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Investigation of Excitatory Ion Channels In Parkinsonian Sensory Neurons
Abstract:

Background: Parkinson’s disease (PD) is associated with tremor, slowness of movement and
stiffness, the latter two of which are caused by the loss of dopaminergic neurons of the
substantia nigra pars compacta. Interestingly, although olfactory impairment is now well
recognised in PD, skin symptoms differentiate individuals who go on to develop PD even
better than olfactory impairment. However, little is known of the cause of this skin pathology,
which includes proteinaceous aggregates and loss of peripheral neurites. Recently, several
excitatory ion channels were found to be upregulated in PD patient skin. Here, we have

examined the effect of overexpression of these channels in a sensory neuronal cell model of
PD.

Methods: The 50B11 cell line, which is an immortalised DRG rat sensory neuronal cell line
(kind gift from Dr Hoke, Johns Hopkins University), was used. Familial PD was modelled by
transfection with eGFP-alpha synuclein. Sporadic PD was modelled by treating with
rotenone, a well-validated risk factor for PD and inhibitor of complex I. In our first series of
experiments, cells overexpressing eGFP-alpha-synuclein or GFP (control plasmid) were
treated with rotenone or DMSO and were then fixed for imaging and cytotoxicity analysis. In
our second series, cells were co-transfected with alpha synuclein and HCN1 and then treated
with rotenone or vehicle, then fixed for imaging and analysis of cytotoxicity. In ourfinal
series,cells were transfected with HCN1 or control plasmid, treated with rotenone or vehicle
and then imaged live for mitochondrial membrane potential (MMP) and cell morphology.

Results: In our first series of experiments,the density of alpha synuclein-overexpressing cells
was increased following rotenone exposure. However, in our second series, co-transfection of
HCNI1 with alpha synuclein resulted in lowered density of cells treated with rotenone. In our
final series of experiments, rotenonecaused a small reduction in MMP. HCNI
overexpressionalone reducedMMP to a much greater degree. HCNI1 overexpression
exacerbated the effect of rotenone on MMP. This combination of HCN1 overexpression with
rotenone changed the morphology of sensory neurons to a smaller, more rounded shape.

Conclusions: HCNI1 is an important regulator of activity in sensory neurons and its
overactivity is involved in several types of neuropathic pain. PD patients show loss of
peripheral neurons and recently, HCN1was found to be overexpressed in skin samples of PD
patients. Although the normal function of alpha synuclein is unclear, it may induce
proliferation and also may increase expression of anti-oxidant genes, and here, we found that
alpha synuclein protected against rotenone toxicity. However, co-expression of HCNI1
prevented this effect and resulted in increased cell death. In separate experiments, the
combination of overexpression of HCN1 and rotenone resulted in exacerbated loss of
mitochondrial membrane potential, and a change in cell shape indicative of toxicity. Thus,
HCN1 overexpression may precipitate toxicity in parkinsonian sensory neurons and
contribute to peripheral neuropathy in PD.

Keywords: Sensory neuropathy, HCN1, alpha synuclein, rotenone, dorsal root ganglion
cells, familial Parkinson’s disease, sporadic Parkinson’s disease

CERCS: B640 Neurology, neuropsychology, neurophysiology



Eksitatoorsete ioonkanalite uurimine parkinsonismi mudeldavates sensoorsetes

neuronites

Kokkuvote:

Taust: Parkinsoni tdbe (PD) seostatakse virina, liigutuste aegluse ja jiikusega, millest
viimased kaks on pdohjustatud substantia nigra pars compacta dopaminergiliste neuronite
hivinemisest. Huvitav on see, et kuigi niiiidseks on ka haistmismeele kahjustuse olemasolu
PD puhul hésti dratuntav, eristuvad isikutel, kellel tekib PD, mitmed siimptomid nahas veelgi
paremini kui kahjustused haistmises. Siiski on patoloogia pdhjustest, mille hulka kuuluvad
valgulised agregaadid ja perifeersete neuriitide kadu nahas véiga vidhe teada. Hiljuti leiti, et
mitmed ergastavad ioonikanalid on PD patsiendi nahas iilesreguleeritud. Kéesolevas to0s
oleme wuurinud nende kanalite iileekspressiooni moju PD sensoorses neuronaalses
rakumudelis.

Meetodid: Kasutati 50B11 rakuliini, mis on immortaliseeritud roti dorsaaljuure ganglionitest
(DRG) périnev sensoorne neuronaalne rakuliin (kingitus dr. Hoke'ilt, Johns Hopkinsi iilikool).
Perekondlikku PD modelleeriti transfekteerides rake eGFP-alfa siinukleiiniga. Sporaadilise
PD modelleerimiseks toddeldi rakke rotenooniga, mis on hésti valideeritud PD riskifaktor ja
mitokondriaalse hingamisahela kompleks I inhibiitor. Meie esimeses katseseerias toodeldi
eGFP-alfa-stinukleiini vdoi GFP (kontrollplasmiidi) iileekspresseerivaid rake rotenooni voi
DMSO-ga, misjiarel need fikseeriti pildistamiseks ja tsiitotoksilisuse analiiiisiks. Teises
katseseerias transfekteeriti rakke koos alfa-siinukleiini ja HCN1-ga ning toddeldi seejarel
rotenooni voOi selle kandjalahusega ning seejdrel rakud fikseeriti pildistamiseks ja
tsiitotoksilisuse analiiiisimiseks. Meie viimases seerias transfekteeriti rakke HCNI1 voi
kontrollplasmiidiga, t66deldi rotenooni voi selle kandjalahusega ja seejarel pildistati rakke
mitokondriaalse membraanipotentsiaali (MMP) ja raku morfoloogia analiiiisi jaoks.
Tulemused: Meie esimeses katseseerias suurenes pirast rotenooniga kokkupuudet alfa-
stinukleiini iileekspresseerivate rakkude tihedus plaadil. Samas meie teises seerias vdhendas
HCNI1 kotransfektsioon alfa-siinukleiiniga rotenooniga té6deldud rakkude tihedust plaadil.
Meie viimases katseseerias pohjustas rotenoon MMP vihest alanemist rakkudes. Ainult
HCNI iileekspressioon vdhendas MMP-d palju suuremal miaidral. HCN1 iileekspressioon
voimendas rotenooni mdju MMP-le. See HCNI {ileekspressiooni kombinatsioon rotenooniga
muutis sensoorsete neuronite morfoloogiat ka viiksemaks ja iimaramaks.

Jareldused: HCN1 on sensoorsete neuronite aktiivsuse oluline regulaator ja selle tileaktiivsus
on seotud mitut tiilipi neuropaatilise valuga. PD patsientidel esineb perifeersete neuronite
kadu ja hiljuti leiti, et PD patsientide nahaproovides on HCNI1 iileekspresseeritud. Kuigi alfa-
stinukleiini normaalne funktsioon on ebaselge, vOib see indutseerida proliferatsiooni ja
suurendada ka antioksiidantsete geenide ekspressiooni ning kdesolevas t00s leidsime, et alfa-
stinukleiin kaitseb rotenooni toksilisuse eest. Kuid HCNI1 koosekspressioon takistas seda
efekti ja suurendas rakusurma. Eraldi katsetes pohjustas HCNI1 iileekspressiooni ja rotenooni
kombinatsioon mitokondriaalse membraanipotentsiaali halvenemist ja raku kuju muutust, mis
viitab toksilisusele. Seega vO0ib HCNI1 {ileekspressioon esile kutsuda parkinsonismi
mudeldavates sensoorsetes neuronites toksilisuse ja aidata kaasa perifeerse neuropaatia
tekkele PD korral.

Mirksonad: sensoorne neuropaatia; HCNI1, alfa-siinukleiin, rotenoon; dorsaaljuure
ganglion; perekondlik Parkinsoni tobi; sporaadiline Parkinsoni tobi; S0B11.

