preparation of the articke and to briefly descibe the role of the sponsor(s],  any, in study design; in
the collection, analysis and interpretation of data; in the writing of the report; and in the decision to
submit the article for publication. If the funding sourceds) had no such irmeolvement then this showld
b stated.

Dpen acoass
Flease visit our Open &ooess page for mone informadtion.

Elsewier Aesearcher Academry
Researcher Acsdemy & a free e-leaming phtimmdﬂlp'lldl:nm rt carty and mid-caneer
reseanchers throwughout their ressarch jourmey. Thie "Leamn®™ environment ab Ressarcher Acaderry

offers several imberactve modules, webinars, downiloadable guides and resownoes to guide you through
the process of writing far rescarch and going through peer review. Feel free to use these free resownces:
‘to imiprosee: your submission and navigate the publdication process with case.

La and SErvices

Hmwmfu?'uﬁ:r ttﬁm E1|;h'J1':I [Amercan or Brtish usage is acoepted, but not a mibtture of
thesa). Authors who fesl thair uage manuscripk may require edting to aimirate possible
grammatical or spalling ermors a ta correct sdentfic English may wish to use the English
Language Editing service a'ﬂﬁl:-ll from Elsevier's Author Services.

Submission

Dwur online submission sysbem dies stepwise throu thie process of enter r article
details and wploading your ﬂlsi-ilhlpfy:::'n q:u'rl.r-'u}rnurulllludt files to & single Fr'll:II'PFlrFﬁ:I used in
the peer-review process. Edrable files (e.g., Word, LaTeX) are reguired to typeset your article for
final publication. &l comespondence, including notification of the Editor’s decision and reguests for
revision, Is sent by e-mail.

Swhmif your artiole

Flease submit your article via https:/fwww editoralmanager.comyfbrainres/ default.aspx

Eection, Senior Editor and Seviewers

Authors will be asked during manuscripk submission to sebect @ section of the joumal, and a senior
editor from that section whom they consider most appropriabe o edit their manuscript. While ewery
effort will be made to honor authors' selections, the assigniment to a handling editor will be made by
the Editor-in-Chief. Flease submit, with the manusmipt . the names, addresses and email addresses
of 3 potential reviewers. Mote that the handling editor retains the sobe right to decide whether or not
the suggested reviewers ane used.

Referees

Flease submit the names and institutional e-mail addresses of several potential referess. For mone
details, visit our Support site. Naote that the editor retains the sole rght to decide whether or not the:
suggested reviewers ane used.

FREFARATIOMN

Paar reviaw

Thils joumal cperates a single anonymiced revies process. All contribubions will be iInftially assessed by
the edibor for sutabiity for the journal. Fapers deesmed suitable are then typically sent toa minimom of
two independent expert reviesers to assess the sclentific quality of the paper. The Editor s

far the final decision negarding acoeptance or mejection of articles. The Editor's decision is final. Editors
are nat irwalved In decisions about papers which they have wrtten themselves or have been written
by famity members or colleagues or which relate to produdcs or services in which the editor has an
interest. Any such submission i subject to all of the joumals wsual procedures, with poer review
handied Independenthy of the relevant editor and their research growps. Mone information on types
of peer reviews.

Lise af word processing saffwsane

It 5 impor@nt that the fie be saved in the native format of the word processor used. The text
should be in single-column formeat. Kesp the layout of the tedt as simple as possible. Most formatiing
oodes will be removed and replaced on processing the artice. In partioular, do not use the wsond
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processor's options to justify tewt or to hyphenate words. Howeser, do use bold face, falics, subsoripts,
supersripts etc. When prepanng tables, if you are using a table grid, use only one grid for each
Indrurlndmlhl:ﬂtmdﬂllﬂ:ﬂl‘urnﬂmﬂ.]fmg‘ldh:Lu..d.unl:lu:.mt:pt:ﬂ.,tnlll-;nmlu‘nn:.
The electronic text should be prepared ina way very similar to that of corventional manuscnipts (see
aiso the Guide to Fublishing with Elkevier). Maote that source files of figures, tables and text graphics
HII.blrI:F.III'I:' whather or not you embed your figures in the bext. See also the section on Electranic

Ttl avoud UNN@CESSAry @mors you are strongly advised to use the ‘spell-check’ and ‘grammar-check'
funchions of your word prooessor.

