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Chapter 1

The adenine-to-guanine pathogenic variant at position 3243 of the mitochondrial
genome (mtDNA), is the most common cause of the mitochondrial disorder MELAS
(mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes), which presents
with severe nervous system pathology. The aim of the thesis was to characterize
how the m.3243A>G pathogenic variant affects human neuronal morphology and
function, which underlying biological processes are affected, and to identify potential
pharmacological methods of rescuing such a phenotype. First, I will provide background
information on mitochondrial function in general and in the central nervous system,
mitochondrial disease, and the methodology I used.
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Introduction

MITOCHONDRIA
Life developed from basic building blocks like water and carbon, to organic compounds1,
nucleotides2, ribonucleic acid (RNA), deoxyribonucleic acid (DNA), lipids, and proteins3;
and basic single-cell life forms, around 3.7-4.2 billion years ago4,5. These lifeforms
gained a “metabolism”, or capacity to absorb compounds, process these into energy
or building blocks, and dispose of waste6. Evolution led to increasingly complex life7–9,
larger genomes, and specified metabolic enzymes and -pathways10; some that were
already present in the last universal common ancestor (LUCA; before the different
organic subdomains were formed; Bacteria, Archaea, and Eukarya), like the pentose
phosphate pathway, and the citric acid cycle11. Early cyanobacteria used photosynthesis
to convert energy from light into chemical energy, by incorporating hydrogen from
water into organic compounds such adenosine-triphosphate (ATP)5,12. This released
enough oxygen as by-product to raise atmospheric levels to the current 21%. These
high-energy organic compounds and oxygen enabled aerobic metabolism (requiring
oxygen), which produces more ATP (as opposed to anaerobic conditions), at a higher
rate5, with novel metabolites, and paved the way for cellular compartmentalization,
unique signalling pathways, and multicellular organisms13.

1

Mitochondria were probably a-Proteobacteria (Alphaproteobacteria) taken up by
pre-mammalian (bacterial) cells via endosymbiosis14, where they compartmentalized
aerobic ATP production15. This compartmentalization also protected cellular structures
rich in oxygen, such as transmembrane proteins5,13. Almost all eukaryotic cells contain
mitochondria16, or reductive versions17. Mitochondria contain an outer membrane, intermembrane space, inner membrane, and inner matrix (Fig. 1A). The inner membrane
is further divided into an inner boundary membrane, and an intracristal space with
the invaginations that contain the electron transport chain18. Most mitochondria are
produced in the cell body (or soma), where machinery and genetic material are located,
but some are produced locally in certain distal cellular compartments, and are located
throughout the cell19 (Fig. 1A). Most (>99.9%) mitochondrial proteins are encoded in
the cell’s nuclear DNA, however mitochondria also contain multiple copies of their own
genome (Fig. 1A+B)20. This mitochondrial genome (mtDNA) consists of a 16,569 base
pair long circular loop of double-strand DNA (as opposed to the 3.3 billion base pair,
linear nuclear genome)21 (Fig. 1B), and is (in the vast majority of cases22) maternally
inherited20,23. MtDNA contains 37 genes, that encode for 13 proteins, 22 transfer RNAs
(tRNA), and 2 ribosomal RNAs (rRNA), which are transcribed polycistronic20. All of these
products play a role in the electron transport chain (ETC) (Fig. 1C)24.