CERCS: B640, neuroloogia, neuropsiihhologia, neurofiisioloogia
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TERMS, ABBREVIATIONS AND NOTATIONS

PD Parkinson’s Disease

NMS Non Motor Symptoms

SNpc Substantia Nigra Pars Compacta
a-Syn a-synuclein

LB Lewy bodies

MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
SNCA Synuclein Alpha gene

GWAS Genome wide association studies
sPD sporadic

LNs Lewy neurites

UPS Ubiquitin—Proteasome System
LAS Lysosomal Autophagy System
PN Peripheral neuropathy

PNS Peripheral Nervous System

SFN Small-Fiber Neuropathy

LFN Large-Fiber Neuropathy

L-DOPA Levodopa

CIDP Chronic Inflammatory Demyelinating Polyneuropathy
ENFs Epidermal Nerve Fibers

MCs Meissner Corpuscles

K, Voltage-dependent Potassium



HCN1 Hyberpolarization activated cyclic nucleotide-gated channels

CNS Central Nervous System

PNS peripheral nervous system

DRG dorsal root ganglion

MMP Mitochondrial Membrane Potential
TMRM Tetramethylrhodamine methyl ester
DMSO Dimethyl sulphoxide

PFA Paraformaldehyde

PBS Phosphate buffered saline

LTX Lipofectamine Reagent X

cAMP Cyclic Adenosine Monophosphate



INTRODUCTION

Parkinson’s disease (PD) is the second most common common movement disorder, affecting
1-2% of the world’s population over age of 65 (Alves et al., 2008). PD patients manifest a
significant disability and decreased quality of life; where motor impairment represents a
considerable burden in daily activity management (Hammarlund et al., 2018). A number of
early non-motor symptoms, that are usually under-recognized and/or under-treated, have been
identified and found to greatly impact PD patients’ life quality, preceding the onset of motor-
symptoms by several years (prodromal phase) (Wolters, 2009). Reported risk factors for
developing PD include age, genetic and environmental factors (Kieburtz and Wunderle,
2013). However; etiology of the disease in most patients is still unclear (Balestrino and

Schapira, 2020), and is thought to result from interaction between several risk factors.

An increased prevalence of peripheral neuropathy (PN) has been identified (Mancini et al.,
2014), in up to 55% of PD patients’ population (Comi et al., 2014). However; to date, no clear
consensus on the underlying pathophysiology of PN in PD has been described (Kass-Iliyaa et
al., 2015). Pathological findings concluded from skin biopsies in some PD patients, indicated
an increased a-synuclein deposition in cutaneous sympathetic adrenergic and sympathetic
cholinergic fibers (Giannoccaro et al., 2015). Phosphorylated a-synuclein has also been
detected in the peripheral nervous system of PD patients, notably in the autonomic nerves of
the colon, cardiac plexus, and cutaneous C-fibers (Donadio et al., 2014). Such findings led to

perceiving skin tissue as a potential biomarker in PD (Doppler et al., 2014).

This thesis project is part of Dr. Pille Taba (Estonian Research Council “Team grant” project
PRG957), Institute of Biomedicine and Translational Medicine in a joint project with the
Tartu University Hospital to further investigate the peripheral nervous system involvement in
PD. We set to find out whether peripheral neurons are more vulnerable to overexpression of
excitatory ion channel subunits in PD model sensory neurons and whether their
overexpression leads to mitochondrial dysfunction. Previous work in the Tartu University
Hospital had shown upregulation of some excitatory ion channels in the skin of PD patients
(Planken et al., 2017). In this thesis we are concerned with investigating the overexpression of
HCNI excitatory ion channel on parkinsonian 50B11 cells, in context of both genetic and

environmental PD risk factors.



1 LITERATURE REVIEW

1.1 Parkinson’s disease (PD) Overview

Parkinson’s disease (PD) is the second-most common neurodegenerative disorder, affecting
1-2% of the world’s population over the age of 65.Based on a global survey of neurological
diseasesin 2016, PD isconsidered one of the fastest growing neurological disorders
worldwide. In terms of numbers, PD affects approximately 6.1 million people, with an
expecteddoublingof incidence by year 2030 (Dorsey et al., 2007). Both the incidence and
prevalence of PDhave grown rapidly over the past two decadesfor not fully understood
reasons (Dorsey et al., 2018), such that some have characterized it as a pandemic. PD is
believed to result from an interaction of several predisposing factors including aging,
environmental and genetic risk factors. To conclude, PD conveys a mounting socioeconomic
burden, as it affects patients and society enormously. For patients,the disease duration can
span decades, typically through a slow progression with accumulating disability over years.

Caregivers and medical care systems are also profoundly affected (Bloem et al., 2021).

1.2 PD Symptoms

Clinically, PD is known as “progressive movement disorder”, where motor impairment
represents a considerable burden due to the significant disability in managing daily activities
(Sjodahl Hammarlund et al., 2018).Typically,the onset of motor symptoms is asymmetric,
then becomes bilateral over time (DeMaagd & Philip, 2015). Furthermore, a number of early
non-motor symptomshave been identified and found to greatly impact the patient’s life
quality. Unfortunately,these are usually under-recognized and/or under-treated (Noyce et al.,

2016)(see Figure 1).
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Figure (1). Clinical symptoms and time course of Parkinson’s disease progression
(Kalia & Lang, 2015)

PDdiagnosis is based uponmotor symptoms (time 0 years). These can be preceded, by20 years or more, by a
premotor/prodromal phase characterized by certain non-motor symptoms. More non-motor features develop with
disease progression,resulting in clinically significant disability. Axial motor symptoms, as postural instability
with frequent falls and freezing of gait, tend to occur in advanced PD.Long-term complications of dopaminergic
therapy, such as fluctuations, dyskinesia, and psychosis, also contribute to disability. EDS=excessive daytime
sleepiness, MCI=mild cognitive impairment, RBD=REM sleep behavior disorder.

Study of non-motor symptoms (NMS) has provided insights into the pathogenic processes
underlying PD and hasintroduced PD as a propagating,multi-system disorder that affects both
peripheral and central nervous systems, with motor functions manifesting at a relatively late
stage (Kalia & Lang, 2015). Consequently, PD diagnosis is principally clinical at its late
stages, with currently available therapeutics offering good control of motor symptoms,

without affectingdisease evolution or underlying cause (Balestrino & Schapira, 2020).

1.3 PD Pathogenesis

Neuropathological diagnostic markers of idiopathic PD have long been defined by
dopaminergic neuronal loss in substantia nigra pars compacta (SNpc). This is coupled with
subsequent loss of striatal dopamine content and deposition of misfolded a-synuclein (a-Syn)
within intracytoplasmic inclusions called Lewy bodies (LB). Such altered forms of a-
synuclein spread from one affected neuron to the adjacent unaffected one in a prion-like
manner. As misfolded a-Syn acts as a seed and causes misfolding of monomeric a-Syn (Z.
Wang et al., 2021), this perpetuates the cycle of a-synuclein misfolding and, hence, PD
propagation (Kim et al., 2019). LB also include ubiquitin and small amounts of several other

proteins (Mahul-Mellier et al., 2020).
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The neuropathological picture of PD involves several additional regions, including locus
coeruleus, brain stem reticular formation, raphe nucleus, dorsal motor nucleusof the vagus,
nucleus basalis of Meynert, amygdala, and hippocampus (Jellinger, 2012). Presence of LB in
peripheral tissues has widened our understanding of PD pathophysiology. LB pathology and
a-synuclein deposition are proposed to originate in the olfactory bulb and lower brain stem,
from where they spread to midbrain, then cortical regions. Thiscaudorostral spread of LB and
a-synuclein pathology in PD was first proposed by Braak and colleagues in 2003 (Braak et

al., 2003) and has been modified over the intervening years (see Figure 2).
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Figure (2). Schematic Representation of the Braak’s Hypothesis of PD
(Del Tredici & Braak, 2016)

The orderly progression of aggregates of alpha synuclein proposed by Braak and colleagues. Stagel: Black.
Stage II: Violet. Stage III: Brown. Stage IV: Bright red. Stage V: Peach/Orange. Stage VI: Light orange. Note
that the substantia nigra pars compacta remains unaffected until Stage III.
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1.4 Aetiology of PD (Risk Factors)

The aetiology of PD in most patients remains unclear;however,predisposing risk factors for
developing PD include aging, genetic susceptibility, and environmental hazards (see Figure
3). Individually, each of these risk factors can only explain a small fraction of PD; however,

their effectsincreasewhen they simultaneously interact (Van Den Eeden, 2003).

