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Investigation of Dopamine-mediated Toxicity in Parkinsonian Sensory Neuron

Abstract:

Background: L-3,4-Dihydroxyphenylalanine (L-DOPA) has stood as the
gold-standard-treatment for PD and parkinsonism but its prolonged use has been linked to
peripheral neuropathy in PD. This study investigates the impact of L-DOPA on sensory
neuronal morphology and mitochondrial function in sensory neurons treated with rotenone, a
pesticide associated with increased risk of development of PD in humans.

Methods: DRG sensory neurons were treated with different concentrations of rotenone
(1nM, 10nM, 100nM and 500nM). These cells were also treated with L-DOPA at
concentrations that mimic those reported in patient plasma (3μM, 30μM, 300μM). Control
cells were treated with vehicles. Cells were treated for 24 hours in hypoxic conditions (3%
O2) to mimic the endogenous environment of sensory neurons in vivo, and parallel cultures
were treated and cultured in normoxia (21% O2). Mitochondrial membrane potential and
oxidative stress were determined using TMRM and DHE assays, respectively. In addition,
neuronal morphology was analysed based upon beta-III tubulin immunoreactivity.

Results: At the low concentrations of rotenone used, which are more relevant to modelling
PD, no change in mitochondrial membrane potential was observed. Moreover, little change in
betaIII tubulin immunoreactivity was observed between groups, suggesting that the
concentrations used of rotenone and of L-DOPA were not overtly toxic at this time point.
Oxidative stress is thought to play a key role in the toxicity of both rotenone and L-DOPA,
and neurons treated with rotenone only did show increased oxidative stress in normoxic
conditions. However, little oxidative stress was observed in rotenone-treated neurons cultured
in hypoxic conditions. In neurons treated with L-DOPA only, we also observed increased
oxidative stress in normoxic conditions when compared with hypoxic conditions. When
DRGs were co-treated with rotenone and L-DOPA and cultured in normoxic conditions,
additive effects were observed whereby more oxidative stress was observed in cells treated
with both compared with cells treated with either, or neither. Very little oxidative stress was
observed in neurons cultured in hypoxic conditions and treated with both agents.

Conclusions: Hypoxia, which is actually normoxia when compared with the in vivo
environment, reduces the ability of rotenone to induce oxidative stress in vitro. Oxygen
tension also plays a key role in the toxicity of L-DOPA in vitro. These results emphasise the
importance of accurate modelling of the in vivo environment.

Keywords: Sensory neuropathy, L-DOPA, rotenone, dorsal root ganglion cells

CERCS: B640 Neurology, neuropsychology, neurophysiology
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Kokkuvo ̃te

Dopamiini vahendatud toksilisus parkinsonismi mudeldavates sensoorsetes
neuronites.

Abstrakt:

Taust: L-3,4-Dihüdroksüpfenüülalaniini (ingl keeles L-3,4-Dihydroxyphenylalanine,
L-DOPA) manustamist Parkinsoni haiguse ja parkinsonismi ravil on käsitletud
kuldstandardina, kuid selle pikaajalist kasutamist on seostatud Parkinsoni haigusega kaasneva
perifeerse neuropaatia tekkega. Käesolev uurimistöö uurib L-DOPA efekti sensoorsete
neuronite morfoloogiale ja mitokondrite funktsioonile, mudelis, kus rakke on eelnevalt
töödeldud rotenooniga, pestitsiidiga, mis on tõendatult inimestel Parkinsoni haiguse
kujunemisega seotud riskifaktor.

Meetodid: Dorsaaljuure ganglioni neuroneid (ingl keeles dorsal root ganglion, DRG)
mõjutati erinevate rotenooni kontsentratsionidega (1nM, 10nM, 100nM ja 500nM) või ka
L-DOPA-ga kontsentratsioonidel, mis mimikeerivad selle patsientide plasmast leitud
koguseid (3μM, 30μM, 300μM). Kontrollrakke mõjutati vastavate kemikaalide
kandjalahustega. Rakke hoiti 24 tundi hüpoksilites tingimustes (3% O2), et mimikeerida
sensoorsete neuronite endogeenset keskkonda in vivo ning paralleelkultuure kasvatati
normoksia seisundis (21% O2). Mitokonrdiaalse membraani potensiaali ja oksüdatiivse stress
taset jälgiti kasutades vastavalt TMRM ja DHE katsesüsteemi. Lisaks anaüüsiti rakkude
neuronaalset morfoloogiat beta-III tubuliiini immunoreaktiivsuse abil.

Tulemused: Suhteliselt madalatel rotenooni kontsentratsioonidel, mis on asjakohased
mudeldamaks Parkinsoni haigust, ei leitud mõju rakkude mitokondrite
membraanipotensiaalile. Erinevates gruppides täheldati rakkude beta- III tubuliini
immunreaktiivsuse signaalile ainult vähest mõju, mis viitab, et kasutatud rotenooni ja
L-DOPA kontsentratsioonid ei põhjustanud rakkudel valitud ajapunktis toksilist efekti.
L-DOPA ja rotenooni vahendatud toksilisuse peapõhjuseks peetakse oksüdatiivset stressi
kujunemist rakkudes. Kui normoksia tingimustes, ainult rotenooniga töödeldud neuronites,
täheldati suurenenud oksüdatiivse stressi olemasolu, kuid hüpoksilises keskkonnas oli
rotenooniga töödeldud neuronites täheldatav vähene oksüdatiivse stressi tõus. Neuronites,
mida töödeldi ainult L-DOPA-ga, oli normoksilites tingimustes oksüdatiivse stressi tase
kõrgem võrreldes neuronitega, mida oli hoitud hüpoksilites tingimustes. Kui DRG neuroneid
mõjutati nii rotenooni kui L-DOPA-ga üheaegselt ja kasvatati neid seejärel normoksia
tingimustes, leiti nende ainete mõju osas aditiivne efekt võrreldes rakkudega, mida oli
töödeldud vaid ühega neist ainetest või kui rakud olid jäetud töötlemata. Väga vähest
oksüdatiivset stressi täheldati neuonites, mida kasvatati hüpoksilites tingimustes ja töödeldi
mõlema ainega.

Järeldused: Hapniku tase mängib võtmerolli L-DOPA toksilisusel in vitro. Hüpoksia, mis on
tegelikkuses normoksia, kui seda võrrelda in vivo keskkonnaga, vähendab rotenooni võimet
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indutseerida oksüdatiivset stressi in vitro. Need tulemused rõhutavad rakukultuuride in vivo
keskkonna korrektse mudeldamise olulisust.

Võtmesõnad: sensoorne neuropaatia, L- DOPA, rotenoon, dorsaaljuure ganglion rakud.

CERCS: B640 Neuroloogia, neuropsühholoogia, neurofüsioloogia
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TERMS, ABBREVIATIONS AND NOTATIONS

3-OMD: 3-O-methyldopa

5,10‐CH2‐THF: 5,10‐methylenetetrahydrofolate

6-OHDA: 2,4,5- trihydroxy-phenethylamine

Ara-C: Arabinocytidine hydrochloride

ATP: Adenosine triphosphate

DA: Dopamine

DBS: Deep brain stimulation

DHE: Dihydroethidium

DMSO: Dimethyl sulfoxide

DRG: Dorsal root ganglion

ER: Endoplasmic reticulum

Glu: Glutamate

IPD: idiopathic Parkinson’s disease

L-DOPA: L-3,4-Dihydroxyphenylalanine

LB: Lewy body

LRKK2: leucine-rich repeat kinase 2

MPTP: 1,2,3,6-methyl-phenyl-tetrahydropyridine

Paraquat: N, N′-dimethyl-4-4-4′-bipyridinium

PD: Parkinson’s disease

PINK1: PTEN-induced putative kinase 1
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PN: Peripheral neuropathy

ROS: Reactive oxygen species

SNpc: Substantia nigra pars compacta

TH: Tyrosine hydroxylase

TMRM: Tetramethylrhodamine, methyl ester

UPDRS: Unified Parkinson's Disease Rating Scale

α‐syn: Alpha-synuclein
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INTRODUCTION

Parkinson disease (PD) is a neurodegenerative disorder, second only to Alzheimer’s disease

in terms of its prevalence; it is known to affect 2 – 3% of the population who are ≥ 65 years

of age (Poewe et al., 2017). The neuropathological hallmark of PD is the loss of neurons in

the substantia nigra pars compacta (SNpc), causing a deficiency in dopamine, and Lewy

bodies, which are intracellular inclusions of α- synuclein. Although neither alone are specific

for PD, when present together, they are definitive for idiopathic Parkinson disease (IPD)

(Poewe et al., 2017).