11
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Figure 1. Mitochondrial make-up, the mitochondrial genome, and the oxidative phosphorylation chain.
(A) Mitochondria contain an outer membrane, an inter-membrane space, an inner membrane (consisting
of intracristal space, and inner boundary membrane), and an inner matrix where its’ mtDNA copies are located. A cell is heteroplasmic when a certain percentage of mtDNA copies contain a pathogenic variant. (B)
MtDNA encodes 22 transfer RNAs, 2 ribosomal RNAs, and 13 proteins, all of which are essential for the function of the electron transport chain (ETC), located on the inner-mitochondrial membrane’ intracristal space.
(C) The electron transport chain is part of the complex glucose processing system. Glucose is transported
(by GLUT glucose transport proteins) into the cellular cytosol, where the first step of glycolysis turns it into
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Glucose-6-Phosphate (G6P). G6P can be either entered the pentose phosphate pathway, or further processed
into Fructose-6-Phosphate (F6P), Glyceraldehyde-3-phosphate, 3-phosphoglycerate, and finally pyruvate. The
pyruvate can be processed into lactate (under anaerobic/aerobic glycolytic conditions) or transported into
the mitochondrial matrix via the mitochondrial pyruvate carriers 1 and 2 and processed into Acetyl-CoA by
Pyruvate Dehydrogenase (PDC). The Acetyl-CoA enters the tricarboxylic cycle (TCA) to generate 4 ATP, and
the reducing agents NADH and FADH2. NADH and FADH2 enter the ETC. The ETC’ protein subcomplexes (C1
– C4) use oxygen and electrons from selective electron donors NADH and FADH2 (which are oxidized), and
the break-down of oxygen (O2) into water (H2O), to generate an H+ gradient across the inner-mitochondrial
membrane, which ATPase (complex 5; C5) uses to generate ATP. Electron leak (e- leak) occurring at Complex I,
II, and III, attribute to the formation of radical oxygen species (O2-), which are usually processed by SOD2 into
hydrogen peroxide (H2O2), which is either processed into H2O by Glutathione peroxidase (GPx), or exported
into the cytosol, where it undergoes similar processing by Catalases or GPx.