Threshold for
PD diagnosis

Early adulthood Elderly
Age

Figure (3). Interaction between aging, genetic and environmental risk factors in PD pathogenesis
(Pang et al., 2019)

Red line: threshold of DA neuronal stress over which PD manifests. As age increases, impairment in cellular
pathways increases susceptibility of DA neurons degeneration, thus lowering the threshold for developing PD.
At a younger age, genetic predisposition plays major role in causing PD, while cumulative exposure to
environmental toxins contributes significantly to PD development in old age.

1.4.1. Environmental Risk Factors

The aetiology of PD remained elusive to clinicians and researchers until two major
discoveries, the first of which was MPTP-induced parkinsonism, introduced by Langston and
colleagues in 1983 (Langston et al., 1983). MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) is a contaminant found in synthetic heroin. The second was the discovery
of SNCA (Synuclein Alpha gene) andthe first genetic cause of PD in 1997 (Polymeropoulos
et al., 1997). Discovery of PD induced by MPTP led to the hypothesis that environmental
toxins can cause PD. Meta-analyses involving studies of environmental risk factors reported
six main environmental factors as highly associated with PD incidence (Bellou et al., 2016)

(see Table 1).
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Table (1). Environmental risk factors of PD and their biologic correlates (Pang et al., 2019)

Risk Factors Biologic Correlates
Pesticides « Mitochondrial toxins, oxidative stress
Dairy + Urate-lowering effects of dairy products

Traumatic brain injury  « Breakdown of blood-brain barrier, brain inflammation, impaired mitochondrial function, increase in glutamate release,
a-synuclein accumulation

Anxiety or depression  « May be prodromal symptom rather than risk factor due to loss of serotonergic neuronal cells in dorsal raphe nucleus in
early PD

Beta-blockers « Aggravate the loss of norepinephrine neurons in locus coeruleus and deficits in norepinephrine in PD

1.4.1.1. Rotenone exposure as a model of environmentally induced PD

Rotenone ([2R-(2a,6aa,12aa)]-1,2,12,12a-tetrahydro-8,9-dimethoxy-2-(1-methylethenyl) [1]
benzopyran [3,4-b] furo [2,3-h][1] benzopyran-6(6aH)-one) is an organic pesticide, naturally
derived from roots, seeds and stems of several tropical plants as Pachyrhizuserosus(jicama
vine), Derris, Tephrosia, Lonchocarpus and Mundulea species(Innos & Hickey, 2021). The
Agricultural Health Study (AHS) found that PD was positively associated with exposure to
two groups of pesticides, which were experimentally identified as impaired mitochondrial
function (rotenone) and increased oxidative stress (paraquat) (Hatcher et al., 2008). More
precisely speaking, it has been reported that farmers consistently exposed to rotenone were

2.5 times more likely to develop PD compared to non-rotenone users (Tanner et al., 2011).

Rotenone was first used by Heikkila ef al. in 1985 to model PD by stereotaxic administration
into rat brain (Heikkila et al., 1985). Rotenone has ever since been used in modeling PD both
in-vivo and in-vitro. In our study, we have used rotenone to model environmental risk
factors.The lipophilic nature of rotenone permits its free transport across cellular membranes
[for review see (Innos & Hickey, 2021)], independent of any transporter. This facilitates its
action as a mitochondrial toxin (see Figure 4), where it inhibits mitochondrial complex I of
the respiratory chain, resulting in increased levels of reactive oxygen species and reduced
ATP production(Friedrich et al., 1994).Importantly, increased oxidative stress causes o-

synuclein aggregation.

13
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Figure (4). Mechanism of Rotenone as a mitochondrial toxin (Xu et al., 2016)

Rotenone acts on the coupling site of NADH- coenzymeQoxido-rdeuctase, inhibiting oxidative phosphorylation

1.4.2. Genetic Risk Factors

GWAS has identified mutations in more than 20 genes thatcontribute to increased PD
susceptibility (Nalls et al., 2019), with genetic risk generally divided into two categories; rare
coding variants with high effect size and more common variantswith small effects (see Table
2). The former are typically associated with monogenic or familial PD, while the latter are
usually identified in sporadic PD (Nalls et al., 2019). Historically, PD had been long
considered as a purely sporadic disorder, with almost 85-90% of cases identified as sporadic
(sPD) with no clear defined cause. The remaining 5-15% of patients hasmonogenic/familial

PD (Del Rey et al., 2018).

Although studying genetics of PD has provided interesting insight on its pathogenesis
(Balestrino & Schapira, 2020), it became apparent that different forms of PD have varying
degrees of genetic and environmental components interacting at different levels (Pang et al.,
2019). Thus, here we have examined both genetic and environmental risk factors. We have
chosen SCNA as our genetic risk factor. SNCA variants have been identified to contribute to

both familial and sporadic forms of PD (Poewe et al., 2017).
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Table (2). List of most common genes associated with PD (Poewe et al., 2017)

Locus New Gene Gene OMIM (phenotype  Clinical clues
symbol  designation’ locus MIM number; gene/
locus MIM number)
Autosomal dominant Parkinson disease
PARK1or PARK-SNCA 4q22.1 SNCA = 168601; 163890 Missense mutations (PARK1) cause classic Parkinson disease
PARK4 (PARK1) phenotype. Duplication or triplication of this gene (PARK4)
= 605543; 163800 causes early-onset Parkinson disease with prominent dementia
(PARK4)
PARKS PARK-LRRKZ 12q12 LRRK2 607060; 609007 Classic Parkinson disease phenotype. Variations in LRRKZ2 include
risk-conferring variants and disease-causing mutations

PARK17  PARK-VFS35 16q11.2  VPS35 614203;: 601501 Classic Parkinson disease phenotype
Early-onset Parkinson disease (autosomal recessive inheritance)
PARK2 PARK-Farkin 6g26 PARKZ encoding 600116; 602544 Often presents with lower limb dystonia

parkin
PARKE PARK-FINK1 1p36.12  PINK1 605909; 608309 Psychiatric features are commaon
PARK7 PARK-DJ1 1p36.23 PARK7 encoding 606324; 602533 Early-onset Parkinson disease

protein

deglycase DJ1
PARK19E PARK-DNAICE 1p31.3 DNAJCE 615528; 608375 Onset of parkinsonism between the third and fifth decades of life
Complex genetic forms (autosomal recessive inheritance)®
PARK9 PARK-ATP13AZ 1p36.13 ATP13A2 606693; 610513 Early-onset parkinsonism with a complex phenotype

(for example, dystonia, supranuclear gaze palsy, pyramidal signs
and cognitive dysfunction); also known as Kufor-Rakeb syndrome

PARK14  PARK-PLAZCE 22g13.1  PLA2GE 256600; 603604 PLAN (or NBIAZ) is characterized by a complex clinical phenotype,
which does not include parkinsonism in the majority of cases
PARK15  PARK-FBXO7 229123  FBXO7 260300; 605648 Early-onset parkinsonism with pyramidal signs and a variable

complex phenatype (for example, supranuclear gaze palsy. early
postural instability, chorea and dystonia)

PARK19A PARK-DNAJC6 1p31.3 DNAJCE 615528; 608375 Juvenile-onset parkinsonism that is occasionally associated with
mental retardation and seizures
PARKZ0  PARK-SYNJ1 112211 SYNJ1 615530; 604297 Patients may have seizures, cognitive decline, abnormal eye
movements and dystonia
PARKZ3  Notyet 15q22.2  VPS13C 616840; 608879 Young-adult-onset parkinsonism associated with progressive
assigned cognitive impairment that leads to dementia and dysautonomia

*The locus symbols are in accordance with the Online Mendelian Inheritance in Man (OMIM) catalogue (https://omim.org)

1.4.2.1. SCNA gene

As stated above, mutations in the SNCA gene were identified as the first genetic cause of PD
(Polymeropoulos et al., 1997). Alpha-synuclein is a natively unstructured, presynaptic
neuronal protein that is post-translationally modified. It is thought to adopt distinct
conformations in dynamic equilibrium, based upon the cellular milieu. However, such
homeostasis becomes altered in disease states (Winner et al., 2011). As stated above, a-
synuclein (a-Syn) represents the major constituent of LBs and Lewy neurites (LNs), one of

the pathological hallmarks of PD (Spillantini et al., 1997).