Articla strucivra

Dwvide your articke into dearly defined and numbered sections {e.g. Abstract, 1. Introduction, 2.
Results, 3. Discussion, 4. Experimental Procedure, Acknowledgements, References). Subsectons
chould be numbered 1.1 (then 1.1.1, L.1.2, ...}, 1.2, etc (the abstract & not included in secton
numbering). Use this numbering akso for |1I:lrnal cross-referencing: do nat just nefer to ® the bext® .

Any subsection may be given a heading. Each heading should appear on its own separate line.

Introguction
State the objectives of the work and provide relevant background information. Fublished studies
chould be descrbed condsely, and be dted appropriatehy.

Resuits
The resuits should be described clearly and in logical arder without extended discussion of their
significance. Results should usually be presented descriptreely and be supplemented by photographs

or dizgrams.

Discussion

The resuits of the research should be discussed in the context of other relevant published work;
Extensive dtations and discussion of published Itemture should be avoided. The main condusions
of the study may be preserted in a short Conclusions section, which may stand alone or form a
subsection of a Discussion section.

Experimental Frocedure
This section should contain all the details necessary to reproduoe the experiments. Avoid re-describing
methods alneady published; only relevant modifications should be included in the ted

Essantial Litle page information
« Tite. Concise and informative. Titles are often wsed in informatior-retrieval systems. Asvoid
abbreviations and formulae where possible.
« Author names and affifiations. Flease cearly indicate the given name(s) and family name(s)
of each author and check that all names are accurately speled. You can your name bebwesn
parenthieses in your own soipt behind tha Elhjlh:h transiteration. Present the authors” affiliation
ali:lrmls {'Ahlrl the actual work was done) below the rames. Indicate all afilabons with a lower-
letter immadiately after the author's name and in front of the a address.
Fn:n.-H:h Iht full postal address of each affiliation, induding the country name and, i available, the
e-mail address of each author.
* Corresponding autfor. Clearly indicate who will handle comespondenioe at all stages of refereing
and publication, also post-publication. This responsibllity indudes answering ary future gueres abaut
Methodology and ™aterials. Ensure that the e-mall address is given and that contact detalls
are kept up to date by the corresponding author.

* Prasant/ parmanent address. If an author has moved since the work described in the article was
done, or was visting at the time, a Present address' (or 'Permanent address') may be indicated as
a footnote to that author's name. The address at which the author actually did the wark must be
retained as the main, affilirbon address. Superscnipt Arabic numerals are used for such footnotes.

Highifgfis

Highlights are mandatory for this journal as they help increase the discoserability of your article via
search engines. They consist of a short collection of bullet points that capture the novel results of
your research a5 well as new methods that were used duning the study (if any). Flease have a look
at the examples here: examiple Highlights.
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Hll;l'llll;p'lls should be submitbed In a e edrable file in the online sut =hesm.

use "Highlights" in the file mame and include 2 to & bullet poimts (mMaximum BS d'laml:l:-l:r: Irn:ll.u:lng
spaces, per bullet point].
Abstract
The abstract should state bnefiy (In no mone than 250 words)] the purpose of the ressarch, the

| results and m conclusions. An abstract is often presented separabely from the article, so

it must be able to stand alone. For this reason, References should be avoided, but if essential, then
oite the autharis] and 'plan:::} #Alza, non-standard or uncommon abbreviations should be avoided,
bt if essental they must b defined at their first menban in the absract el

Graphical abstract

Although a graphical abstract is cptional, its use s encouraged as it draws maore attention to the online:
articke. The graphical abstract shouwld summarize the contents of the article In a condse, pictorial form
designed to capture the attenton of a 'H'Iilmd.l":hlp\. Graphical abstracts should be submitted as a

separate filke in the sut 1] 1. Image size: Flease provide an image with a minimum
ﬂﬁilxljupﬁﬂn{hxw}mpﬂn rﬁmm'l‘h- should be readable at a size of 5 =
13 om wsing a regular screen resol n of dpi. Preferned types: TIFF, EFS, FOF ar MS Office:

fillke=s. You can wiew Examiple Gmnhlal Ah-:l:lal:l: on o infonmeation sibe.
Authors can make use of Blsewvier's lllustration Services to enswne the best presentation of their images
and in accordanoe with all technical requinemsents.

Eeywords

I:rnrn-:ht-ly after the abstract, provide a maximuom of & keywords, using American speling and
general and plural terms and rnl.ﬂ:lpll conoepts (avoid, for mcample, "and®, "of~}. Ba sparing

I:glmth:ru only abbreviations firmly established In the field may -Ilﬁl:lll These keywards

wl. be used for indexing purposes.