1

As previously mentioned, the vast majority of proteins (1000+) required for
mitochondrial function, are encoded in the nuclear DNA (nDNA)25, the expression of
which differs across cell- and tissue types, depending on their energy needs26, and
can regulate- and be regulated by- mtDNA gene expression27,28. Mitochondria, and
the cells they reside in, depend on a balanced nDNA-mtDNA interplay; disbalance
has been linked to for instance schizophrenia29. It is important to understand several
key differences between nDNA and mtDNA. Whereas nDNA consists of introns and
exons, mtDNA contains no exons21; it is transcribed from three distinct strand-specific
promoters30,31. Furthermore, whilst nDNA resides in histone-rich chromatin, mtDNA
contains no histones, but forms structures called nucleoids which are located at the
matrix side of the mitochondrial inner membrane32,33. Most importantly, a cell contains
one nDNA copy, whilst each mitochondrion contains multiple mtDNA copies, leading
to cells with up to 100,000s mtDNA copies, depending on energy needs33. MtDNA’
polymerase-ɣ (POLG) function, limited protection and repair mechanisms, lack of
histones, and proximity to free radicals in the mitochondrion34, cause a 20-fold higher
mtDNA mutation rate, compared to nDNA34–37. Considering this, and the high prevalence
of inherited mtDNA mutations (25-40% of the population34,38), it is safe to assume all
humans contain at the least some mtDNA variants of low frequency (0.2-2%34), creating
a heterogenous mtDNA population within a person, tissue, or cell. The percentage of
mtDNA copies carrying a certain variant, is called the cells’ heteroplasmy level (Fig.
1A); when 60% of a cells’ mtDNA copies contain a pathogenic variant, that cell is 60%
heteroplasmic for that pathogenic variant (Fig. 1B), whereas cells with 0% or 100%
mutated mtDNA copies are called homoplasmic. Throughout life, these heteroplasmy
levels can change, for instance due to unequal mitochondrial segregation during cell
division, or uneven mtDNA replication in nondividing cells.
Human cells (apart from red blood cells39,40) contain mitochondria, but the relative
abundance and mitochondrial shape and size, can differ41,42, depending on the cells’
energy needs43,44. Often called the “powerhouse of the cell”, mitochondria process
the pyruvate from glycolysis (initial processing of glucose) into the body’s main energy
carrier adenosine-triphosphate (ATP), which is transported to a location and broken
13
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down to adenosine-diphosphate (ADP), releasing its’ energy to fuel for instance muscle
contraction. Cells in anaerobic conditions (no oxygen present) use glycolysis to process
glucose into glucose-6-phosphate (Glc-6-P), fructose-6-phosphate (Fru-6-P), galactose3-phosphate (Gal-3-P), pyruvate, and eventually lactate, producing 2 ATP in the
process45. Cells in aerobic conditions transport the pyruvate across the mitochondrial
membrane, where it is processed into Acetyl-CoA and enters the tricarboxylic cycle
(TCA) to generate 4 ATP, and the reducing agents NADH and FADH2. NADH and FADH2
enter the electron transport chain (ETC) located on the intracristal space of the intermitochondrial membrane (Fig. 1C) where they are oxidized (by Complex I and III), and
oxygen (O2) is broken down to water (H2O) (by Complex IV). The released electrons fuel
a proton gradient which, together with the breakdown of oxygen to water, powers
the production of an additional 30 ATP; a process called oxidative phosphorylation
(OXPHOS). Interestingly, tissues with high proliferation rate (cancer cells46 or embryonic/ induced stem cells47), tend to revert to “aerobic glycolysis”48,49, a process also known as
the “Warburg effect”50. I will discuss this phenomenon in more detail, later. The electron
transport chain responsible for OXPHOS contains five protein complexes; complex I
(NADH: ubiquinone oxidoreductase), complex II (Succinate dehydrogenase), complex
III (Coenzyme Q – cytochrome c reductase), complex IV (Cytochrome c oxidase), and
complex V (ATP synthase). Besides producing ATP, Complex V generates and maintains
cristae curvature, by forming (oligo)dimers at the curvature apex, that act as proton
sinks essential for optimal respiration18,51.
In addition to ATP and H2O, OXPHOS produces superoxide anions (O2-) in Complex I
and III, which are usually quickly dismuted into hydrogen peroxide (H2O2) by enzymatic
scavengers like superoxide dismutase 1 or -2 (SOD1/2) in the mitochondria, or
cytosol and intermembrane space, respectively52,53 (Fig. 1C). This hydrogen peroxide
is subsequently detoxified by enzymatic antioxidants (catalase and glutathione
peroxidases) to prevent formation of reactive and destructive hydroxyl radicals
(OH˙). Controlled levels of these reactive oxygen species (ROS) serve as signalling
molecules in a myriad of processes, including the immune system, tumour suppressor
p53 and apoptosis54, redox balance, cell cycle progression, and differentiation55, by
oxidizing lipids, proteins, and polynucleotides. Defences such as enzymatic- (catalase,
glutathione peroxidase, peroxiredoxins) and non-enzymatic scavengers (vitamin C and
-E, glutathione (GSH), lipoic acid, carotenoids, and iron chelators)53,54 maintain ROS
balance. Excess ROS, generated for instance by mitochondrial dysfunction, triggers
“oxidative stress”, or oxidative damage to DNA, lipids and proteins, or entire organelles,
resulting in autophagy and apoptosis54.
The activity of the ETC is regulated, amongst others, by mitochondrial Calcium (Ca2+)
concentration. Ca2+ is transported in via close connections with the endoplasmic
reticulum. Furthermore, Voltage Dependent Anion Channels (VDAC) on the outer
mitochondrial membrane allow cytosolic Ca2+ to enter, but the inner mitochondrial
14
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membrane strictly regulates Ca2+ uptake from the inter-membrane space by
Mitochondrial Calcium Uniporter (MCU) channels56,57. Na+/Ca2+ (NCLX)- and H+/Ca2+
(mHCX) exchangers control Ca2+ export across the IMM58,59. A rise in mitochondrial
Ca2+ either from the ER or due to synaptic activity, can stimulate mitochondrial ATP
production via three TCA enzymes60, and can regulate substrate transport across the
membrane61,62. Furthermore, too strong a rise in Ca2+ concentration can induce apoptosis
via Permeability Transition Pore (PTP) opening59, whilst too low Ca2+ concentration can
induce mitochondrial autophagy (mitophagy)63,64.
In health, a balanced mitochondrial ATP- and ROS production and calcium
homeostasis66, mediate stem cell maintenance and differentiation 67, neuronal
development68,69, neurite growth and branching70,71, synaptic function72,73, and
mitophagy-mediated apoptosis, amongst other functions. Subsequently, pathogenic
variants in mitochondrial genes that cause disbalances in these processes, can cause
severe, potentially fatal, multi-organ diseases.
65