In prodromal PD, pain and sensory losses are seen before motor disturbances, it was reported

in 106 parkinsonian patients that 60 – 70% of patients had to deal with varying degrees of

acute or chronic pain such as neuropathic, dystonic pain, and headache (Zambito Marsala et

al., 2011). These observations pointed out that sensory neurons are vulnerable in PD

(Silverdale et al., 2018). Sensory neuropathy in PD is in the form of loss of olfactory function

(Bohnen et al., 2010), combined with loss of thermal perception, pathological heat pain and

mechanical hypersensitivity (Nolano et al., 2008). Phosphorylated alpha-synuclein (p-α-Syn),

a pathological hallmark of PD once thought to be only present in the brain of PD patients, has

been confirmed in dermal nerve fibres in IPD and suggested as a useful biomarker and

diagnostic tool in IPD (Donadio et al., 2014). The deposition of p-α-Syn in skin sympathetic

nerve fibres could further distinguish IPD patients from patients suffering from multiple

system atrophy (MSA) and essential tremor. Another study suggested that p-α-Syn in IPD is

preferentially deposited in autonomic fibres in contrast to somatosensory fibres in MSA

(Doppler et al., 2015). Transcriptomic analysis of PD patients’ skin has also revealed
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important genes and pathways that are crucial to understand the molecular mechanisms and

potential biomarkers of PD (Planken et al., 2017).

Animal and epidemiological studies have shown that repeated exposure to pesticide is a

major risk factor of PD (Hancock et al., 2008). There is a 2.5 times likelihood that humans

chronically exposed to rotenone will develop Parkinsonian-like symptoms compared to the

general population (Innos & Hickey, 2021). Rotenone is a naturally occurring plant-derived

toxin that is used as pesticides and piscicides. It is highly lipophilic thereby readily crosses

the blood brain barrier without using the dopamine transporter. It inhibits complex I of the

mitochondrial electron transport chain (mitochondrial NADH-dehydrogenase), increasing the

production of reactive oxygen species (ROS) leading to oxidative stress and ultimate

neurodegeneration (Betarbet et al., 2000).

Of all the pharmacological agents, L-3,4-Dihydroxyphenylalanine (L-DOPA) is the

gold-standard for treatment of PD and parkinsonism. Practically all patients with PD will

require L-DOPA treatment (LeWitt & Fahn, 2016). Peripheral neuropathy (PN) in PD may be

impacted by the prolonged use of L-DOPA in patients, resulting in increased levels of

homocysteine (Hcy) and methylmalonic acid (MMA). The surge in Hcy and MMA is from

the metabolism of L-DOPA via the O-methylation pathway (Rajabally & Martey, 2013).

However, there are opposing clinical studies linking PN in PD to the prolonged use of

L-DOPA (Ceravolo et al., 2013; Conradt et al., 2018; Mancini et al., 2014; Shahrizaila et al.,

2013). Moreover, L-DOPA is known to be a source of reactive oxygen species (Hörmann et

al., 2021). In view of these discrepancies in the clinic, this study aims to examine the impact

of L-DOPA on sensory neurons.
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1 LITERATURE REVIEW

1.1 Parkinson’s Disease Pathology

Parkinson disease (PD) is a neurodegenerative disorder, second only to Alzheimer’s disease

in terms of its prevalence; it is known to affect 2 – 3% of the population who are ≥ 65 years

of age (Poewe et al., 2017). The neuropathological hallmark of PD is the loss of neurons in

the substantia nigra pars compacta (SNpc), causing a deficiency in dopamine, and Lewy

bodies, which are intracellular inclusions of α-synuclein. Although neither alone are specific

for PD, when present together, they are definitive for idiopathic PD (Poewe et al., 2017).

Fig. (1). Pathological examination of a healthy individual (A) reveals typical pigmented

dopaminergic (DA) neurons in the SNpc (arrows); in contrast, loss of SNpc neurons leads to

pigment disappearance in the PD brain (B, arrows).  ​Adapted from (Agamanolis, 2021).​

​
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1.1.1 Symptoms of Parkinson’s Disease

At the heart of a PD diagnosis is a defined motor syndrome, thus PD is clinically defined by

the existence of bradykinesia in addition to either or both rigidity and rest tremor (Postuma et

al., 2015). However, a combination of both motor and non-motor components is present in

the early phase of PD, and more often, certain non-motor symptoms (NMS), such as olfactory

loss (Haehner et al., 2011), loss of pain perception (M. Nolano et al., 2008) and constipation

(M. Nolano et al., 2008) appear before the motor disorders are seen (Berg et al., 2015),

(Chaudhuri & Schapira, 2009). Selected NMS including rapid eye movement sleep behaviour

disorder, olfactory loss, urinary dysfunction, constipation, orthostatic hypotension, excessive

daytime sleepiness, and depression constitute prodromal PD. Although these symptoms may

coexist with PD motor signs, they are not specific to PD and they are insufficient for defining

disease in prodromal state (Berg et al., 2015).

NMS affects a plethora of functions, including sleep (mainly sleep-wake cycle control,

sleep-onset insomnia, rapid eye movement (REM) sleep behaviour disorder (RBD)),

autonomic control (including orthostatic hypotension, urogenital dysfunction, constipation

and hyperhidrosis), mood, sensation (mostly hyposmia and pain) as well as cognition

(including frontal executive dysfunction, memory retrieval deficits, dementia and

hallucinations) (Chaudhuri & Schapira, 2009).
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Table 1. Motor and Non-motor Symptoms and Signs of PD

Symptoms Definition

Motor

Bradykinesiap Slowness and decrease in automatic movement with difficulty
in movement initiation

Rigidityp Involuntary stiffness of the limbs resulting in decreased range
of motion

Rest tremorp A 4- to 6-Hz tremor present only when the limb is completely
at rest but absent during movement

Postural instability Trouble with balance and falls due to the inability to keep or
modify postures when standing or walking; synonymous with
late stage PD

Nonmotor

Olfactory loss Decreased or loss of sense of smell (hyposmia)

Sleep dysfunction
Symptoms of rapid eye movement sleep behaviour disorder,
excessive daytime sleepiness, inability to stay asleep through
the night (sleep-maintenance insomnia)

Autonomic dysfunction Constipation, delayed gastric emptying (gastroparesis), urinary
urgency and frequency, erectile dysfunction, orthostatic
hypotension, inconsistent blood pressure

Psychiatric disturbances Depression, anxiety, apathy, psychosis

Cognitive impairment Mild cognitive impairment or dementia, often initially affecting
attention, executive, and visuospatial functions

Other Fatigue, hypophonia (softening of the voice), sialorrhea,
difficulty in swallowing

p Indicates a primary feature.

Adapted from (Armstrong & Okun, 2020)
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1.1.2 Management of Parkinson’s Disease

The use of various dopaminergic pharmacotherapies remains the mainstay in the management

of PD (Armstrong & Okun, 2020). Pharmacotherapy is predicated on the basis that the

characteristic motor features of PD are a consequence of the depletion of striatal dopamine

because of loss of dopaminergic neurons in the substantia nigra pars compacta (Poewe et al.,

2017). The goal of pharmacotherapy intervention is to attenuate motor symptoms by restoring

striatal dopaminergic tone, using dopaminergic agonists, monoamine oxidase B inhibitors

and/or L-DOPA (plus carbidopa) (Connolly & Lang, 2014; Zeuner et al., 2019).

Of all the pharmacological agents, L-DOPA has stood as the gold-standard treatment for

Parkinson disease and parkinsonism, and practically all patients with Parkinson disease will

require L-DOPA treatment at one time or another (LeWitt & Fahn, 2016). However, off-target

effects synonymous with systemic administration (such as nausea, drowsiness and

orthostasis) and adverse on-target effects (for example, impulse control disorders) can be

limiting, and complications (such as end-of-dose wearing off and dyskinesia) can emerge in

the intermediate- and long-term (Antonini et al., 2018; Picconi et al., 2018). A key concern

with L-DOPA is the continuous decline of the action time and “wearing off” of the

therapeutic effect causing the manifestation of poorly controlled PD signs and symptoms

before the next round of dosing (Parmar et al., 2020). There have been different

pharmacological interventions to minimise the off-target effects namely, the use of adjuvant,

fast-onset ‘rescue’ therapies in the form of a DA receptor agonist, such as apomorphine

continuously administered as a subcutaneous infusion. In exceptional cases, intestinal

delivery of L-DOPA-carbidopa gel may be used to provide a more continuous supply of

L-DOPA.
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Surgically, deep brain stimulation (DBS), can be used to implant unilateral or bilateral

electrodes into a targeted area of the brain with the electrodes attached to an impulse

generator (IPG) that will be placed in the chest using magnetic resonance imaging (MRI).