Abbhreviations

Defire abbreviations that are not smndard in this field in a footnote o be placed on the first page:

of the articke. Such abbresiations that are unawoidable in the abstract must be defined at their first

mention there, as well as in the footnote. Ensune consistency of abbreviations throughout the arbde.

Acknowedgements

Collate acknowlad gements in a separate section at the end of the articlke before the references and do

nat, therefore, include themn an the titke page, as a fooctnote to the ttle or otherwise. List here those

individuals who provided halp during the resessnch (e.g., providing language help, writing assistance

or proof reading the artde, et ).

sources

arf
Llsl:furhdlnq sources in this standand way to faciitate complance to funder's requirements:

Funding: This work was supported by the National [nstitutes of Health [grant numbers =xoc, ¥yryls
the Bill & Melinda Gates Foundation, Seattde, WA [granmt numiber zzzz]; and the United States [Institubes
of Peace [gramt rumber aaaa].

[t = not necessary o include detailled descriptions on the ar type of grants and awards. When
funding = from a block grant or other resources available to a unversity, colege, or other ressarch
institution, submit the name of the instiute or organization that provided the funding.

If na funding has beesn prowided for the ressarch, please indude the following sentence:

This ressarch did not recetve anmy specific grant from funding agencies in the public, commerndal, or
nat-for-profit sechors._
Lirifs
Foliow intematonally accepted rules and cormventions: use the intermational system of urees (S50)- IF
other unts are mentoned, please ge their equivalent in SE.

f Data S et
Fesources reporbed in neunoscence artides often lack suffickent detail o enable reproducibility
or reuse. To Facilitabe resource identification in the meurcscenoes literature | we recosmemsend o
indude relevant acoession numbers and identifiers 0 youwr articke, which will be converted o
links to comresponding data repositories and embedded ennchments once the article s published
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and ;F“’l on SdencDirect. Please consider incdlusion of GenBank aocoession numbers, antibody

ers, spades spectfic nomendatures, and softeane identifiers in the method secton of

r articke. The complete set of recommendations with de@iled irstroctions & awvailable ak:
E.:IDS-:.I'.I'HH#.IHEEJItr.l:l:-l'rl.l'ﬂhﬂll.ll;l'l:ﬂrlttrl't-ln nowationdminimal-data-standards

Artwork

El=ctronic arbwork

Faneral points

# Malke sure you use wniform | a af r iral artworic.
lEmblﬂhwmfalﬂH&ummmm& w-l e

# fam o use the folowing fonts in pour illustrations: ﬁ.rlll -I:nnu'llr, Times Mew Roman, Symibol, or
use fonts that ook similarc

# Mumber the llustraticns according to thsir seguence in the teet

# sz a logical naming ml:lmrﬂr your arteark files.

= Provide capbions ©o illustrations separately.

& Size the ilustrations dose to the desired dimensions of the published wersion.

& Submit each illustration as a separate fike-

#= Ensure that color images ane aocessible to all, incuding thase with impaired color vision.

A detailed guide on electronic artwaork is available.

¥ou are urged to visit this site; some excerpts from the detalled information are glven here.

Formaads

If your electronic artwork is created in a Microsoft Office applicaticn (Word, PowerPoint, Exoel) then

please supply 'as &' in the native document format.

Regardless of the application used other than Miorosoft Office, when your decronic artwork s

finalized, please ‘Save as’ or convert the images: to one of the following formats [note the resolution
irements for line drawings, halftones, ard linegfhalftone combinations green bslow ):

E{u PDF): wector dawings, embed all vsed fonts

TIFF (or JPEG): Color or grayscale photographs (halftones), keep to .a ménimwm of 300 dpi-

TIFF {or JPEG): Brmapped {pure black & white pixels) ine drawings, keep to a minimum of 1000 dpi.

TIFF {or JPEG): Combinations bitmapped linefhaif-tone [ocolor or grayscale), keep to 2 manimuwm of

200 dipi.

Please do not:

-!‘mgﬂyflnﬂut:mmﬂfnrxmlnu“{-.g, GIF, BMF, FICT, WPE); these typically hawve a

lows numiber of pels and limbed set of oolors;

& Supply flles that are too low In resclution;

+ Submit graphics that are disproportionately large for the content.