1

MITOCHONDRIAL DISEASE, AND MELAS IN PARTICULAR
Pathogenic variants in mitochondrial genes, either in the nDNA or mtDNA, and the
resulting bioenergetic crisis, most strongly impact organs with the highest energy
need, such as the (heart) muscle and the brain74. Mitochondrial dysfunction is linked
to impaired synaptic physiology and de-synchronized neuronal activity75–79. Epilepsy,
migraines, intellectual disability, cortical sensory deficits, are the most frequent central
nervous system manifestations of mitochondrial disease79–87, on top of this patients
often show comorbidity with mood disorders, cognitive deterioration, psychosis,
depression and anxiety88.
Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS) is
the most common mitochondrial disease. Multisystem, progressive, and devastating,
it presents with epilepsy, stroke-like episodes, intellectual and cortical sensory deficits,
psychopathology, muscle weakness, cardiomyopathy, lactic acidemia and diabetes as
most prevalent symptoms; patients can also develop liver failure, vitiligo, nephropathy,
peripheral neuropathy, cardiac conduction abnormalities, ragged red fibers, ataxia,
motor developmental delay, myoclonus, dementia, memory impairment, basal ganglia
calcification, white matter lesions, hemiparesis, recurrent headaches, anxiety and
depression, psychotic disorders, and episodic altered consciousness, short stature and
developmental delay (Fig. 2)74. Most MELAS patients (+80%) have an adenine to guanine
pathogenic variant at the m.3243 position (m3243A>G) of the mitochondrial genome
(mtDNA), in the MT-TL1 gene specifying tRNAleu(UUR) (OMIM 590050)89,90. This pathogenic
variant affects mitochondrial protein synthesis91,92, possibly by reducing amino acid
incorporation efficiency during translation of 13 mtDNA proteins essential in Complex
I-V of the oxidative phosphorylation chain93. The estimated prevalence of clinically
15

Binnenwerk Teun - V3.indd 15

10-05-21 13:44

Chapter 1

affected individuals with the m.3243A>G variant causing MELAS is about 1:20.00090,94–96,
but that of asymptomatic carriers could be as much as 1:400 in the general population95.

Figure 2. Possible symptoms seen in MELAS patients. Based on the symptom overview provided in97, this figure shows
clinical symptoms that can be present in patients carrying the m.3243A>G pathogenic variant underlying MELAS.

The tissue m.3243A>G heteroplasmy level plays an important role in the symptom onset
and severity98,99, and correlates positively with mitochondrial respiratory chain complex
I, III and IV insufficiencies100–104. For example, heteroplasmy levels around 20% to 30%
commonly present with type I or II diabetes and hearing loss, while 50% to 80% can
present with myopathy, cardiomyopathy, MELAS105. Homoplasmic cases are associated
with either severe early onset MELAS, with encephalopathy including intellectual disability,
cortical sensory deficits and psychiatric symptoms, or prenatal fatality. The m.3243A>G
variant-related phenotypes are highly variable though106. Heteroplasmy levels are difficult
to correlate with disease burden107, since they can differ wildly between tissues, they
can decline (or even rise) during age, and blood-, urine-, or muscle heteroplasmy levels
don’t necessarily translate to central nervous system (CNS) tissue levels. Furthermore,
heteroplasmy levels do not explain all of the observed patient heterogeneity99, with
potential roles for environmental- and (heritable) nuclear factors108. To exemplify,
table 1 describes the symptoms and age of onset, for three MELAS patients whose
somatic cells were used to generate an in vitro neuronal model in this body of work.
16
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Table 1. Symptoms and age-of-onset for subjects #1-3, carrying the m.3243A>G pathogenic variant.
Basic information

Subject #1

Subject #2

Subject #3

Gender

Male

Female

Female

Origin

Leuven, Belgium Rochester, USA

Rochester, USA

Age (Biopsy)

42

17

45

Blood

58%

-

16%

Fibroblast

85%

80%

33%

Urine

-

30%

47%

33-42+

36+

30+

m.3243A>G heteroplasmy levels

1

Symptoms (age of onset in years)
Stroke-like episodes
Epilepsy / seizures

36+

(Progressive) hearing impairment

33+

6-12+

25+

Diabetes

31+

12-16+

23+

Ragged red fibers

42+

Exercise intolerance

12+

37+

Muscle weakness / rhabdomyolysis

42+

37+

Ataxia

36+

Neuropathy / Encephalomyopathy

42+

Cardiomyopathy

31+

37+

Nephropathy

25+

microalbuminuria

25+

Ophthalmoplegia

37+

Memory loss

35+

Cognitive decline
Depression / Anxiety

33+

36+

35+

12-16+

25+

Suicidal thoughts
Dementia

35+
36+

Studying the potential mechanisms underlying the cortical symptoms such as epilepsy,
stroke-like episodes, migraine, ataxia, and encephalopathy, is further complicated by
the difficulty of acquiring relevant (living) tissue samples. Previous neuroimaging-,
pathological-, and biochemical studies on patient brains (post mortem or live),
showed high (>60%) tissue m.3243A>G heteroplasmy109 can be accompanied by (sub)
cortical volume loss110, cortical hyperintense white matter lesions111, lactic acidosis and
decreased myelination in cortical areas related to motor function110; cortical laminar
17