The IPG acts as a pacemaker, providing impulse to the part of the brain involved in motor

function, typically, the subthalamic nucleus or the internal globus pallidus. Upon DBS

surgery, patients will attend routine consultations to access and optimise the stimulation

frameworks and medications (Armstrong & Okun, 2020). DBS is used to mitigate motor

symptoms, tremor, and dyskinesia that may arise from the wearing off of L-DOPA therapy

(Fox et al., 2018). Results from a meta-analysis indicated an overall superiority of DBS over

best medical therapy (BMT) in terms of improvement in impairment/disability, quality of life,

and medication dose reduction (Bratsos et al., 2018). However, the study noted that there was

no significant difference in L-DOPA equivalent dose (LED) reduction between early and

advanced PD patients; and a higher risk of serious adverse events (SAE) (Bratsos et al.,

2018).

Stem cell-based therapies, although still in research stage, have been reported to restore

dopaminergic inputs to the striatum and are now being considered as a durable alternative to

oral medications especially L-DOPA because of its off-target effects, wearing off and the

challenges with timely dosing (Parmar et al., 2020).

1.2 Peripheral Neuropathy in Parkinson’s Disease

Peripheral neuropathy (PN) is a general term that indicates any dysfunction in sensory, motor,

and autonomic nerves of the peripheral nervous system (Paul et al., 2020). PN affects axons

and/or myelin of nerve fibres (Wolfe et al., 1999). It may be inferred that the symptoms of PN
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result from sensory neuron deterioration prior to motor neuron impairment, although motor

impairment may be more prominent in neuropathies such as chronic inflammatory

demyelinating neuropathy (Latov, 2002). The diverse causes of PN include metabolic and

endocrine dysfunction, genetic diseases, HIV, infectious diseases, and thyroid disorder, with

diabetes mellitus being the most common, accounting for 60% of PN in patients with diabetes

(Simon, 2009). Also, other causes such as genetic mutations in certain genes, i.e., Parkin

genes for PD, deficiency of vitamins B1, B6, B12 and folate have been linked with PN

(Simon, 2009; Müller et al., 2013; Rajabally & Martey, 2013).

1.2.1 Neurophysiological Types of Neuropathy in PD and their Diagnosis

Neuropathy could be classified as mononeuropathy caused by trauma or entrapment by

surrounding tissue; mononeuropathy multiplex commonly caused by leprosy and vasculitis;

polyneuropathy when it involves many nerves due to toxic, metabolic or systemic aetiology

(Misra et al., 2008) and ganglionopathies due to axonal loss in sensory ganglia

(Marquez-Infante et al., 2013).

Neuropathy could also be classified as small fibre neuropathy (SFN) and large fibre

neuropathy (LFN). SFN involves the unmyelinated C and the thinly myelinated Aδ fibres, it

presents clinically as predominantly pain. Possible diagnostic criteria include

length-dependent symptoms, clinical signs (pinprick and thermal sensory loss and/or

allodynia/hyperalgesia) (Themistocleous et al., 2014). Precise diagnosis is based upon

clinical signs of small fibre damage, nerve conduction studies, altered intra-epidermal nerve

fibre density, and abnormal quantitative sensory testing (QST) (Themistocleous et al., 2014).
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Skin biopsy has also shown to be precise in SFN diagnosis (Hlubocky et al., 2010). LFN, on

the other hand, involves the Aα and Aβ myelinated fibres and can be diagnosed by nerve

conduction studies (Zis et al., 2017).

In deciphering sensory neuropathy from motor neuropathy, sensory involvement should not

include motor neuron disease; likewise, motor involvement should not include dorsal root

ganglion neuropathy (Misra et al., 2008). However, mixed neuropathies are also observed.

1.2.2 Evidence to support Sensory Neuropathy in Parkinson’s Disease

There are two recent reviews that have aggregated research outcomes on the possible

connection between peripheral neuropathy and PD (Zis et al., 2017); (Paul et al., 2020). Zis et

al., noted that most neuropathies in PD are sensory and are mostly distal, symmetrical, and

axonal (Paul et al., 2020). In prodromal PD, pain and sensory losses are seen before motor

disturbances; it was reported in 106 parkinsonian patients that 60 – 70% of patients with PD

had to deal with varying degrees of acute or chronic pain such as neuropathic, dystonic pain,

and headache (Zambito Marsala et al., 2011). These observations point out that sensory

neurons are vulnerable in PD pathophysiology (Silverdale et al., 2018). Sensory neuropathy

in PD also takes the form of loss of olfactory function (Bohnen et al., 2010), combined with

loss of thermal perception, pathological heat pain and mechanical hypersensitivity (Nolano et

al., 2008).

Clearer evidence that supports sensory neuropathy in PD can be noted from skin biopsies of

PD patients, which shows a preponderance of SFN and mixed-fibre polyneuropathies

(Nolano et al., 2008) consistent with pathological QST findings. These neuropathies could
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also be observed with corneal confocal microscopy as swollen axon, compensatory fibre

sprouting, and α-synuclein aggregates in cutaneous sensory and autonomic nerves (Podgorny

et al., 2016); (Nolano et al., 2017). A parallel pattern has also been noted in motor neurons in

genetic and idiopathic PD models of rodents (Vivacqua et al., 2009) and indeed, PD patients

show loss of sensory neurites in skin over time (Vacchi et al., 2021).

Phosphorylated alpha-synuclein (p-α-Syn) is a promising candidate biomarker of IPD

because of its presence in the dermal nerve fibre in IPD. The usefulness of p-α-Syn as a

diagnostic tool for IPD was first tested by (Donadio et al., 2014). In that study, 21 patients

with well characterised IPD and 20 patients with parkinsonism (PAR) assumed not to have

p-α-Syn deposits (vascular parkinsonism 10, tauopathies 6, parkin mutations 4) alongside

with age-matched healthy controls were enlisted in the study. Skin biopsy from cervical skin

sites (proximal) and thigh and leg sites (distal) were used to study p-α-Syn deposits and small

nerve fibres. They observed that there was no p-α-Syn deposit in any skin sample in PAR

patients and controls but present in the cervical skin sites of all the IPD patients. They

therefore concluded that p-α-Syn can be a positive biomarker in the diagnosis of IPD in the

proximal peripheral nerve and can also distinguish between IPD and PAR (Donadio et al.,

2014). Similarly, the deposition of p-α-Syn in skin sympathetic nerve fibres could further

distinguish IPD patients from patients suffering from multiple system atrophy (MSA) and

essential tremor. Another study suggested that p-α-Syn in IPD is preferentially deposited in

autonomic fibres in contrast to somatosensory fibres in MSA (Doppler et al., 2015).

Moreover, transcriptomic analysis on skin biopsies of 12 PD patients and matched controls

revealed over 1000 differentially expressed genes (DEGs) and pathways related to signal

transduction, nuclear regulation, mitochondrial function, immune response, and protein

metabolism (Planken et al., 2017). The principal DEGs are important in biological function
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and development of PD. Therefore, RNA-seq is crucial to understand the molecular

mechanisms and potential biomarkers of PD.

Table 2. Peripheral manifestations of PN in PD

Manifestations of
PN in PD

Functional changes Pathological
changes

References

Cutaneous
neuropathy

Seborrhoea,
hyperhidrosis,
impaired wound
healing, skin
homeostasis, nuclear
processes and
tumorigenic
pathways

Cutaneous
denervation and
α-synuclein deposits
in dermal
somatosensory and
autonomic nerve
fibres

(Doppler et al.,
2014), (Wang et al.,
2013), (Planken et
al., 2017)

Sensory neuropathy Increase in tactile
and thermal
thresholds together
with a reduction in
mechanical pain
perception

Impairment of
mitochondrial
respiration,
deregulation of
transient receptor
potential channels
(TRPV) and (TRPA)
at mRNA protein
functional levels in
DRGs, significant
loss of epidermal
nerve fibres and
Meissner corpuscles,
accumulation of
glycosylceramides
(GlcCer) in the
DRGs and
accumulation of
α-synuclein in the
DRGs and spinal
nerves

(Nolano et al.,
2008), (Valek et al.,
2021)
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1.3 Models for Investigating Parkinson’s Disease

Modelling is important for studying symptoms, signs, mechanisms and treatment modalities

of neurodegenerative diseases. However, models must show construct, face and predictive

validity (Tadenev & Burgess, 2019).