Codor avrtwork

Flease make sure that artwork: fles are in an acceptable format (TIFF (or JPEE), EFS (or POF) or
MS Office files) and with the cormect resolution. If, together with your acoepted article, you submit
usable color figures then Elsesier will ensure, at no addmonal |:|1n:|l'3-.. that these figures will appear
in color online (eg., SdenceDirect and other sites) in addition to color reproductson in print. Further
informaticn on the preparation of ekectronic arbwork.

Figure cagtions

Ensure that each lllustration has a caption. Supply capbions separately, not attached to the figure. &
caption should comprise a brief tithe (ot on the figune itself) and a description of the lllustration. Keep
tet in the dlustrations themselves ™ a minimum but explain all symbols and abbreviatons used.

Tablas

Flease submit tables as editable text and not 25 images. Tables can be placed aither n-:r.'tt-u-li'lt
relevant text in the artide, or on separate F-Hptu at the end. Mumber tables consec
accordance with their appearance in the text and Eliwtﬂblln-ﬂ'tﬁb'ﬂwﬂ'ﬂnt‘lbﬂd'rﬂt
sparing in the use of tables and ensure that the data presented in them do mot dupbcate results
described elsewhere in the artide. Please avold using vertical rules and shading in table celis.

Refarances

Citation in text

Flease ernisure that every reference dted in the text is also present in the reference bist (and vice
wversa). Any references dted in the abstract must be green in full. Unpublished resuits and personal
communications ane not recommended in the reference: list, but may be mentioned in the text. If these:
references ame inchuded in the reference list they should follow the standard referenoe style of the
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r:n.lmal and should indude a substitution of the publication date with either Unpublished results’ or
Perscnal communication”. Citation of a references as in press’ imples that the item has been accepbed
far publication.

Reference inks

Increased discoverability of research and high guality pesr review are ensuned by conline links to
the sources dted. In order to allow us to create links to abstracting and indexing servioes, such 2=
Scopus, CrossRef and Pubked, please ensure that data provided in references ane cormect. Please
nobe that inoomect swmames, jourmalfbook Hides, pubdication year and paginaton may prevent link
creation. When copying references, please be ca as they may already contain ermors. Use of the
OO s highly encouraged.

A DO s guarantend never to changs, SO you Can use it 2s a permanent ink to anmy electronic artide.
An example of a citation using DO for an article not yet n an Esee s VanDecr 1.0, Russo R.M.,
James DLE., Ambeh W.E., Franke M. (2003). Assismic contimuation of the Lesser Antilles slab beneath
northeasten Meneruela. Jovmal of Geophysical Resesnch, hitpss/fdolong/10.1029/ 2001 38000884
Flease note the format of such citabtions should be in the same sty le as all other references in the paper.

Wed neferences

As a minimwm, the full UEL should b2 ghven and the date when the reference was last acoessed. Ay
further information, if known (DO, author names, dates, reference to a souroce publication, etc. ),
should alsc be green. Web references can be listed separately (e.g., after the reference list) under a
different heading f desired, or can be included in the reference: lst.

Data references

This journal encourages you to dite underiying or relevant datasets in your manuscoript by citing them
in wowur text and including a data reference in your Reference List. Data references should indude the:
fallowing slements: author names), dataset tthe, data repository, version (whene awailable), year,
and global persistent dentfier Add [dataset] immediately before the reference 5o we can property
identify it a5 a data reference. The [dataset] identifier will not appear in your published article.

Refarenceas in a special issue

Flease ensure that the words “this issue” are added to any references in the list {and any citations in
the text) to ather artickes in the same Spedal Issue

Refarence management saffware

Most Elsevier journals have their reference template availlable in many of the most popular referenoe
management software products. These incdude all products that support Citation Style Language
stybes, such as Mendebry. Using diation plog-ins from these products, authors only need to select
the appropriate journal template when preparing their articke, after which citations and bibliographies
will be avtomatcally formatted in the journal’s style If no template is yet availlable for this joumail,
please follow the format of the sample references and citations 2 shaown In this Guide. IF you use
reference management software, phease ensure that you remowe all field codes before submirting
the ekectronic manuscorpt. More information on bow o remove field codes from different referenoe:
management software.

:J::r: of Mendeley Desktop can easily install the reference style for this journal by dicoing the following
Inkc:

hitp:/fopen. mendeley. comfuse-ciation—siylel brain-ressarch
When preparing your manasaipt, you will then be able to select this style using the Mendeley plug-
ins for Microsoft Word or LibreGffice.