Patients carrying SNCA mutations usually present with a younger age at onset, with early and
severe non-motor symptoms. Both point mutations and gene multiplications have been
reported for the SNCA gene (Poewe et al., 2017). Several isoforms of a-Syn have been
implicated in PD pathogenesis; however,o-Syn oligomers formed during o-Syn aggregation
are thought to be the most toxic (Alam et al., 2019). Interestingly, a-Syn aggregates are

observed in peripheral tissues of PD patients, e.g., skin, olfactory mucosa, salivary gland, gut
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mucosa and gonadal tissue (Fayyad et al., 2019), and all of these tissues show dysfunction in

PD.

Aggregates of a-Syn exert a detrimental effect on surviving neurons in many ways,
includinginhibition of the ubiquitin-proteasome system (UPS), induction of endoplasmic
reticulum stress, mitochondrial dysfunction and impaired synaptic function (Alam et al.,

2019)

1.5 Peripheral Neuropathy (PN) and PD

1.5.1. Peripheral Neuropathy Pathological Overview

Peripheral neuropathy (PN) generally refers to any disorder of the peripheral nervous system
(PNS) including single and multiple mononeuropathies (mononeuritis multiplex),
symmetrical involvement of many nerves (polyneuropathy) or isolated involvement of
sensory ganglia (ganglionopathies). PN can also manifest as postural instability, loss of
peripheral sensation, weakness and/or pain, and it can be divided into small-(unmyelinated C
fibers and thinly myelinated A0 fibers)and large-fiber (axonal) neuropathy. Further
classification relies on phenomenological, neurophysiological, pathological, and aetiological

aspects (Zis et al., 2017).

1.5.2. Epidemiology of Peripheral Neuropathy in PD

An increasing number of studies have reportedanelevated prevalence of PN in PD population,
challenging the traditional view of PD as a disorder of the central nervous system. The
prevalence of PN in PD varies depending upon the diagnostic methods employed. Similar to
constipation, a very common feature of PD, PN is rarely considered serious by patients and is
therefore likely underdiagnosed. However, specific analysis of neurite number in skin shows a
high prevalence of PN in PD (Zis et al., 2017). For example, up to 55% of PD patients (Comi
et al., 2014), compared to 8-9% in general population of similar age (Misra et al., 2008),
show PN.
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1.5.3. Pathophysiology of Peripheral Neuropathy in PD

Pathological findings from skin biopsies in some PD patients indicate a reduction in small-
fiber density compared to healthy controls [reviewed in (Comi et al., 2014; Zis et al., 2017)],
as well as an increased deposition of a-Syn in cutaneous sympathetic adrenergic and
sympathetic cholinergic fibers (N. Wang et al., 2013). Moreover; phosphorylated a-Syn has
also been detected in the peripheral nervous system of PD patients, notably in autonomic
nerves of the colon, cardiac plexus, and cutaneous C-fibers (Donadio et al., 2014).
Furthermore; a correlation between neuritic a-Syn inclusions and small-fibre neuropathy has
been reported, suggesting a possible direct role of phosphorylated a-Syn in peripheral nerve
fiber damage (Vacchi et al., 2021). Such findings led to perceiving skin tissue as a potential

biomarker in PD.

It has been suggested that PN in PD might be linked to Levodopa (L-DOPA) intake, due toa
reportedincreased prevalence of PN in patients treated with L-DOPA (Romagnolo et al.,
2019). However, other studies suggested PN as a possible intrinsic feature of PD (Lee & Baik,
2020). Furthermore, population-based studies indicated an increased prevalence of skin
complaints and abnormalities in skin sensation of PD patients prior to their diagnosis, i.e., at
the prodromal stage (Schrag et al., 2023). This highlights the probability that intrinsic
pathogenetic features of PD may predispose to PN.Importantly,PN in PD canlead to an
increase in the disability of patients, resulting in an additional motor dysfunction (Corra et al.,

2023), finally worsening of overall functional mobility.

1.5.4. Symptoms and Manifestation of Peripheral Neuropathy in PD

PD patients manifest a number of skin symptoms including cutaneous neuropathy,
seborrhoea, hyperhidrosis and impaired wound healing (Beitz, 2013). The majority of cases of
PNin PD manifest as distal, symmetrical, axonal and predominantly sensory (Zis et al., 2017).
A significant increase in tactile and thermal thresholds, as well as significant reduction in
mechanical pain perception and loss of epidermal nerve fibers (ENFs) and Meissner

corpuscles (MCs)(Nolano et al., 2008).
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1.5.5. Excitatory Ion Channel Overexpression in PD Patient Skin

In a study of PD patientskin, by Planken et al. (Planken et al., 2017), transcriptomics
suggested large basal defects in cellular bioenergetics and mitochondrial dysfunction,
impaired protein metabolism, dysbalanced skin homeostasis, deregulation of nuclear
processes, as well as disturbances in many central signaling and immune pathways. They also
found an increase in expression of several ion channels, including HCN1, and the accessory

subunit SCN2b.

1.5.5.1. HCN1 Excitatory Ion Channel

HCN channelsbelong to the family of voltage-dependent potassium (Kv) and cyclic
nucleotide-gated (CNG) channels. The HCN family consists of four main isoforms (HCN1-4),
whose biophysical properties and tissue distribution differ substantially within the nervous
system and beyond.They are considered key players in controlling and facilitating neuron
excitability, as they areuniquely dually activated by voltage hyperpolarization and
intracellular cAMP (Biel et al., 2009). HCN channels are involved in a wide variety of
neuronal processes including sensory signal transduction, dendritic integration, synaptic
plasticity, pacemaking, network oscillations, motor learning, and others. Besidesthe central
nervous system (CNS), HCN channels are widely expressed in the peripheral nervous system
(PNS), where they are involved in perception, modulation, and transmission of sensory

signals, including pain (Benzoni et al., 2021).

HCN channels arewidely expressed and considered a major player in DRG excitability (Alles
& Smith, 2021). Accumulating evidence supports the view that modifications in HCN
channels physiological function contribute to pathogenic mechanism leading to certain
neurological diseases in humans such as epilepsy, pain, and, as recently emerged,

PD(DiFrancesco & DiFrancesco, 2015).

1.5.5.2. SCN2B Ion Channel Regulatory Subunits

Sodium channel gene mutations have been identified as one of the causes of PN, since
voltage-gated sodium channel has a key role in regulating neuronal excitability (Alles &
Smith, 2021). Sodium channels are mainly composed of a pore-forming o subunit, associated
with auxiliary  subunits. The a subunit is expressed preferentially in the peripheral nervous

system. Hence, they have been genetically and functionally identified as drivers of chronic
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pain in humans; however,the contribution of B subunits to pain is still under investigation. The
sodium channel B subunit is made up of four genes, SCN1B—SCN4B, and two splice variants,
B1A and B1B (Catterall et al., 2020). Upregulation of the B2 subunit has been shown to
regulate both translocation and immobilization of sodium channels in the cell membrane and
modify their kinetics, resulting in membrane hyperexcitability and ectopic activity,
therebycontributing to neuropathic pain (Pertin et al., 2005). Furthermore; functional analysis
showed that certain mutations in [ subunits could enhance dorsal root ganglion (DRG)
neuronal action potential firing; which is consistent with its contribution to pain in patients

(Alsaloum et al., 2021).
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2 THE AIMS OF THE THESIS

To examine the effect of overexpression of HCNI1 excitatory ion channel on mitochondrial

membrane potential and cytotoxicity in parkinsonian sensory neurons.