Different animal models of PD have emerged to promote the exploration of the aetiology and

treatment of PD. Currently, most PD research has utilised toxin-induced and genetic animal

models (Hisahara & Shimohama, 2011). The role played by environmental toxins and genetic

factors in sporadic PD are becoming clearer (Tanner et al., 2011); (Gilks et al., 2005).

In the neurotoxic models, substances that cause both reversible (reserpine) and irreversible

(MPTP, 6-OHDA, paraquat, rotenone) neurotoxic effects are administered to model animals

while genetic models target some known genetic risk factor or causes in PD patients (SNCA

(α‐syn, PARK1, and 4), PRKN (parkin RBR E3 ubiquitin-protein ligase, PARK2), PINK1

(PTEN-induced putative kinase 1, PARK6), DJ‐1 (PARK7), and LRRK2 (leucine-rich repeat

kinase 2, PARK8) to develop PD effect (Chesselet & Richter, 2011)

1.3.1 Neurotoxin-induced Animal Models of PD and their Mechanisms

Neurotoxic compounds such as MPTP (1,2,3,6-methyl-phenyl-tetrahydropyridine), 6-OHDA

(2,4,5-trihydroxy-phenethylamine), rotenone, paraquat (N, N′-dimethyl-4-4-4′-bipyridinium),

paraquat used with manganese ethylenebis-dithiocarbamate (Maneb), result in the

degeneration of dopaminergic neurons in animals (Tieu, 2011). These neurotoxins inhibit

mitochondrial complex I and accelerate oxidative stress (Penttinen et al., 2016).​

A summary of four toxin models of PD and their properties is shown in the table below.
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Table 3. Summary of toxin-induced PD mouse models and their properties.

Model Administration / Pathology Mechanism Response to
L-DOPA

6-OHDA Administered as microinjections into
discrete areas of the brain

Nigrostriatal damage seen in substantia
nigra cell bodies, striatal terminals, and
striatal dopaminergic neurons

1. Generation of ROS and ultimately,
oxidative stress-related cytotoxicity

2. Inhibits electron transport chain
complex I

3. Microglia activation

Yes

MPTP Administered systemically as sc injections.

Nigrostriatal damage seen in substantia
nigra cell bodies, striatal terminals, and
striatal dopaminergic neurons with
conflicting reports on α-synuclein
accumulation

1. Metabolised to MPP+ which induces
neurotoxicity primarily by inhibiting
complex I of the mitochondrial electron
transport chain, resulting in ATP depletion
and increased oxidative stress

2. Microglia activation

Yes

Rotenone Administered systemically or as
microinjections into discrete areas of the
brain

Nigrostriatal damage seen in substantia
nigra cell bodies, striatal terminals, and
striatal dopaminergic neurons including
α-synuclein accumulation
​

1. ROS production leading to oxidative
stress ​

2. Inhibit electron transport chain complex
I

Yes

Paraquat Administered systemically or as
microinjections into discrete areas of the
brain.

Nigrostriatal damage mainly seen in
substantia nigra cell body, and aggregation
of α-synuclein in mouse brain

​
​
​
​

1. ROS production leading to oxidative
stress ​

2. Inhibit electron transport chain complex
I
​

Yes

Abbreviations: ROS Reactive oxygen species. MPP+ 1-methyl-4-phenylpyridinium
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1.4 Dorsal Root Ganglion (DRG) Function in Homeostasis and Neuropathic Pain

The dorsal root ganglia (DRG) are found in the peripheral nervous system (PNS). The cell

bodies of these sensory neurons are located close to the spinal cord. They are pseudo-unipolar

neurons that innervate peripheral target organs and transduce sensory input to the central

nervous system (CNS) via the dorsal horn of the spinal cord. At the spinal cord, the ascending

primary neuron synapses with secondary sensory neurons in order to propagate sensory

impulses to the higher CNS structures (Basbaum et al., 2009).

Fig. (2). Schematic representation of sensory-motor neuron circuitry and the location of the

DRG (Geeven Gert, 2010).
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DRG neurons mediate diverse sensations because of expression of different channels,

receptors, and unique morphological features. This also allows the discrimination of different

types of sensations (Platika et al., 1985).

Table 4. DRG neurons are responsible for distinct sensory modalities.

Sensation DRG neuron responsible Reference

Proprioception and
mechanoreception (e.g.,
touch)

Conducted by low threshold, fast
conducting, myelinated Aα and Aβ
fibres DRG neurons with large cell
bodies

(Berta et al., 2017)

Nociceptive pain Transmitted by either thinly
myelinated medium‐velocity Aδ
fibres or unmyelinated
slow‐conducting C‐fibres most
requiring high activation threshold

DRG signalling is suggested to be involved in the incidence and perpetuation of neuropathic

pain (Krames, 2014). An in vivo analysis of DRG neurons revealed that 85% of them are

modality-specific in normal conditions but become polymodal under pathological conditions

such as after tissue inflammation or injury (Emery et al., 2016). In the aftermath of an injury,

the DRG experiences a tremendous change in structure and function, and these plastic

alterations initiate the DRG as the site of propagation of pain signals migrating to the brain

(Liu et al., 2000).
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Fig. (3). DRG neurons showing receptors for distinct sensory modalities. Adapted from

(Berta et al., 2017)

1.5 Dopamine therapy in Parkinson’s disease and its association with Peripheral
Neuropathy

PN in PD may be impacted by the prolonged use of L-DOPA in patients. L-DOPA and

indeed, DA itself, have long been postulated as sources of reactive metabolites. For example,

both are metabolised to reactive quinones by tyrosinase (Meiser et al., 2013), an enzyme

present in skin (Eisenhofer et al., 2003), or L-DOPA can be auto-converted to reactive

quinones (Hörmann et al., 2021).

Moreover, L-DOPA may lead to increased levels of homocysteine (Hcy) and methylmalonic

acid (MMA). The surge in Hcy and MMA is from the metabolism of L-DOPA via the

O-methylation pathway (Rajabally & Martey, 2013).

The figure below shows the metabolic pathway of L-DOPA and how prolonged use could

result in the accumulation of these metabolites.
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Fig. (4). L-DOPA metabolic pathway.

Abbreviations: 3-OMD, 3-O-methyldopa; 5,10‐CH2‐THF, 5,10‐methylenetetrahydrofolate

Adapted from: (Romagnolo et al., 2018)
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L-DOPA is converted into 3-O- methyldopa (3-OMD) by Catechol-O- methyltransferase

(COMT) (1) using the methyl group donated by S-adenosylmethionine (SAM) (2). On

donating the methyl group, SAM converted into S- adenosylhomocysteine (SAH) (3) and

then, almost immediately into homocysteine (HCY) (4) (Müller et al., 2013), (Rajabally &

Martey, 2013).

HCY will normally be re-methylated into methionine (5) and SAM (6) by methyl-

tetrahydrofolate (THF) and B12 (7) or converted into cysteine via irreversible

transsulfuration (8) (Rajabally & Martey, 2013). However, SAM is depleted in the

methylation of L-DOPA resulting in increased plasma level of homocysteine (Müller et al.,

2013). Consequently, prolonged use of L-DOPA can result in the buildup of Hcy and MMA,

as well as to exhaustion of vitB6, vitB12, and folate (Romagnolo et al., 2019).

Elevated levels of Hcy and MMA is assumed to be caused by the deficiency of vitamin B12,

which is a vital cofactor for the conversion of homocysteine to methionine and SAM.

Cobalamin’s role as a cofactor for the isomerization of succinyl-CoA (10) also makes its

deficiency a reason for MMA accumulation (12) (Müller et al., 2013); (Rajabally & Martey,

2013).

A multicentre study had shown elevated Hcy and MMA levels in PD patients compared with

control, with notable increase in patients with longer L-DOPA usage (Ceravolo et al., 2013).