Reference formatting

There are no strick nequirements on reference formatting at submission. References can be n any
stybe or format as long as the style is consstent. Where applicable, authon(s) nameds), joumal tithe)
book title, chapter titkefarticle title, year of publication, wolume numben'book chapbter and the article
number or pagination must be present. Use of 0O is highly encouraged. The reference sty le used by
the journal will be applied to the accepbed articke by Elsevier at the proof stage. Mobe that missing data
will be highlighted at proof stage for the author o comect. If you do wish to format the references
yourself they should be armanged according to the following examples:

Reference styie

Text: All ctations in the bedt should refer to:
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1b5'|;l.u-ph:nru‘rar the author's name (without initials, unless there 5 ambiguity] and the year of
publication;

2. Two awhbors: both authors’ names and the year of publication

I Three or more awthaors: first author's name followed by ‘et al.” “and thie year of publication.
Cratiors may b made directly (or parenthetically. Groups of meferences can be listed ether first
alpl'lll:d:lﬂlfy, thien chronologically, ar vioe wersa.

Examples: ‘as demonstrated (Allan, 2000a, 20006, 1993; Allan and Jones, IHH}...- Or as

demanstrated (Jones, 1599; Allan, 2000} Kramer et al. {2010) haswe recenthy shiown ..

List:r References should be In‘ang-ﬂ first alphabetically and furtheer sorbed d'lru'uﬂngh:lh,l [}
neoessary. More than one reference from the same authors] in the same year must e identified by
'I:I'-Il'.l:blr: a’, 0, 'c’, etc, placed after the year of publication.

Examples:

Referenos to a journal pubdication:

Van der Geer, 1., Hanraads, 1AL, Lupbton, F.A., 2000, The art of writing a scentific arbde. L Sol.
Commun. 13, 51-59. httm:}.l'd:lﬂ'm-lnlﬂj.i.zblﬂ.nﬂj?z.

Feferenoe to a3 journal publdcaticn an artcle num baer:

van der Geer, 1., Hanraads, 1A, Lupton, RLA . 2018, The art of writing a scsentific articke. Helpon.
19, s00205, I'l:l:pn #fdol. q:lrg.l'lb 1016 heliyon 201 8. 00208,

Referenos to a book:

Strunik Jr., W., White, E.B., Z2000. The Blements of Style, fouwrth ed. Longman, Mew vork.

Rferenoe to a chapber in an edibed  bosok :

Mettam, G.F., &dams, LB., 2009, How to prepane an electronic version of your articke, in: Jones, B.Z.,
Smith , R.Z_ {Eﬂ: i Introduction o the Ewectronic Age_ E-Publishing Inc., Mew York, pp. 281-304.
Reforenos to o wehsme:

Carncer Research UK, 1975, Canoer statistics reports for the UK. hitpc/feew, canoermeseanchiuk. ong/
aboutcanoer stabstics/cancerstatereporty (acoessed 13 HMarch 2003]).

Referenos to a dataset-

[dataset] Ogura, M., Imahire, 5., Safto, S, Nakashizuka, T, 2015, Mor=ity data for Japanese cak
wik g::;;: and sumownding forest compostions. HMendeley Daka, vl bttps/fdol.omrgf 10076327
e = 9

Jownal sbiveviations sowTe
Journal names shiould be abbreviated according o thee List of Ttk Word abbrewiations.
Video

Elsevier acospts wideo matenal and animation sequences to support and enbanoz your sckentific
research. Authors whao hawe video or animation files that they wish o submit with their arbde ame
strong ly encouraged to indude links to these within the body of the articke. This can be done in the
same way as a figure or table by refermring to the video or animation content and noting In the body
text where it should be placed. All submitted files should be properly labeled so that they dinectly
relate to the video file's content. In order to ensure that your video or :nlmal:lnn material s direcdy
usable, plesse provide the file in one of our recommendesd file formats w a prefemed mascimum
s of 150 =B per file, 1 GB in total Wideo and animation files suppled wllll:rtpn.ll:-:hlu canlina in
the electronic version of your articke in Blsewser Web producs, including Sclencelirect. Please supply
‘stlls* with your files: you can choose any frame from the video or animaticon or make a separakte
image. These will be used instead of standard ioons and will persenalize the link to your video data. For
more detailed instuctions please visit gur video instroction pages. Mobte: since video and animation
cannot b2 embedded in the prnt version of the joumal, please provide text for bath the electronic
and the print version for the portons of the article that nefer to this combent

Drafa wisualirstion

Indude imberactiee data visualzations in your publication and let your readers interact and engage
more closely with your ressarch. Follow the instrucborns bere to find out about awvailable data
visualzation optons and how to include them with your articke.