To achieve this aim, I examined the effect of HCN1 overexpression

1) in the context of rotenone (an environmental risk factor for PD) and inhibitor of

complex I of the electron transport chain
2) in the context of alpha synuclein overexpression (a genetic risk factor for PD)

3) in the context of both rotenone and alpha synuclein overexpression
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3 EXPERIMENTAL PART
3.1 MATERIALS AND METHODS

3.1.1. Cell line

In our experiments, the 50B11 cell line was employed, which is an embryonic (E14.5) rat
nociceptive dorsal root ganglia (DRG)- derived immortalized sensory neuronal cell line
50B11, that was gifted to us by Prof. Ahmet Hoke of Johns Hopkins University, USA. 50B11
cells were cultured in Neurobasal™ medium (Catalog no. 21103049, Gibco™), supplemented
with 10% fetal bovine serum (FBS), (Catalog no. A5256801, Gibco™), 2% B-27™
Supplement (Gibco™, ThermoFisher™ Scientific, USA), 20mMD-glucose, 0.2 M L-
glutamine (GlutaMAX™ supplement, Catalog no. 35050087, Thermo Fisher™ scientific,
USA). The 50B11 cells were incubated at 37°C, in atmospheric oxygen and humidity.

3.1.2. Plasmids

Plasmid DNA was propagated by using DH5a cells with respective antibiotics in LB broth for
12-16 h, in a shaking incubator at 37°C, 225 rpm and isolated with a Maxiprep kit
(PureLink®HiPure Plasmid Filter Maxiprep Kit, Invitrogen, Life Technologies, USA),
according to manufacturer’s instructions, except that the DNA was dissolved in sterile water.
Plasmid DNA concentration was measured using Thermo Scientific™ NanoDrop™

2000/2000c spectrophotometer. The list of plasmids used is provided in table 3.

Table (3). List of plasmids used in our experiments

Plasmids Catalog name Provider/Catalog #
o-Synuclein-WT-eGFP EGFP-alphasynuclein-WT Addgene/ 40822
GFP pAAV-hSyn-EGFP Addgene/ 50465
Kind gift from Prof. Noriyuki
HCN1 - Nakashima, Kurume University,
Japan

Kind gift from Prof A Kaasik,

Control plasmid pRL Renilla Luciferase University of Tartu

SCN2b HsCD00512658 Arizona Repository
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3.1.3. Cell seeding and Transfection

50B11 cells were seeded 24h before transfection (Day 0) into four-quadrant glass-bottomed
cell culture dishes (CellVis, Mountain View, CA, USA, approximately 75000-100000 per
quadrant). Cells were transfected in Opti-MEM™ Reduced serum medium (Gibco™,
ThermoFisher™ Scientific, USA), using Lipofectamine™ LTX kit (Catalog no A12621,
Invitrogen, ThermoFisher™ Scientific, USA), according to the manufacturer’s instructions,
with slightmodifications. 500 and 750 ng DNA was used for double and triple co-transfection,

respectively.

In brief, DNA was diluted in Opti-MEM™ medium, then Plus™ Reagent was added. DNA
mixture was then incubated for 2-5min min at room temperature, before being added to LTX
mix. The DNA-LTX mixture was incubated for 20 min,to allow DNA-LTX complexes to
form. Normal culture medium was removed from each quadrant and replaced with a mixture
of (250ul Opti-MEM™ + 50 ul DNA-LTX mixture. Cells were then incubated for 3.5-4h
under atmospheric oxygen and humidity levels at 37°C. After 4h, the (Opti-MEM™ + DNA-

LTX) the medium was replaced to fresh normal cell culture growth medium.

3.1.4. Treatment with Rotenone

For rotenone treatment, cell culture medium containing 100nM rotenone in DMSO was
applied to cells at 24h after transfection and were then incubated for 48 hours. DMSO served
as a vehicle control. Cells were then imaged live or were fixed and stained. Both the rotenone
concentration used and the incubation period have been determined and optimized in a

previous study carried by our research group.

3.1.5. Cell Fixing and Hoechst Staining

50B11 cells were fixed with 500ul per quadrant of 4% PFA in PBS containing 250uM
sucrose for 10 mins, then washed and stained with Hoechst (1pug/ml) for Smins, then washed

and fluorescence mounting medium added. Plates were then stored at +4°C until imaging.
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3.1.6. Microscopic Imaging of live cells

For measuring MMP, TMRM was employed. Tetramethylrhodamine methyl ester (TMRM,
Invitrogen™, ThermoFisher™, USA) is a lipophilic cationic fluorescent probe that
accumulates within polarized mitochondria. Thus, hyperpolarized mitochondria will
accumulate more cationic dye, and vice versa. TMRM can be employed in either quenching
or non-quenching mode. In our present study, the latter was used, which is appropriate for
acute treatments (Perry et al., 2011). Cells were loaded with 10nM TMRM reagent in regular
cell culture growth medium, and then incubated for 20 min at 37°C, at atmospheric levels of

oxygen and humidity. For each quadrant, up to 10 images were taken.

Cell culture dishes wereplaced in theconfocal incubation chamber (maintained at 37°C).
Images were taken using a Carl Zeiss Laser Scanning Microscope (LSM 780) using a 40x
objective (numerical Aperture: 0.25, working distance: 7.45mm,ex 561 nm, em566-669 nm).
Images were processed using Zen software (2010) and analyzed using ImagelJ (Fiji, v1.54d,
National Institutes of Health (NIH) and the Laboratory for Optical and Computational
Instrumentation (LOCI), University of Wisconsin). Each experiment contained at least two
technical repeats and was itself considered one biological replicate. Data were generated from

at least three biological replicates (see Figure 5).

DMSO

GFP + GFP +
control || HCN1
A%

GFP +
control

Rotenone

GFP + GFP +
control || HCN1

a5

GFP +
control

Figure (5). General experimental design for TMRM analysis



For analysis of TMRM images, the researcher was completely blinded to all treatments.
Images were split into two channels, green and red (see Figure 6). Green showed transfected
cells (HCN1 + GFP co-transfected or GFP-only transfected). Previous data from our lab has
shown a high rate of co-transfection if 50B11 cells are transfected with several plasmids at
once (personal communication Dr Maili Jakobson). Red showed TMRM fluorescence (figure
(6). Transfected cells and their corresponding mitochondria were outlined using the freehand
tool in Imagel (Fiji) software. Size of cell (from the green channel) and mean red
fluorescence intensity and integrated density of red fluorescence was quantified, thus
providing per-cell analyses. Mitochondria of untransfected cells (that did not show green
fluorescence) were also outlined to provide additional controls. Toensure consistency in our
analyses, a sample representing 25% of all images was analyzed to identify possible
variations in cells that could affect outcome measures. Thus, a matrix was created to classify

cells and prevent variability affecting outcomes (see Table 4).

For analysis of cell morphology, based upon green fluorescence, a CellProfileralgorithm was
used. Briefly, channels were separated and transfected cells in the green channel were
identified for morphological analysis using the solidity and form factor readouts (see Figure
7). Solidity as defined by Cell profiler software as “a differentiator of cells with protrusions or
irregular shape versus generally round cells”. The higher the value of solidity, the more
spherical the cell should be. “Form factor” is calculated as 4*n* Area/Perimeter2. A value of 1
denotes a perfectly circular object. CellProfiler is a freely available image analysis software:

(Stirling et al., 2021)

Figure (6). Example green (left, GFP), red (middle, TMRM) and merged fluorescence. Cells are
transfected with HCN1 + GFP (previous data from our lab has shown a high rate of co-transfection in
this cell line when they are transfected with several plasmids). Several cells are not transfected with

GFP, and therefore not with HCN1. Thus, we have the ability to examine mitochondrial membrane
potential in cells expressing HCN1 + GFP (or GFP only) and in cells that were not transfected.
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Figure (7). Example of CellProfiler segmentation of GFP signal in transfected cells, for
subsequent morphological analysis. Numbers on axes indicate pixels as CellProfiler converts all
images to pixels.

Table (4). TMRM Image analysis Exclusion Matrix

Confocal

Reason for not Counting the cells
Images

Cell description

1 | Corner-positioned less than 75% of cell is shown

2 | Overlapping Cell complete overlapping

Cells appearing in transfected
3 | green channel with two
colour intensities

difference in colour intensity is
unjustified

4 | Out of focus cell borders are not completely defined
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3.1.7. Analysis of Cytoxicity in Fixed cells

Cells overexpressing GFP-a-synuclein (a genetic risk factor for sporadic PD) or cells
expressing GFP were treated with rotenone or DMSO for 48hrs, and were then fixed with
4%PFA-sucrose, stained with Hoechst and imaged. Each experiment was carried in triplicate
with at least two technical repeats within each experiment. This was performed to establish,

for the first time, the a-syn overexpression model in S0B11 cells.