In the study, the risk of neuropathy in PD patients and the role played by L-DOPA dosage

were evaluated. The risk of neuropathy in patients with (> 3 years) L-DOPA exposure was

19.4%, only 6.8% of patients with (< 3 years) L-DOPA developed neuropathy while only

4.82% without L-DOPA exposure were found to show neuropathy among the 330 PD patients

used in the study (Ceravolo et al., 2013). Similarly, among the 137 healthy controls with

similar age spread, 8.76% were diagnosed with axonal neuropathy, notably involving sensory
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neurons (Ceravolo et al., 2013). It was also observed that there was a reduced plasma level of

vitamin B12 but a significant increase in Hcy and MMA levels among the patients with long

term L-DOPA treatment (Ceravolo et al., 2013).

This study also observed that the risk of neuropathy went up by 8% every year, implying that

age is also an important factor in PN in PD and not only the length of time of L-DOPA

administration (Ceravolo et al., 2013). Although in an age-controlled study, it was reported

that age is not a determinant factor for neuropathy in PD but age-related vitamin B12 in

addition to other age-related nutrient deficiency are involved (Rajabally & Martey, 2013).

However, there is growing evidence that provides a contrary narrative about the involvement

of L-DOPA in PN. A 2.4-fold higher prevalence of PN in PD was reported in a cohort study

of over 5,000 L-DOPA naive PD patients observed against 20,000 non-parkinsonian controls

(Conradt et al., 2018). Furthermore, other studies involving mostly asymptomatic using

electromyogram (EMG) to confirmed PN reported ranges from 4.8% to 24.0% including in

L-DOPA naive PD patients (Mancini et al., 2014; Shahrizaila et al., 2013; Ceravolo et al.,

2013).

In view of these discrepancies in the clinic, we aim to examine the impact of L-DOPA on

sensory neurons.
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2 THE AIM OF THE THESIS

We aim to investigate the impact of L-DOPA on sensory neuronal morphology and

mitochondrial function in sensory neurons treated with rotenone.
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3 EXPERIMENTAL PART

3.1 MATERIALS AND METHODS

3.1.1 Materials

Table 4. Specifications of the antibodies used.

Product name and description Company Code

Normal Goat Serum Jackson ImmunoResearch 005-000-121

Normal Donkey Serum Jackson ImmunoResearch 017-000-121

Alexa Fluor® 594-AffiniPure Goat
Anti-Rabbit IgG (H+L)

Jackson ImmunoResearch 111-585-003

Fluorescein (FITC) AffiniPure Goat
Anti-Mouse IgG (H+L)

Jackson ImmunoResearch 115-095-146

Anti-beta III Tubulin antibody (Rabbit
polyclonal to beta III Tubulin) - Neuronal
Marker

Abcam ab18207

Alexa Flour 488-AffiniPure Donkey
Anti-chicken IgY (IgG) (H+L)

Jackson ImmunoResearch 703-545-155

Anti-MAP2 antibody (Chicken polyclonal
to MAP2)

Abcam ab5392

Anti-ATP Synthase Antibody, β chain,
clone 4.3E8.D1

Sigma Aldrich MAB3494

3.1.2 DRG neuronal cultures

5-10-day-old rat pups were euthanized by decapitation, and dorsal root ganglia from the

thoracic to lumbar regions were isolated and digested with collagenase (Thermofisher) and

DNAse at 37° C for 45 min. After 3 hours, the digested DRG neurons were plated onto Cell

Vis 4-chamber glass-bottom dishes in 500µL Neurobasal-A medium (Gibco) supplemented
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with B-27 (Thermofisher), gentamicin (krka) and glutamine (Thermofisher). After 24 hours,

cells were treated with 1.5 μM of Ara-C (Sigma Aldrich) to reduce the proliferation of

fibroblasts. They were incubated at 37° C in 5% CO2 for one week before exposure to

hypoxia, treatment with rotenone and L-DOPA.

3.1.3 Rotenone and L-DOPA treatments

After one week of incubation, the cells were transferred into a hypoxic chamber where they

were left for 3 days to acclimatise to 3% O2, 5% CO2 and 92% N2. After 3 days, the cells

were treated for 24 hours with rotenone (Sigma Aldrich) (1nM, 10nM, 100nM and 500nM,

1x4-quadrant plate per treatment). Cells were also treated with L-DOPA methyl ester (Sigma

Aldrich; a more water-soluble form of -LDOPA; 3μM, 30μM, 300μM) or vehicle, one

quadrant per rotenone treatment, i.e., for the plate treated with 0nM rotenone, 1 quadrant was

treated with L-DOPA vehicle, 1 quadrant was treated with 3μM, 1 quadrant was treated with

30μM, and 1 quadrant was treated with 300μM, so on for other rotenone-treated plates.

Vehicle controls for rotenone and L-DOPA were DMSO (Sigma Aldrich) and distilled water,

respectively. Additional plates of cells, treated in parallel, were incubated in normoxia (5%

CO2, 20% O2). After 24 hours after treatment, membrane potential and oxidative stress assays

were performed. Cells were then fixed for 10 minutes in 4% paraformaldehyde (Sigma

Aldrich) containing 250mM of sucrose (Fisher Bioreagent) and stored at -4° C for subsequent

immunostaining.

3.1.4 Measurement of membrane potential

Membrane potential was examined via TMRM (Thermofisher). For this assay, all cells were

removed to normoxia, loaded with 10 nM TMRM in new complete medium for 30 min at 5%

CO2 and 37°C in the dark and imaged with a confocal microscope (LSM780, ex 561nm, em

566-669nm; ). Using ImageJ software, the confocal images were analysed by determining the
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mean pixel intensity of each outlined soma.

3.1.5 Oxidative stress assay

Dihydroethidium (DHE) (Santa Cruz Biotechnology) was used to measure the reactive

oxygen species (ROS) level in live target cells. ROS generation is determined by total DHE

fluorescence intensity. All cells were removed to normoxia, and 1 μl of 10 μM DHE was

added to cells in 500 μl of their treatment medium and incubated for 30 minutes. Imaging

was conducted using confocal microscopy (LSM780, ex 561nm, em 585-733nm).

Subsequently, the images were analysed with ImageJ using particle analysis. Briefly, images

were thresholded using manual intensity threshold boundaries of 120-255. Particle sizes were

limited to 200 micron2 -infinity, and circularity set at 0.10-1.00, to ensure that only DRG

neurons were quantified and to avoid the fibroblasts present in our mixed cultures.

Importantly, DRGs grow on top of the fibroblasts, and imaging was carefully selected to

image only these DRGs, providing an additional method to avoid signal interference from

fibroblasts.

Fig. (5). 3D image of DRG neurons growing on top of fibroblasts. (a) Top view of DRG

neurons stained with beta-III tubulin (red) and Hoechst-34580 stains (blue) (b) Side view of

DRG neurons stained with beta-III tubulin (red) and Hoechst-34580 stains. Arrows pointing

at DRG neurons on top.    Scale bar in (a) = 250μm
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3.1.6 Immunostaining

The fixed cells were treated with 0.1% Triton X-100 (Sigma Aldrich) for 10 minutes and then

in block (4% goat serum (Jackson ImmunoResearch) in 0.01M PBS) for 1 hour. After 1 hour,

they were incubated overnight with primary antibodies; anti-beta-III tubulin (Abcam) diluted

to 1:2500 in block and anti-ATP5B (Sigma Aldrich) diluted to 1:500 in block. The following

day, cells were processed as follows: cells were washed in PBS for 3×5 minutes each and

then incubated for 2 hours in secondary antibodies diluted to 1:200 in block; goat anti-rabbit

(Jackson ImmunoResearch) for beta-III tubulin and goat anti-mouse (Jackson

ImmunoResearch) for ATP5B. Then, cells were washed again in 3× PBS for 5 minutes each

and stained with 0.5 μg/ml Hoechst-34580 dye (Sigma Aldrich) for 5 minutes. Cells were

washed a further two times in PBS and a drop of fluorescence mounting added. Cells were

imaged using a confocal microscope (LSM780, ex 561nm em 585-733nm for beta-III tubulin

and ex 405nm em 410-499nm for Hoechst-34580). Similarly, ImageJ was used to quantify

the percentage area of neurons using the best performing auto-threshold.

For MAP2 immunostaining, methanol was used for permeabilization. Methanol was added to

the 4% paraformaldehyde-fixed cells for 10 minutes in -20oC. The steps are similar to the

beta-III tubulin staining. Specifically, 1:500 primary antibody, anti-MAP2 (Abcam) was used

and secondary antibody, donkey anti-chicken (Jackson ImmunoResearch), was diluted to

1:200 in block (5% donkey serum).