Binnenwerk Teun - V3.indd 17

10-05-21 13:44

Chapter 1

necrosis112; vascular sclerosis, cerebral- and cerebellar atrophy113,114; spongiosis,
basal ganglia calcification, and neuronal loss114, cortical gliosis, enlarged ventricles
and multifocal infarct-like lesions115. Furthermore, the cortical vasculature can show
decreased cortical perfusion, capillary mineral deposits, narrowing capillary lumens
and capillary proliferation109, mitochondrial accumulation in vascular endothelium116.
Intermediate layers of the occipital- and frontal regions of the cortex seem most often
affected, as well as the cerebellum114. These symptoms very probably occur due to
a combination of transient OXPHOS impairments and ROS release in specific brain
areas (metabolic hypothesis), and occlusion or enlargement of the brain’s vasculature
(vascular hypothesis).
The polyploid nature of mtDNA and replicative segregation hamper the development
of animal or in vitro disease models for mtDNA-related mitochondrial diseases117.
Traditional models such as primary, cultured rodent neurons carrying the pathogenic
variant, are not practical, since we cannot be sure of a stable heteroplasmy level in each
tissue, let alone each individual animal. Cytoplasmic hybrids, the most-used in vitro
model to study mtDNA pathogenic variants, involve transplantation of mitochondria
containing mtDNA copies with the pathogenic variant into healthy cells depleted of
their mitochondrial content. Cybrids have been useful to study cellular consequences
of heteroplasmic mitochondria, but can’t capture the interplay between patient
mtDNA and nuclear DNA118, important in both health119 and disease120. This overall
lack of translational model systems of impaired cortical energy flow, have hampered
understanding of disease pathology and the development of a treatment, resulting in
an absence of curative treatments for mitochondrial disease. Current clinical treatments
are focused on the treatment of symptoms121, using antioxidants (coenzyme Q10122,
riboflavin123, idebenone124,125, Vitamin C and E); dietary supplements (L-arginine126)
or increased exercise127. Unfortunately, few of these consistently improve patients’
strength and/or quality of life121. Novel compounds that target a myriad of mitochondrial
processes (antioxidant, redux balance, electron donor, etc.)131,132 are still awaiting FDA
approval124, whereas approaches focusing on correcting the mtDNA pathogenic variant
(i.e. MitoTALENs128), or blocking the transmission of mutated mtDNA from mother to
offspring32,129, are nowhere near clinical implementation, due to technical and ethical
reasons130.
A relatively novel discovery, human induced pluripotent stem cells (iPSCs) are powerful,
novel tools in disease modelling and drug discovery. IPSCs can be derived from somatic
patient cells, retain their genetic background, and can theoretically be differentiated
into any cell type. These provide the chance to study the consequences of an energetic
deficiency in human, disease-relevant cell types, and to uncover aspects of the dynamic
changes in neural structure and function that predispose to neuropsychological
symptoms in mitochondrial disease80. IPSCs allowed me to address the main research
question of my PhD thesis; How does the m.3243A>G pathogenic variant affect human
18
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in vitro neuronal development and function, what molecular pathways underly these
changes, and can we identify potential novel treatment targets? To answer this
question using human, iPSC-derived neurons, we need to understand basic neuronal
development, iPSC technology, and how metabolism differs between cell types.