Cells were imaged using an LSM780 confocal (N=8-30 images per quadrant; imaged using
10x objective; 1.66pum? pixel size, 850um* image size; GFP ex 488nm em 498-598nm;
Hoechst ex 405nm em 410-498nm). Images were analyzed using Imagel] (Fiji, v1.54d,
National Institutes of Health (NIH) and the Laboratory for Optical and Computational
Instrumentation (LOCI), University of Wisconsin) by a blinded observer. Briefly, images
were separated into their channels, manually thresholded, and percent area of blue (nuclei)
and green (cytosol) per image quantified (it was not possible to differentiate between cells
using this method). Nuclear density (based upon Hoechst staining), density of GFP and

relative density of cytosolic GFP provided measures of cytotoxicity.

In a further three experiments, S0B11 cells overexpressing GFP-a-synuclein + HCN1 or cells
overexpressing GFP-a-synuclein + control plasmid were then treated with rotenone or DMSO
for 48hrs (see Figure 8). Cells were then fixed with 4%PFA-sucrose, stained with Hoechst
and imaged using epifluorescence (Zeiss Observer Z1, x20 objective with GFP and DAPI
filters, 285 x 214pum image size, 15-30 images per quadrant, two technical replicates for each

condition within each experiment).

DMSO Rotenone
GFP-a- GFP-a- GFP-a- GFP-a-
synuclein synuclein synuclein synuclein
+control || +HCN1 | +control || +HCN1
GFP-a- GFP-a- GFP-a- GFP-a-
synuclein synuclein synuclein synuclein
+ control + HCN1 + control + HCN1

Figure (8). General experimental design for cytotoxicity analyses
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These experiments examined whether HCN1 exacerbated effects of rotenone and/or a-
synuclein.Images were quantified for cytotoxicity by measuring area occupied by nuclei and
area occupied by cytosol of transfected cells using CellProfiler. Briefly, cells expressing GFP
(due to GFP-a-synuclein, all quadrants were transfected with GFP-a-synuclein) were
identified by the software, based upon size and fluorescence intensity (see Figure 9A), then
nuclei, based upon size and intensity, were identified (see Figure 9B), then nuclei within
transfected cells were identified (see Figure 9C). As it was not possible to differentiate
between cells, we measured total area occupiedper image. This analysis was deliberately very
conservative as the analysis was not channel-based as with confocal images, but rather based

upon sizes and pixel intensities.

Figure (9). CellProfiler analysis. CellProfiler-based analysis of cytosol of transfected cells (A, green
outlines), bright nuclei (B green outlines) and nuclei within transfected cells (C see coloured inserts
within purple outlines). This analysis was deliberately very conservative as the imaging was not

channel-based as with confocal images, but rather based upon sizes and pixel intensities.

3.1.8. Statistical Analysis

All experiments were performed at least in triplicate, with the researcher completely blinded
for all image analyses. One-way or two-way ANOVAs were used for evaluation of statistical
significance followed by post-hoc testing. For TMRM per-cell analyses, we used a Kruskal-
Wallis 1-way ANOVA followed by Dunn’s post-hoc tests because the software could not
analyze these large datasets with more-appropriate two-way ANOVAs. All datasets were
analyzed for parametric distribution. The criterion for significance was set to p < 0.05. Data
visualization and analysis was conducted using GraphPad® Prism software (V9.3.1, CA,

USA).
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3.2 RESULTS

3.2.1 Effect of Overexpression of a-Synuclein on Parkinsonian 50B11 cells

a-Syn was overexpressed in 50B11 cells that were then treated with 100nM rotenone or
DMSO (vehicle control) for 48hrs. This rotenone treatment protocol was previously

established in our laboratory.

Confocal microscopic images of cells are shown in Figure (10) and quantification in Figure
11. Figure (11A) shows that exposure of 5S0B11 cells to rotenone led to a decrease in nuclear
density in general (all nuclei quantified, not just nuclei of transfected cells, effect of treatment
F (1, 103) = 55.8 p<0.0001). When examining GFP signal, no change in percent area was
observed between DMSO and rotenone, either in cells expressing control GFP plasmid or
cells expressing a-Synuclein (B; effect of treatment F (1, 103) = 0.08, ns). We note that the
control GFP plasmid did not show the same efficiency of transfection as the a-Synuclein GFP
plasmid, as demonstrated by the reduced percent area occupied per image (B, effect of
transfection F (1, 130) = 278.5, p<0.0001). When normalising the GFP signal to total nuclei,
we observed that a-Synuclein may have protected cells from rotenone toxicity (C) as the
relative area of transfected cells was increased in the a-Synuclein + rotenone condition
compared with a-Synuclein + DMSO (C, treatment x transfection interaction, F (1, 233) =
7.2, p<0.01). No such protection was observed in cells expressing control GFP. These data are
interesting but not unexpected: a-Synuclein has previously been shown to be protective in the

context of the toxin maneb for example (Conde et al., 2023).
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GFP + DMSO

GFP + Rotenone

a-Syn GFP + DMSO

o-Syn GFP + Rotenone

Figure (10). Representative confocal microscopicimages of 50B11 cells transfected with a-
Synuclein GFP or GFP control plasmid and then treated with DMSO or Rotenone. Merged images
in right-most column show both fluorescent signals. The left-most column shows green fluorescence (either GFP
control plasmid or a-Synuclein GFP). The middle column shows nuclei stained with Hoechst.
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Figure (11). Analysis of percent area covered by all nuclei (transfected + non-transfected), transfected cells and transfected cells normalised
to total nuclei. (A) Percent area covered by all nuclei.(B) Percent area covered by cells expressing GFP (GFP control plasmid or and a-Syn.(C)
Density of transfected cells normalized to nuclear percent area. Each data point on the graph represents an individual image. Horizontal bars show
mean = SEM. Data were compared using two way ANOVAfollowed by post-hoc multiple comparisons. Asterisks indicate significant differences
within groups(DMSO versus rotenone), whereas arrowheads indicate significant differences between groups (a-Syn GFP + DMSO versus GFP +

DMSO), ****p<(0.0001 for DMSO versus rotenone, within transfection groups. ** p<0.0001 comparing between transfections, same treatment.
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3.2.2 Effect of Overexpression of HCN1 on Parkinsonian 50B11 cells

As previously mentioned, the main aim of our study is to investigate the effect of
overexpression of HCNI in parkinsonian 50B11 cells because this channel is
overexpresssed in skin samples from PD patients (Planken et al., 2017) and hyperactivity

of HCNI1 channels are associated with PN (Resta et al., 2018).

As shown in Figure 12, HCNI1 exacerbated the toxic effect of rotenone in 50B11 cells
overexpressing a-Syn, whether examining total area occupied by nuclei in transfected cells
(A; treatment x transfection interaction, F (1, 300) = 8.8, p<0.01) or total area occupied by
cytoplasm in transfected cells (B;F (1, 302) = 5.1, p<0.05). Here, we did not see a
protective effect of a-Syn when cells were exposed to rotenone (no HCNI1, see white
symbols). However, we note that data in Figure 12 are not normalised to total nuclear
content (the protective effect was only noted in cells normalised to total nuclear count, see
Figure 11). We aim to complete these additional analyses in the future. Thus, our data

suggests that overexpression of HCN1 is toxic to sensory parkinsonian neurons.
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Figure (12). Analysis of area occupied by nuclei (A) or cytoplasm (B) of parkinsonin 50B11.
50B11 cells were transfected with a-Syn GFP and control plasmid or HCN1 plasmid. Cells were
then treated with DMSO or 100nM rotenone for 48hrs. A) Area occupied by Hoechst-labelled
nuclei B) Area occupied by GFP-labelled cells. Each data point on the graph represents an
individual image. Horizontal bars show mean + SEM. Data were compared using two way
ANOVA, followed by post-hoc multiple comparison tests. Asterisks indicate significant differences
within transfected groups (e.g. HCN1 + DMSO versus HCN1 + Rotenone).Arrowheads indicate
significant differences within treated groups (e.g. control plasmid + DMSO versus HCN1 +
DMSO)., ¥***p<(0.0001 ~p<0.05 a-Syn GFP + HCN1 + Rotenone versus a-Syn GFP + rotenone.