3.1.7 Statistics

Data analysis and graphing was performed using GraphPad V9.3.1. Data are presented as

means ± standard deviation. Unpaired t-tests were used for comparison between two groups.

Where data showed different variances, Mann-Whitney U tests were used for comparisons

between two groups. Two-way ANOVAs (mixed-effects model) followed by appropriate
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post-hoc tests were used to compare data where there were two factors, e.g., rotenone

treatment and L-DOPA treatment. p values < 0.05 were considered significant.
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3.2 RESULTS

3.2.1 Determining the appropriate concentration of rotenone to use in DRG cells to

model idiopathic PD

We began our experiments with a preliminary study on the concentration of rotenone for

inducing idiopathic Parkinsonism. The morphology of the neurons was examined using

MAP2 immunostaining. [MAH1] There was a trend towards a dose-dependent effect of rotenone

over a 7 day period as shown in the decrease in percentage area of MAP2 at 500nM and 1μM

by 7 days in fig. (6), however, this effect did not reach significance (effect of treatment F (5,

18) = 2,204, p=0.09.) due to variability within treatment groups. Fig. (7) shows the confocal

images of the neuron at different concentrations of rotenone (1nM - 1μM) using MAP2.
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Fig. (6). Dose-dependent effect of rotenone on DRG neurons over a duration of 168 hours.

Data from individual quadrants (each data point is the mean percent MAP2-stained per

quadrant) from each of four separate experiments are shown. N = 4 biological replicates.
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Fig. (7). Images of DRG neurons upon rotenone treatment after 168 hours

Shown are representative images of different concentrations of rotenone on DRG.

Single-channel images are shown in black and white for improved contrast.

Scale bar = 200µm.
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We observed in our study that MAP2, although widely used as a neuronal marker, was not

specific in staining sensory neurons in DRG cells. Signals came from the fibroblasts also

(although we used AraC, our cultures were mixed). This would pose a challenge in

subsequent analyses. Consequently, we switched to the use of beta-III tubulin as a neuronal

marker, which showed more specificity in its ability to detect sensory neurons without

including signals from fibroblasts. In fig. (8), we show how this non-specific staining (a) is

picked up in thresholding during analysis (b) and could lead to reduced sensitivity in

cytotoxicity experiments. In fig. (9), we compare beta-III tubulin (top) staining with MAP2

staining (bottom). Whether cells were treated with vehicle (a, c) or rotenone (b, d), beta-III

tubulin staining was more specific for DRGs than MAP2 and was selected for further

experiments.
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Fig. (8). Issues with MAP2 staining in DRG neurons. Representative images of DRGs

treated with 100nM rotenone and stained with MAP2 after 48hrs. (a) DRG neurons stained

for MAP2 and (b) thresholded for analysis. Arrows in b show signals from fibroblasts in the

thresholded image. (c) Cells were stained for MAP2 and Hoechst was also used to reveal

nuclei. This image shows the Hoechst staining from (a). Hoechst-34580 stains all cells

(DRGs + fibroblassts). (d) Merged channel images of (a) and (c).  Scale bar in (a) = 100μm
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Fig. (9). Images comparing beta-III tubulin with MAP2 staining. Cells were treated with

vehicle (a, c) or 500 nM rotenone (b, d) for 48hrs. (a) DRG neurons stained with beta-III

tubulin at 0 nM rotenone in hypoxia after 48 hrs. (b) DRG neurons stained with beta-III

tubulin at 500 nM rotenone in hypoxia after 48 hrs (c) DRG neurons stained with MAP2

following treatment with DMSO (control) for 48 hrs. Arrows show fibroblasts (d) DRG

neurons stained with MAP2 following treatment with 500 nM rotenone for 48 hrs. Arrows

showing fibroblasts. Scale bar = 250μm.
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3.2.2 Effect of oxygen on oxidative stress induced by rotenone and L-DOPA in hypoxia

and normoxia

Oxidative stress in the DRG cells was analysed after rotenone and L-DOPA incubation in

normoxia and hypoxia for 24 hours. Oxidative stress is reported as the intensity of

fluorescence of DHE by the DRG cell bodies, which was expressed as percent area (area

within region of interest (ROI) divided by total area). There is ROS formation during

L-DOPA auto-oxidation in a normoxic environment, previously described by (Ren et al.,

2019) but oxygen tension in neuronal cells under physiological conditions is only 0.5-5%

(Erecińska & Silver, 2001). This is why we are examining the effect of L-DOPA under

hypoxic conditions, which mimics the endogenous environment of DRGs (Carreau et al.,

2011) and enhances the translational value of our rotenone model of IPD. ROS production is

represented as total fluorescence and was significantly elevated in normoxic culture

compared to cells in hypoxia indicating oxidative stress in normoxia.

39



Fig. (10). Oxidative stress induced by L-DOPA in hypoxic and normoxic culture. DRG

neurons were treated with 3μM, 30μM and 300μM L-DOPA or distilled water and cultured in

normoxic or hypoxic conditions. The graph shows a representative experiment and data

points show data from several regions of interest with a particular treatment quadrant. Effect

of L-DOPA treatment F (2,078, 29,09) = 4,728; p = 0.0157. Effect of oxygen F (1, 42) =

39,76; p < 0,0001. Effect of L-DOPA treatment + Oxygen F (3, 42) = 3,537; p = 0.0226.

Šídák's multiple comparisons test was used to compare hypoxia and normia at 3μM L-DOPA

**p < 0.01. (a) Representative image of DRG neurons emitting oxidised DHE-derived

fluorescence (b) Manually thresholded image (neurons within blue circles) on ImageJ.

Scale bar = 250 μm.
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L-DOPA induced more oxidative stress in normoxic conditions compared with hypoxic

conditions (Figure 9). There was also a visible colour change in the medium of the normoxia

groups at 24 hours after incubation with 300 μM L-DOPA, indicating auto-oxidation of

L-DOPA into quinones, other toxic metabolites and neuromelanin fig. (11).

Fig. (11). Colour change in medium as a result of L-DOPA oxidation in normoxia. (a)

DRG neurons at 24 hours post-treatment with L-DOPA in hypoxia (b) DRG neurons 24 hours

post-treatment with L-DOPA in normoxia.

We also studied the effect of different concentrations of rotenone alone (1nM, 10nM, 100nM

and 500nM) on the DRG cells in the absence of L-DOPA in both normoxia and hypoxia.

There was a significant effect of rotenone on oxidative stress in the normoxic DRG neurons

after 24 hours of treatment, which was not seen in hypoxia fig. (12).
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Fig. (12). Oxidative stress induced by rotenone in hypoxic and normoxic conditions. DRG

neurons were treated with rotenone (1nM, 10nM, 100nM and 500nM) or DMSO as control

and cultured in hypoxic or normoxic conditions. The graph shows a representative

experiment and data points show data from several regions of interest with a particular

treatment quadrant. Effect of rotenone treatment F (2,841, 31,96) = 11,09; p <0,0001. Effect

of oxygen F (1, 14) = 9,124; p = 0,0092. Effect of rotenone treatment + Oxygen F (4, 45) =

3,624; p = 0,0121. Šídák's multiple comparisons test was used to compare hypoxia and

normia at 500 nM rotenone *p = 0,0264. (a) Representative image of DRG neurons emitting

oxidised DHE-derived fluorescence (b) Manually thresholded image (neurons within blue

circles) on ImageJ. Scale bar = 250 μm.