Supplamentary maberisl

Supplementary maberial such as applications, iImages and sound clips, can be pubbshed with your
articlke to enhance it Submitted supplemen fbems are published exactly as they are recerved (Exoel
or Powerfoint files will appear as such online). Please submit yowr materal together with the article
and supply a concise, desciptree capton for each supplementary file. 1IF you wish to make changes to
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supplermnentary material during any stage of the process, please make sure to provide an updabed file.
Ca not annofate any cormections on 2 presious version. Flease switch off the "Track Changes' option

in Micrasaft Office files as these will appear in the publishied wersian.

Resaarch dats

This journal encourages and enables you to share data that supports your ressarch publication
where appropriate, and enables you to interlink the data with your published arbides. Reseanch data
refers to the results of obsenations or expenmentation that valdate research findings. To facilitate
reproducibiiity and data reuse, this joumal also encourages you o share your softeare, code, models,
algarithms, protocols, mthods and other useful materials related to the project.

Below are a number of ways in which you can associate data with your articke or make 2 satement
about the availability of your data when submitting your manuscript. If you are sharing data in one of
these ways, you are encouraged to cte the data in your manuscript and reference list. Flease referto
the “References® section for mare information abowt data cration. Far mare information on depositing,
sharng and using research data and other relevant research matenals, vist the research data page.
Data Nnking

If you have made youwr nesearch data availabde in a data repository, you can link your arbide directhy to
thiz dataset. Elsevier collaborates with a number of nepositores to link arbdes on ScenceDirect with

relevant repostories, lg:rl:'n-; readers acoess to underlying data that ghees them a better understaniding
of the research described.

There are different ways to link your datasets to your articke. When available, you can directly link
your dataset to your arbide by providing the relesant information in the submission system. For mare
information, wisit the database lnking page.

For supported data repositories a nepository banner will automatically appear next to your published
articke on SoencelFnect.

In addiion, you can link to relevant data or entites through identfiers within the text of your
maruscript, using the following formatz Database: xooor (eeg., TAIR: AT1G01020; CODC: 734053;
POB: 1XFN).

Mendeley Data

This journal supports Merdeley Data, enabling you to depasit any reseanch data (including aw and
proocessed data, wideo, code, software, algomthms, protocols, and methods) associated with your
maruscnpt in a free-to-use, open acoess repasiony. During the submission process, after uploading

your manuscript, you will hawve the cpportunity to upload your relevant datasets directy to Mendaley
Dafa. The datasets will be listed I'Id‘i‘tﬂ"' accessible to readers newt to your published arbcle oniline.

For mare information, wisit the Mendeley Data for journals page.

Dafa in Brief

You have the option of converting any or all parts of your supplementary or additioral ras data into
a data article published in Data in Brief. A data artide is 2 new kind of article that ensunes that your
data are actively reviewed, curated, formatted, indexed, given a 001 and made publicdy availabie
to 2l upon publicaton {watch this wideo descnibing the beneffs of publishing your data in Datr in
Bnef). You are encouraged to submaet your data articke for Oats in Bref as an additional itern di
alongside the revised version of your manuscript. If your research artide is acoepted, your data article
will autocmatically be transferred ower to Data in Bnef where it will be edfonally reviewesd, published
open access and linked to your research arbide on Scencelirect. Please note an open acoess fee s
payable for publication in Dotz in Bret. Full detaids cn be found on the Data in Brief website. Please
use this template to write your Data &0 Bref data article

Data statement

To foster transparency, we -'u:nurlt wou to state the availability of your data in your submission.
This may be a reguirement of your funding body or instfuton. If your data is unavailable to acoess
or unsuitable to post, wou will have the rtunifty to indicate why during the submission process,
far example by stating that the research data is confidential The statement will appear with your
published articke on Sdencelirect. For mone information, visit the Data Statement page

AFTER ACCEPTANCE
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Online proof correction
To ensure a fast publimtion process of the article, we kindly ask authors bo provide us with their proof
oormections within two days. Comesponding avthors will receive an e-mail with a bink to owr online
proofing systermn, allowing annotation and correction of proofs online. The environment s similar to
MS ‘Word: in addition to sdibng text, wou can alkso comment on figures/tables and answer guesbons
from the Copy Editor. Web-based proofing provides a faster and liess emor-prone process by allowing
':.rnu to directly type your cormechions, eliminating the potential introducton of errors.
prefermed, you can still choose to annotate and upload your edits on the POF version. All instruchions

farprnufmpmll be green in the e-mail we send to authors, incuding albernative methods to the online
version and POF
we will do everything possible to get your arbide published guicidy and accurately. Flease use this
fF:aﬂ for cheddng the typesetting, editing, completeness and comedness of the text, @bles and

ures. Significant chanpes o the arbicke as aooepted for publdication will only be considened at this
stage with permission from the Editor It is important to ensure that all comections are sent back
to us in one communication. Please check carefully before replying, as indusion of any subssquent
oomections cannot be guaranteed. Procfreading is sobely your nesponsibiliny.