3.2.3 Effect of Overexpression of HCN1 on MMP
3.2.3.1. Demonstration of validity of method using FCCP, a mitochondrial uncoupler

In mitochondria, complexes I through IV of the electron transport chain normally enable a
build-up of protons in the mitochondrial inter-membrane space, which are then used to
create ATP by Complex V. FCCP (carbonyl cyanide p-trifluoro methoxyphenylhydrazone)
acts as a protonophore, enabling protons to flux through the inner cristac of the
mitochondria and thereby preventing their use by Complex V to create ATP (Demine et al.,
2019). FCCP causes mitochondria to transition from a well-coupled to an uncoupled state
of respiration, which can be measured based upon the loss of mitochondrial sequestration
of Tetramethylrhodamine methyl ester (TMRM). Here, FCCP was used as a positive

control to demonstrate the efficacy of this outcome measurement (TMRM fluorescence).

TMRM fluorescence intensity was quantified at baseline and then at 2-5 min and 5-10 min
after applying 50uM FCCP. A maximal effect of FCCP on TMRM signal was observed
between 5-10min after application, where 50B11 cells expressed the lowest TMRM mean
fluorescence intensity (Figure 13, F (1.7, 59.6) = 54.4, p<0.0001). These results
demonstrate the validity of the TMRM method to detect changes in MMP in 50B11 cells.
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Figure (13). Detection of loss of mitochondrial membrane potential: Positive-control
experiment . (A) Graphical representation of “TMRM mean fluorescence intensity” following
application of FCCP. (B) Confocal microscopic images of 50B11 cells showing normal
sequestration of TMRM in mitochondria at time zero. A progressive loss of TMRM fluorescence
following treatment with FCCP, an uncoupler of mitochondrial oxidative phosphorylation, is
observed. Each data point represents an image. Horizontal bars show mean = SE. Data were
compared using a one-way ANOVA followed by post hoc tests. Asterisks indicate significant
differences between time points ****p<0.0001. B) Photomicrographs demonstrating baseline
TMRM fluorescence (left) and after Smins of FCCP or 5-10mins after FCCP.

34



3.2.3.2. Effect of overexpression of HCN1 on MMP in parkinsonian 50B11 cells

In these experiments, the effect of overexpression of HCN1 on MMP in parkinsonian
50B11 cells was examined. Parkinsonian 50B11 cells were generated by exposing them to

rotenone.

Figure 14 shows representative confocal images of 50B11 cells overexpressing HCNI,
using GFP as fluorescent biomarker of transfection. Cells where then treated with
Rotenone or DMSO for 48hrs and then imaged live. HCN1-transfected cells appear as
green fluorescent cells because they are co-transfected with a GFP-expressing plasmid.
Mitochondria are represented in red (TMRM fluorescence). Untransfected cells appear as

red (TMRM) with no associated green fluorescence.
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GFP + DMSO

GFP + Rotenone

HCN1 + GFP + DMSO

HCN1 + GFP + Rotenone

Figure (14). Representative Confocal microscopicimages of S0B11 cells expressing a control
GFP plasmid or HCN1 + GFP and treated with DMSO or Rotenone. Green signal shows
GFP/HCNI1 co-transfected cells, while the TMRM mitochondrial stain appears as red signal in all
cells. Merged images are shown on the right.
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Results presented in Figure (15) show that rotenone treatment lead to a significant decrease
in mean TMRM fluorescence in untransfected cells (cells that showed TMRM
fluorescence only). Although the decrease was highly significant, it was slight, as mean
TMRM intensity decreased by only 5%. This aligns with the expected sub-toxic effects of
the rotenone concentration employed in our experiments. Overexpression of HCN1 alone
lead to a large (34%) and significant decrease in mean TMRM fluorescence compared to
untransfected cells. This shows a more pronounced effect of HCNI1 on mitochondrial
membrane potential than rotenone alone. Finally, 50B11 cells overexpressing HCN1 and
treated with rotenone showed a small exacerbation of the effect of HCN1 alone, reducing
TMRM fluorescence by 35.5% (Kruskal Wallis ANOVA:H (4, n = 14753) = 905.8,
p<0.0001). To conclude, both rotenone and HCN1 caused mitochondrial depolarization,
but overexpression of HCN1 showed a much stronger effect compared to rotenone, and a
small additive effect was observed when cells overexpressing HCN1 were treated with

rotenone.
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Figure (15). Mean TMRM fluorescence intensity, expressed relative to DMSO-treated
untransfected cells. 50B11cells overexpressing HCN1 were then treated with DMSO or 100nM
rotenone.Each data point on the graph represents an individual cell. Horizontal bars show median
+ 95% confidence intervals. Data were compared using Kruskal-Wallis ANOVA, where median
varied significantly at 95% confidence interval. This was followed by post-hoc multiple
comparison tests. Asterisks indicate significant differences between groups. *p<0.05,

*HA%P<0.0001.
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Given that a reduction in mean TMRM fluorescence intensity could reflect a loss in
membrane potential or a loss in mitochondria, we also examined integrated intensity of
TMRM staining. Integrated intensity of staining takes the area of staining into account
(Figure 16); thus, a large area of moderate staining will have a greater integrated intensity
than a small area of moderate staining. This outcome measure will provide an indirect
measure of mitochondrial load.Results were in accordance with those presented in Figure
16, although a greater reduction in TMRM staining (41% reduced compard to DMSO-
treated untransfected cells; Kruskal Wallis ANOVA H (4, n = 14753) = 599.4, p<0.0001)
was observed following treatment with Rotenone in HCN1-expressing cells. These data
suggest that mitochondrial loadwas affected in this condition. To investigate this in further

detail, we examined overall cell sizes.
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Figure (16). Integrated density of TMRM fluorescence, expressed relative to DMSO-treated
untransfected cells. 5S0B11cells overexpressing HCN1 were then treated with DMSO or 100nM
rotenone. (A) graphical representation of data. (B) Representative image showing differences in
mean values versus integrated density of cells. Each data point on the graph represents an
individual cell. Horizontal bars show median + 95% confidence intervals. Data were compared
using Kruskal-Wallis ANOVA. This was followed by post-hoc multiple comparison tests.

Asterisks indicate significant differences between groups. ****p<0.0001.
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As a further control, we examined the effect of expression of a control plasmid expressing
GFP on TMRM fluorescence intensity. As shown in Figure 17, no effect on TMRM
fluorescence (mean intensity: H (4, n = 1679) = 637.7, p<0.0001; integrated density: H (4,
n = 1679) = 414.7, p<0.0001) was observed following overexpression of this plasmid.
However, rotenone alone did have a greater effect in this experiment. This may be
attributed to biological variability resulting from the small number of experiments involved

in this analysis (n=1).
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Figure (17). Control experiment in 50B11 cells overexpressing GFP (control plasmid),
followed by treatment with DMSO or 100nM rotenone. (A) Mean TMRM fluorescence
intensity. (B) Integrated Density of TMRM fluorescence. Each data point on the graph represents
an individual cell. Horizontal bars show median + 95% confidence intervals. Data were compared
using Kruskal-Wallis ANOVA. This was followed by post-hoc multiple comparison tests.

Asterisks indicate significant differences between groups. ****p<0.0001.

A reduction in mitochondrial area could also be due to reduced or altered cell size; thus, it
was necessary to examine the effect of overexpression of HCN1 on the size of S0B11 cells
(see Figurel8). Results presented in Figurel8A confirm that overexpression of HCN1
exacerbated the effect of rotenone on 50B11 cells, as shown by a significant decrease in
the size of the cells. Control cells not expressing HCN1 GFP were not possible to measure

and so the effect of HCNI1 overexpression alone was not possible to examine. Rotenone
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alone had no effect on cell size, as shown in Figurel8B, where cells expressing control

plasmid (expressing GFP only) were exposed to rotenone or DMSO.