.
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Critically, we compared the effects of normoxia and hypoxia on the overall effects of

rotenone and L-DOPA combinations. Our results showed that L-DOPA and rotenone

treatment was additive, with increased oxidative stress observed in normoxia compared with

either drug alone or neither drug fig. (13). However, very little oxidative stress was observed

in hypoxia fig. (14). We note that the vastly increased DHE fluorescence observed at 100nM

Rotenone and 30μM L-DOPA was not a consistent result; but it is nevertheless shown for

completeness.
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Fig. (13). Effect of normoxia on oxidative stress induced by combinations of rotenone and

L-DOPA in DRG neurons. DRG neurons were treated with rotenone (1nM, 10nM, 100nM,

500nM) or DMSO as control and also 3μM, 30μM or 300μM L-DOPA or distilled water as

control. The graph shows a representative experiment and data points show data from several

regions of interest with a particular treatment quadrant. Effect of rotenone treatment F (4,

35) = 9,019; p < 0,0001. Effect of L-DOPA F (1,836, 49,58) = 9,204; p = 0,0006. Effect of

rotenone + L-DOPA treatment F (12, 81) = 6,683; p < 0,0001. Tukey's multiple comparisons

test was used to compare between and within different groups. 3μM vs. 300μM L-DOPA

(DMSO) *p = 0,0416; 30μM vs. 300μM L-DOPA (DMSO) *p = 0,0408; 0μM vs. 300μM

L-DOPA (1 nM rotenone) *p = 0,0443; 0μM vs. 30μM L-DOPA (10 nM rotenone) *p =

0,0350; 3μM vs. 30μM L-DOPA (10 nM rotenone) *p = 0,0302; 3μM vs. 300μM L-DOPA

(500 nM rotenone) *p = 0,0213 (a) Representative image of DRG neurons emitting oxidised

DHE-derived fluorescence (b) Manually thresholded image (neurons within blue circle) on

ImageJ. Scale bar = 250 μm.
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Fig. (14). Effect of hypoxia on oxidative stress induced by combinations of rotenone and

L-DOPA in DRG neurons . DRG neurons were induced with rotenone (1nM, 10nM, 100nM

and 500nM) or DMSO as control and treated with 3μM, 30μM and 300μM L-DOPA or

distilled water as control for L-DOPA. The graph shows a representative experiment and data

points show data from several regions of interest with a particular treatment quadrant. Effect

of rotenone treatment F (4, 119) = 30,96; p <0,0001. Effect of L-DOPA F (1,406, 55,76) =

19,64; p <0,0001. Effect of rotenone + L-DOPA treatment F (12, 119) = 13,55; p < 0,0001.

Tukey's multiple comparisons test was used to compare between and within different groups.

0μM vs. 300μM L-DOPA (10 nM rotenone) *p = 0,0151; 0μM vs. 30μM L-DOPA (100 nM

rotenone) *p = 0,0126; 3μM vs. 30μM L-DOPA (100 nM rotenone) *p = 0,0265; 30μM vs.

300μM L-DOPA (100 nM rotenone) *p = 0,0350. (a) Representative image of DRG neurons

emitting oxidised DHE-derived fluorescence (b) Manually thresholded image (neurons within

blue circle) on ImageJ. Scale bar = 250 μm.
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Our results from two biologic replicates (Table 5) were consistent and showed that L-DOPA

causes oxidative stress in normoxia, and that when combined with rotenone, shows additive

effects. However, very little oxidative stress was observed in hypoxic conditions following

treatment with L-DOPA, with rotenone or with combinations of them both. However, at high

concentrations of both L-DOPA and rotenone, consistent significant effects were lost (Table

5, 500nM rotenone). In future experiments, we shall follow these cells over longer time

periods. We hypothesise that cells treated with high concentrations of rotenone and L-DOPA

die earlier than DRGs treated with lower concentrations and it is possible that timepoints than

24hrs would be required to observe oxidative stress in these extreme conditions in normoxia.

Table 5. Comparing normoxia versus hypoxia in two biological replicates

Condition Expt. / Conc.
of rotenone

P value P value
summary

Statistically
significant
(P < 0,05)?

F (DFn, DFd)

Normoxia
Vs
Hypoxia

#1 at 1 nM 0,0031 ** Yes F (1, 13) = 13,15

#2 at 1 nM 0,0001 *** Yes F (1, 46) = 17,12

Normoxia
Vs
Hypoxia

#1 at 10 nM < 0,0001 **** Yes F (1, 51) = 49,71

#2 at 10 nM - - - -

Normoxia
Vs
Hypoxia

#1 at 100 nM 0,0021 ** Yes F (1, 48) = 10,57

#2 at 100 nM < 0,0001 **** Yes F (1, 12) = 33,65

Normoxia
Vs
Hypoxia

#1 at 500 nM 0,2931 ns No F (1, 15) = 1,187

#2 at 500 nM 0,0063 ns No F (1, 43) = 8,243
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As a positive control for DHE staining, we examined the effect of H2O2 on DRGs cultured in

normoxia. This is important to validate our outcome measure. As shown in figs. (15), DRGs

showed increased ROS formation after 4 hour treatment with 200 μM H2O2 compared to

treatment with 0.01M PBS.

Fig. (15). Positive control for DHE. DRGs cultured in normoxia were treated with 200 μM

H2O2 for 4 hours and imaged as before, for oxidised DHE. H2O2-treated cells show increased

ROS formation, based upon imaging of fluorescent DHE. Data show regions of interest with

a particular treatment quadrant. N=1 experiment. Data were compared using a

Mann-Whitney U test, p<0.0001.
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Fig. (16). Oxidative stress caused by H2O2 in normoxia and comparison between normoxia

and hypoxia with PBS 4 hour post-treatment. Cells were treated with 200 μM H2O2 or

0.01M PBS then incubated for 4 hours. At 4 hours, cells treated with 200 μM H2O2 (a)

showed significant oxidative stress compared to control-treated cells (d). See Figure 13 for

graph.. (a) DRG neurons treated with 200 μM H2O2 (b) DRG neurons treated with 200 μM

H2O2 upon analysis on ImageJ (c) DRG neurons treated with 0.01M PBS (d) DRG neurons

treated with 0.01M PBS upon analysis on ImageJ. Blue circle shows the thresholded

“particles”. Scale bar = 250 μm

3.2.3 Response of DRG neurons mitochondrial membrane potential to rotenone and

L-DOPA

This assay was performed on DRG cells cultured in hypoxia after incubation with rotenone

and L-DOPA for 24 hours. Both rotenone and L-DOPA cause oxidative stress, rotenone via

inhibition of complex I. Nevertheless, the formation of reactive oxygen species by very mild

inhibition of electron cycling via complex I is thought to be more important for IPD than

profound inhibition of ATP formation by the mitochondrial electron transport chain (Innos

and Hickey 2021). The aim of this assay was to investigate whether mitochondria were

perturbed by these low concentrations of rotenone. Healthy cells with functional
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mitochondria will show bright signals, which become dim or cease with the loss of

mitochondrial membrane potential because TMRM is not able to accumulate in the

mitochondria (fig. 16). The mean soma pixel intensity for DRGs treated with combinations of

rotenone and L-DOPA from 3 experimental replicates show a stable mean TMRM intensity

without any significant difference between groups, as shown in fig. (18).

Fig. (17). Visualisation of TMRM signal in DRG neurons cultured in hypoxia and treated

with rotenone and with L-DOPA at 24 hours post-treatment. (a) A DRG neuron stained with

TMRM following treatment with 500 nM rotenone and 0 μM L-DOPA in hypoxia after 24 hrs

(b) A DRG neuron stained with TMRM following treatment with 500 nM rotenone and 3 μM

L-DOPA in hypoxia after 24 hrs (c) A DRG neuron stained with TMRM following treatment

with 500 nM rotenone and 30 μM L-DOPA in hypoxia after 24 hrs (d) A DRG neuron stained

with TMRM following treatment with 500 nM rotenone and 300 μM L-DOPA in hypoxia after

24 hrs. Scale bar = 250 μm
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Fig. (18). Mean pixel intensity of TMRM-stained mitochondria in DRG soma following

treatment with different concentrations of rotenone and L-DOPA. Rotenone and L-DOPA

treatment did not cause any significant change in membrane potential. Data shown are the

mean ± sem of n = 3 independent experiments. Data were analysed using ANOVA (L-DOPA x

Rotenone F(12, 30)=1,119, ns) followed by Tukey's multiple comparisons test.

We set up a positive control experiment form TMRM using 100 μM FCCP, as a

mitochondrial oxidative phosphorylation uncoupler. Our result in (fig. 18) showed there was

a decrease in mean pixel intensity confirming impairment in mitochondrial membrane

potential activity. These data confirm our ability to detect mitochondrial membrane potential

damage in DRG cells upon treatment and that neither L-DOPA nor rotenone caused

significant change in mitochondrial membrane potential.

50



Fig. (19). Decrease in mitochondrial membrane potential caused by FCCP in hypoxia.