Offiprints
The comespanding author will, at no cost, meosve 3 oastomized Share Link providing S0 days free
acoess to the final published version of the articke on ScienceDirect. The Shame Link can be used for
shanng the artide via any communication channa, induding emall and sodal media. For an extra
\:Eprlrl:mn be ordered wia the offprint order form which i sent onoe the artide 5
aI:I:lFtI:IH‘r ication. Both comesponding and co-authors may order offprints at any tme via
Elsevier's Author Servioes. Comesponding authors who have published their arbide gold open acoess
do not receive 3 Share Link as their final published version of the article is aailable open aocess on
SoenceDinect and can be shaned through the artide DOE link.

AUTHOR INQUIRIES

Visit the Ekevier Support Center to find the answers you need. Here you will find everything from
Fregquently fskosd Questions to ways to get in touch.

You can also check the status of your submitted article or find out whan your accepted artide will
ke published.

B Copyright 2018 Blsewier | hiips o Mo, elsewhsr ooim
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Appendix 10: College of Health Science

GUIDELINES FOR PEESENTATION OF MASTERES AND PHIY
DISSERTATIONSTHESES BY RESEARCH

1. Parpase
The purpose of this docoment is to provide gpaidance o stodemts and supervisors oo how o
prepars a dizsertation’thesis for Masters by Fessarch and PhD deprees using the manmuscript or

1. Imtrodoction

These guidalines mvast be read together with the College of Health Sciences (CHY) Handbook as
well as the Jacobs documents on examinarion policies and procedures for PRD desTees. The mlss
on thesiz format are based oo modification of poimt 1 of the definition of terms secton in the
Tacobs doomment. In this section a thesis is defined as "rhe supervised research component gf ali
PhD degrees, wiwther Hy superised research omly, or couwrtaneerk and research, or 5y papars
thar are @ither published or in mans r.r;'pr_.‘b.rm {the supervised research componens gf the Fhd
mg?ﬂ By paper(s) comprises the mireducrion, ltemoure review, accoust gf the merhodology,
reigction gf mumuscriper, and conciision) ” A dissertmation is defined as “rhe rupervined research
componens qf ail Masters degrees, whether By supenvized research only, or cowrsework and
researci, or Iy papers that are @ither prbiiched or n mamuscrips form (the supervised research
COMPENEnT qf" the Masrers desree by paper(s) comprizer the moroduction, [Rerafmre revioe,
accouns gff the merhadelogy, sElection g manuserips, aud conciusion).”

2f PhD rhesiz

In the CHS Handbook the miles for a PhD thesis are not m one place; they are sated m DEB a i
& ii, DR ¢ and CHS 16. DRE a i & ii and direct thar a thesis be presented in the standard format
together with one published paper or an unpublished mamscript that has besn submitted to an
accredited jourmal anising from the doctoral research. THS1S (thesis by publications states that
the thesiz may comprize of at least three published papers or i press in accredited jowmals; such
papers must have the stodent as the prime author. The same CTHS1S provides for a thesis by
marnescripes that may have at least 3 papers with the stadent as the prime author that hawe ot vet
been published but are m the form of manoscrpts; at least o of such papers must constinute
original ressarch Im both cases (thesis by poblications and mamascrpts), there maost be
mirohuciory and concloding integratve material sections.

The standard type thesis is bemg phased out in many Afican countries in favoeur of the other
oprions that orizinate from the Scandinavian coumries. Whils this format ensures thar all details
of the work done for the doctoral degree are caphared and thoroughly intermmogated, they ofien
remain a5 grey literature which is mamiy unseful to other students, wsually within the same
university, althoush with digitization of theses, such work may becoms more accessible bevond
the source umiversity. Apart from the risk of losing ze0d work becanse of it not being on the
public domain, as sfudents rarely publish soch work after praduating, this approach demies the
college additional productivity wmits (PLUs) emanating from poblications.