Thus, although further studies are required to formally quantify mitochondrial load, e.g.,
using immunostaining or Western blotting, the reduction in TMRM staining suggests that
mitochondrial load is reduced as both TMRM mean fluorescence intensity and mean
integrated density are reduced. However, given that cell size is also reduced, it may also be

important to examine mitochondrial density within individual cells.
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Figure (18). Effect of overexpression of HCN1 and rotenone on size of 50B11 cells. (A) Cells
transfected with HCN1 or (B) control plasmid were treated with DMSO or rotenone. Each data
point on the graph represents an individual cell. Horizontal bars show median + 95% confidence
intervals. Data were compared using Mann-Whitney U test. Asterisks indicate significant

differences between groups, ****p<0.0001

Having established that HCNI1 overexpression 1) reduces mitochondrial membrane
potential and 2) reduces cell size, we then went on to examine whether cell morphology
was also affected using the CellProfiler outcomes of solidity and form factor, as shown in
Figurel9. The significant increase in solidity and in form factor observed in HCNI-
expressing rotenone-treated cells implies that such cells tend to be rather spherical

compared to those treated with DMSO, which have more protrusions. Figure (19C), shows
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representative images of spherical cells and cells with protrusions. The normal morphology

of 5S0B11 cells is to have protrusions.
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Figure (19). Effect of overexpression of HCN1 and treatment with rotenone on morphology of
50B11 cells. (A) Comparing solidity of cells treated with rotenone versus DMSO. (B) Comparing
the form factor of cells treated with rotenone versus DMSO (C) Representative segmented images
for HCN1 + DMSO (left) and HCN1 + Rotenone (right), following CellProfiler processing. Note
the more rounded appearance of the HCN1 + rotenone-treated cells.Solidity data were compared
using two tailed T-test (t= 5.75, df= 1468) at p<0.05. Form Factor data were compared using
Mann-Whitney U test (two tailed). Horizontal bars show median + 95% confidence interval.

Asterisks indicate significant differences between groups. ****p<0.0001.
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3.2.4 Effect of Overexpression of SCN2B on 50B11 cells

This is a preliminary experiment that was carried out to evaluate overexpression of SCN2B
on mitochondrial function in parkinsonian 50B11 cells (see Figure 20). SCN2B has also
been reported as upregulated in PD patients’ skin (Planken et al., 2017). In this experiment,
as with our HCN1 experiments, rotenone caused a small (7%) but significant reduction in
TMRM intensity in untransfected cells. SCN2B alone caused a greater reduction (31%) in
mitochondrial membrane potential and exacerbated the effectof rotenone (34% reduction;
Kruskal Wallis Anova: H (4, n = 3814) = 150.0, p<0.0001). Further work, currently in

progress, will complete this series.
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Figure (20). Mean TMRM fluorescence intensity in 50B11cells. Cells overexpressing SCN2B
were treated with DMSO or 100nM rotenone. TMRM fluorescence intensity was also examined in
neighbouring untransfected cells. Each data point on the graph represents an individual cell.
Horizontal bars show median + 95% confidence intervals. Data were compared using Kruskal-
Wallis ANOVA, followed by post-hoc multiple comparison tests. Asterisks indicate significant
differences between groups, **p<0.01, ****p<0.0001
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3.3 DISCUSSION

3.3.1. Effect of Overexpression of a-Synuclein and HCN1 on Cytotoxicity in

Parkinsonian 50B11 cells

Alpha-Synuclein (a-Syn) overexpression and intracellular aggregation is a characteristic
feature of PD pathology (Braak et al., 2003; Del Tredici & Braak, 2016). Mutationand
overexpression of a-Syn in the human leads to PD; it is undoubtedly toxic. Recent work
has suggested that during the formation of Lewy bodies, a-Syn is modified, and
mitochondria, and lysosomal compartments are recruited, leading to gradual cytotoxicity
(Mahul-Mellier et al., 2020). We have not yet quantified mitochondria or lysosomes in our

a-Syn-expressing cells; however, it forms part of our current work.

Interestingly, when we combined a-Syn with rotenone, we found a protective effect, with
increased density of a-Syn-positive cells. This could be attributed a-Syn-induced increased
mitosis (Rodriguez-Losada et al., 2020). Or, a-Syn could induce anti-oxidant gene
transcription to induce a protective effect, as has been reported for the fungicide maneb
(Conde et al.,, 2023). When the cells were further challenged by adding HCNI1
overexpression, we did observe a combined cytotoxic effect of a-Syn + HCN1 + Rotenone.
Thus, our data suggests that the increased expression of HCN1, as has been reported in PD
patient skin (Planken et al., 2017), can exacerbate toxicity of known risk factors for PD in

SeNnsory neurons.

3.3.2. Effect of HCN1 on Mitochondria in Parkinsonian 50B11 cells

Mitochondrial dysfunction has been reported in many neurodegenerative disorders,
however; it is not always evident whether such dysfunction is a cause or a
pathophysiological symptom of the underlying disease (Connolly et al., 2018). Certainly,
mitochondrial dysfunction is strongly involved in the etiology of PD, more so than
Alzheimer’s disease for example, (Praschberger et al., 2023), as suggested by the strong
increase in risk for PD following chronic exposure to complex I inhibitors, such as

rotenone (Innos & Hickey, 2021).

Our results revealed that in-vitro exposure of 50B11 cells to rotenone, while

overexpressing HCN1, resulted in mitochondrial depolarization, and that overexpression of
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HCNI showed a stronger effect compared to rotenone. In addition, HCN1 overexpression
was observed to exacerbate the effect of rotenone. Some studies have highlighted a role for
HCNI1 channels in mitochondria; however, their function is largely unknown. It may be
that they permit K* entry into the mitochondrial matrix; however, in doing so, they enable
water and anion to follow thereby resulting in mitochondrial swelling (Benzoni et al.,
2021; Szabo & Szewczyk, 2023). Moreover; a mild mitochondrial uncoupling effect of
HCN3 channels has been reported in the nephron (Ledn-Aparicio et al., 2019). This would
further justify the significantly low levels of mean TMRM fluorescence intensity achieved

when HCN1 was overexpressed in 50B11 cells.

The reduction in mean TMRM fluorescence could be due to a general reduction in
mitochondrial membrane potential. However, integrated intensity of TMRM staining
suggested that loss of mitochondrial volume was a factor. But, a change in cell size could
also play and role. Alteration of cell morphology, upon overexpression of HCNI1 in cells
treated with rotenone, from its normal, fibroblast-like morphology form to a more spherical
form could be attributed to several possible causes.Mitosis and cell proliferation might be
considered. Lancaster et al. suggested that cells would morphologically change from flat to
spherical under mitotic conditions (Lancaster et al., 2013). However, cells also retract
processes as an indicator of toxicity (Bisbal et al., 2018). In current work, we are

examining these questions.

45



SUMMARY

PD symptoms developing along the prodromal phase has been of great interest especially
that the available therapeutic strategies of PD focus basically on motor symptoms,
appearing at late stages of the disease. PD patients with PN have been increasingly
reported. PD patients’ kin biopsies examined by our research collaborators in Tartu
University Hospital revealed an upregulation in HCN1 excitatory ion channels and SCN2B
regulatory ion channel. This encouraged our research team to investigate the effect of
overexpression of these channels, with a major focus on HCN1. Overexpression of HCN1
was examined in the context of genetic and environmental PD risk factors represented in
rotenone and alphasynuclein, respectively, and their interaction. Immortalized 50B11 cells
were used as our experimental cell line, for studying the effect of overexpression of HCN1
excitatory ion channel on mitochondrial membrane potential and cytotoxicity in
parkinsonian sensory neurons. Cytotoxicity data suggested that increased expression of
HCNI can exacerbate toxicity of known risk factors for PD in sensory neurons. Similarly,
TMRM analysis results revealed that HCN1 overexpression was observed to exacerbate
the effect of rotenone, through an observed significant reduction in mean TMRM
fluorescence that was suggested to be attributed to loss of mitochondria rather than general
mitochondrial depolarization. Additionally, HCN1 was found to affect cell morphology
normal, fibroblast-like morphology form to a more spherical form, suggesting possible
toxicity or proliferative effect of overexpression of HCN1 in parkinsonian 50B11 cells. In
general, further immunoassays and other investigations are still ongoing in order to have a

clearer image of our research question.
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