Cells incubated in hypoxia were treated with 10 nM TMRM for 30 minutes. Baseline images

of DRGs were obtained (a) and then cells were treated with 100 μM FCCP. Imaging took

place between 4 and 23 minutes post treatment with FCCP. The pre-group represents cells

with TMRM only and the post-group represents cells with TMRM + FCCP. Data were

analysed using a Mann Whitney U test ****p < 0,0001. (a) DRG neurons treated with

TMRM (b) DRG neurons treated with TMRM + FCCP. Scale bar = 250 μm
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3.2.4 Neuronal morphology with rotenone and L-DOPA

Since there was no significant change in mitochondrial membrane potential from the results

obtained from the TMRM assay, we further examined the effect of rotenone and L-DOPA on

neuronal morphology. Here, we studied the distribution and the morphology of neurons based

upon beta-III tubulin immunofluorescence. Our results from multiple biological replicates did

not show consistent evidence of cell death in neurons treated with rotenone, L-DOPA or both

even at the highest concentrations used. Furthermore, we evaluated the effects of normoxia

and hypoxia on the overall effects of rotenone and L-DOPA individually. Our result showed

that L-DOPA does not have an effect on the neuronal morphology in both normoxia and

hypoxia but some morphological changes were seen between normoxia and hypoxia with

rotenone at 1 nM and 500 nM.
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Fig. (20). No effect of rotenone or L-DOPA on DRG neuron morphology in hypoxia. DRG

neurons were treated with rotenone (1nM, 10nM, 100nM and 500nM) or DMSO as control and with

3μM, 30μM and 300μM L-DOPA or distilled water as control for L-DOPA. Effect of rotenone

treatment F (4, 30) = 55,47; p < 0,0001. Effect of L-DOPA F (2,873, 86,19) = 6,775; p = 0,0005.

Effect of rotenone + L-DOPA treatment F (12, 90) = 4,605; p < 0,0001. Tukey's multiple comparisons

test was used to compare between and within different groups. No consistent reduction in beta III

tubulin staining was observed. (a) Representative image of DRG neurons immunostained for beta III

tubulin (b) Auto thresholded image on ImageJ. Scale bar = 100 μm.
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3.3 DISCUSSION

The preliminary study on the ideal concentration of rotenone in DRG cells indicated that

concentrations between 1 - 500 nM are more suitable compared to 1μM. Nevertheless,

several studies have used higher concentrations (Persson et al., 2013; Press & Milbrandt,

2008; Dedov et al., 2001). For example, Press & Milbrandt, 2008; treated DRG neurons with

2.5 μM rotenone for 72 hrs on the justification that there was a continued axonal degeneration

post-treatment. However, it is noteworthy to mention that humans require several years of

chronic exposure to rotenone in order to accelerate the risk of PD (Innos & Hickey, 2021).

This implies that lower concentration given over a longer period of time might be much more

translational than higher concentrations. Also, as rotenone solubility in typical vehicles such

as DMSO and chloroform is about 50 mg/ml (Innos & Hickey, 2021), it is therefore highly

unlikely that the concentration of rotenone at 1 μM and above will completely dissolve in

DMSO.

In this study, our data showed oxidative stress by L-DOPA in DRG neurons was more

consistent in normoxia at lower concentration of rotenone. There are two important points

from this observation. First, the autoxidation of L-DOPA in normoxia could contribute to the

increase in ROS production (Hörmann et al., 2021), thus explaining the increase in oxidative

stress in normoxia. Unfortunately, most in-vitro studies on L-DOPA cytotoxicity have been

performed in normoxia (Mena et al., 1992; Jin et al., 2010; Lai & Yu, 1997), implying that

the results of these studies might have then been affected by the autoxidation problem

(Hörmann et al., 2021). Second, low oxygen tension in the brain creates a hypoxic

physiological environment in vivo compared to the level of oxygen in the atmosphere

(Erecińska & Silver, 2001), therefore L-DOPA autoxidation in hypoxia is drastically reduced
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as a result of more stability of L-DOPA. Thus, hypoxia limits this potential cytotoxin

formation.

L-DOPA has been predicted, depending on its concentration, to have both neurotoxic and

neuroprotective roles in previous in vitro studies (Zhong et al., 2014; Jami et al., 2014;

Colamartino et al., 2012; Han et al., 2002). Our study did not show this dual action of

L-DOPA, we clearly observed that low concentrations of L-DOPA (3 µM and 30 µM) in

normoxia consistently causes oxidative stress although we did not record a similar trend in

hypoxia. Zhong et al., 2014 reported that lower concentrations of L-DOPA (<30 µM)

promote the proliferation and growth in PC12 cells treated with H2O2. However, neuronal

cells do not respond similarly to L-DOPA-induced ROS compared to other human cell types,

as they have limited glutathione-independent ability to scavenge ROS (Hörmann et al., 2021)

but this glutathione-independent ROS defence mechanism has been shown to rely on

utilisation of glutathione provided by astrocytes (Bolaños, 2016). Moreover, hypoxia induces

expression of HIF1alpha in DRGs, which is neuroprotective against axonal injury (Cho et al.,

2015).

Mitochondria plays a key role in the health of neuronal cells and impairment in mitochondria

function has been linked to the pathology of PD and other neurodegenerative diseases

(Betarbet et al., 2000; Franco-Iborra et al., 2015). Similarly, exposure to rotenone and other

pesticides disrupt mitochondrial complex I thereby increasing the risk of PD (Innos &

Hickey, 2021). However, overt reduction in mitochondrial membrane potential or of complex

I activity is not required for accurate modelling of IPD in animals (Innos and Hickey. 2021).

Our experiment explored the effect of rotenone and L-DOPA on mitochondrial membrane

potential. SH-SY5Y cells treated with 100 nM rotenone were reported to show a reduction in

TMRM fluorescence intensity indicating an impairment in mitochondrial function (Liang et
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al., 2020). Some cells are more resistant to mitochondrial toxins. Hipk2 -/- mouse brain

tissues and mouse embryonic fibroblasts (MEFs) did not show any change in TMRM

intensity upon treatment with (0.25, 0.5, 1, 2.5, or 5 nM) rotenone for 24 hours, an

observation attributed to the elevation of parkin protein level (Zhang et al., 2019). DRG

neurons, used in our study, are primary culture and may respond differently to rotenone

compared to SH-SY5Y, an immortalised cell. In spite of the higher concentration (1nM,

10nM, 100nM and 500nM) of rotenone used, there was no significant reduction in the

reduction in the fluorescence intensity and distribution of TMRM implying that the

mitochondrial membranes were intact and thus the mitochondrial functions were not affected

by rotenone. Indeed, a fraction of Hif1alpha, induced by hypoxia, is thought to translocate to

mitochondria where it may reduce reactive species formation (Li et al., 2019).

Simiarly, there was no effect of L-DOPA on mitochondrial membrane potential using

TMRM. Again, in a cell line (SH-SY5Y cells treated with 200 μM L-DOPA for 24 hours), a

significant decrease in mitochondrial membrane potential using JC-10 dye has been observed

(Giannopoulos et al., 2019). In this paper, the authors showed that mitochondrial function

may be impaired when L-DOPA is miss-incorporated into microtubules in place of

L-tyrosine, thereby affecting mitochondrial transport (Giannopoulos et al., 2019). The result

from our FCCP assay further reinforces that the mitochondrial membrane in our treated DRG

neurons were intact until they were decoupled upon treatment with FCCP. Although

mitochondrial load in soma was normal (our TMRM data suggest this), it will be interesting

to examine mitochondrial localisation in axons and our future experiments shall address this

issue.

Finally, our results from the morphology of the neuron seeks to understand how rotenone and

L-DOPA would affect neuronal morphology and whether they induced acute toxicity at
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concentrations where oxidative stress was observed. Our data did not provide consistent and

convincing evidence that L-DOPA resulted in significant loss of neurons or neurites in

normoxia or hypoxia; however, future experiments shall examine later timepoints to further

understand whether these agents interact to enhance their individual toxicities.
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SUMMARY

Current data from the clinic suggest that L-DOPA may contribute to the development of PN

in PD. Our results emphasise the importance of accurate modelling of the in vivo

environment in in vitro experiments, in order to understand whether L-DOPA is a direct cause

of PN in PD. Oxygen tension plays a key role in the toxicity of L-DOPA in vitro. Hypoxia,

which is actually normoxia when compared with the in vivo environment, reduces the ability

of rotenone and of L-DOPA to induce oxidative stress in vitro. In hypoxia, there is no

additive effect of L-DOPA with rotenone, a toxin that increases the risk of development of

PD in humans.
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