The thesiz by publication encourages shadents to publish kKey aspects of their doctoral ressarch as
they will not praduate if the papers are not published or in press. This approach ensures that the
work of the shadent enters the public domam before the thesis is examined providing the
examiner with some assurance of preor peer review. The thesis opast constmue a full snady of the
maznitads expected of a PhD with the papers providing a sound thread or storyline. Farthermors,
the college maxmmuizes the shadents” work as PUs are awarded for the papers as well as for
sraduating. However, this approach may negatively affect thronshpur and frosrate shadents as
1
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they cannot graduate umless all the papers are published or in press, in addition o the synthesis
chapter demonstradng the story line of the thesis.

The opdon of a thesis by manuscripts ensures that shadents make efforts to stam publishing. Tha
rizk of not passing because of failure to publish all papers (as in the thesis by publication) does
oot exist under this option. Howewer, the PUTs emanating from publicadons from the dectoral
work are pot guaranieed as the submitted papers may evenmoally be rejected. Thuos thers is a

possibility of the doctoral work remaming on the mniversity Hbrary shelves as is the case for the
EE.DI:LIIdﬂI:E:JEfﬂl'm.ﬂI The standard thesis does have the advanmge that mwore details of the
doctoral work are nsoally mchided.

In view of the abowve, the best eption for the college is that of a thesis by publication. However,
in the inferim_ the anractive opiton is that of thesis by mamuscripes. as it prowvides the possibility
of publication without putting the student at risk of delayed praduation when some of the
EI:I.ﬂ.El'I.ISEI.'I.]JE are not poblizhed accepted, which alse disadvantages the college in ferms of PU
earmings. The standard thesis option should ultdmarely be phased out for the stated reasons and
stadents are not encouraged W present their theses in that format Censequently this decoment
does pot descnibe the standard thesis.

2.} ME¢ dissersarion

The roles on preseotation of MSc dissermations are presented m CR13 (course work), CHS 14
(course work) and ME9 (research) in the CHS Handbook CF13 ¢ and MBS ¢ direct that a
dissertation “may comprise one of more papers of which the stadent &5 the prime aathor,
publizhed or in press n peer-reviewed journals approved by the relevant college academic affairs
board or In marmscrpts wWIThien o a paper format, accompanied by mireduciory and concloding
mteprative material 7 Swch a dissertation shonld inchade a detailed description of the stadent’s
own distinct comfribution to the papers. Both CHS14 and CR13 specify that reviews and other
rypes of papers in addition to original research paper’s may be mchded, provided they are on the
SAmE topic

3 Lengrk gf thesiv and disserration by word coumr

Table 1 prowides a guide of the length of a thesis or dissertation by word coumt exclnding
preliminary pages and annexes.

Table 1: Thesis lengrh by word count

Secons PhD Masters
Introducton 2700 2700 2000 2000
Chapiers 10000 25000 G000 11000
Synchesis 200 2000 1700 1700
Bridging EL) 300 300 300
Tatal 15000 SO0 1000 13000
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4. Imtension to submi

A writien intention to submit a thesis or disseration should be submited fo the appropriate
pesteraduacz office with endorsement of the supervisor at least three months before the achual
date of submission which should be before Wovember if the student intends to mraduate in the
following year. The actual submission will under normal circumstances require approval of the

SUDETVisar.

5. Format for theses/dissertation

There is Lrtle vanation in the actual fommat of the PhT thesis and Masters dissertation for the
various types described above The box below summarize the outline of a thesiz/dissertation for
the thesis by manuscripts and thesis by poblicatons.

Box 1: Chatling of thesis

Preliminary pages

. Title page

Preface and Declaration

Dediraten

Acknowledzements

Table of contents

List of figures, tables and acromyms (s=parately presented)
Abstract

CERE ST

Main Text
1. Chapter 1: Inroducton
Introduction inchuding literarurs review
Fessarch questions and'or objectives
Erisf overview of gensral methodelogy mchiding study design
2 Chapter2
First manuscriptpublication
3. Chapter 3
Second manusmipt publication
4 Chaptern
Final manuscriptpublication
5. Chaptern+1: Synthesis
Synthesis

4. References Appendices

HE. Between the manuscripts or publications there mmst be a 1 page (maimum) brideing text
i demansirate the link between them

6. Deetails for thesiz/dizsertation subheadings
Thiz section summarizes what is expected under sach subheading shown in Bexes 1 and
mndicates where thers mizht be varafions between a Masters Dissertation and PRD Thesis.
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