NEURONAL DEVELOPMENT AND FUNCTION
Our brain controls bodily functions, processes different types of sensory information, is
responsible for our thoughts and memory, and is considered our link to consciousness or
“the mind”133. First seen as a continuous, reticular network of cells (reticular theory), His,
Forel, Nansen134, and Santiago Ramon y Cajal135,136 laid the groundwork for the Neuron
doctrine; the concept of the brain as a vast network of independent nerve cells or
neurons (a term coined by Wilhelm Waldeyer134,137), that form connections and transmit
information (“neurotransmission”). As figure 3A shows, a neuron contains a soma or
cell body (the “grey matter” of the brain), dendrites (receptive extensions, that transmit
incoming electrical impulses towards the soma), and an axon (a branching projective
extension that transports electrical impulses towards other neurons; the “white matter”
of the brain). The human brain contains approximately 60-80 billion neurons138, 20
billion of which are located within the cerebral cortex139–141, each with connections
(synapses 142) to potentially thousands of other neurons. Neurons propagate information
using electro-chemical signals over more than 150,000 km of nerve fibres, at speeds of
0.5 -10 m/s (unmyelinated) up to 150 m/s (myelinated)141,143, and transmit these signals
to other neurons through connections named “synapses”. Neurotransmission at the
synapse (Fig. 3B) occurs when an incoming action potential creates a strong enough
membrane depolarisation, activating the opening of voltage-gated Calcium (Ca2+)
channels, which allow extracellular Ca2+ to enter. Increased presynaptic Ca2+ triggers
the release of neurotransmitters into the synaptic cleft, which bind to receptors on
the post-synaptic membrane, and (excitatory- or inhibitory) affect the post-synaptic
neuron, by changing membrane potential or activating signal cascades.

1
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Figure 3. Representative build-up of a neuron and synapse, and the mediating role of mitochondria during synaptic activity. (A) Neurons are made-up of a soma (cell body), a single (possibly branching) axon which transports a signal away from the soma (retrograde), and a dendritic network which
transports signals towards the soma (anterograde). (B) Where an axon and dendrite make a functional connection, or synapse, a pre- and postsynaptic terminal closely align. At this location, voltage-dependent processes occur to chemically transport a signal from one membrane to the other,
where it can activate further voltage-dependent processes to transport the signal towards the soma.

20
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The human brain develops in roughly three phases: neuronal division and migration
(the generation of new neurons); the formation of neuronal connectivity (formation
of synapses and myelination, and initiation of cortical folding); and synaptogenesis
and synaptic pruning (pruning of redundant synapses, and secondary and tertiary
folding)140. The known neuron types can be divided into two groups: interneurons (i.e.
GABAergic neurons that connect locally to other neurons and inhibit their activity;
approximately 20%), and projection neurons, (i.e. glutamatergic neurons that connect
to distal intracortical- or peripheral targets, and excite their activity; approximately
80%)144. These can be further divided based on functions, neurotransmitters/receptors,
morphology, and/or genetic expression profiles, however all contain a relatively large
mitochondrial volume145,146. The several dozen characterized neurotransmitters play
an essential role in communication, such as glutamate (binds to NMDA receptors;
present in 90%+ of excitatory synapses), Gamma-Aminobutyric Acid (GABA; binds
to GABA receptors; present in 90%+ inhibitory synapses), dopamine, serotonin, and
norepinephrine. Early development from stem cell to polarised neuron147, has been
studied extensively using different types of in vitro/vivo (animal) models148. The
neuroepithelium, formed early in development by neuroepithelial cells that line the
neural tube, gives rise to a range of neural progenitor cells (NPC), depending on their
location of mitosis, polarity, and proliferation capacity147, which eventually generate
the neurons in our brain that migrate outwards, and form the six layer structure of
the cortex149. This developmental trajectory from neuroepithelial cell, via apical/basal
progenitor, to neurons, is guided by signalling molecules in the ventricular cerebral
spinal fluid, such as fibroblast-growth factors (FGFs), insulin-like growth factors (IGFs),
sonic hedgehog (Shh), retinoic acid, bone morphogenic proteins (BMPs) and Wnts150. I
will not go into detail on the various processes that influence neuronal development,
but I will discuss the role of mitochondria, and the metabolic shifts that occur.

1

MITOCHONDRIA AND THE BRAIN
The brain only accounts for 2% of the body’s weight, but requires 20% of the energy
generated in resting state151. Neuronal processes such as maintaining a membrane
gradient, and the presynaptic vesicle cycle43,152, require a lot of energy73,153. Neuronal
mitochondria are produced at the neuronal soma and are transported along the axonal
cytoskeleton, to the presynaptic terminal. Mitochondrial transport is necessary, since
ATP diffusion through axons of up to a meter long, is just too slow. The pre-synaptic
terminal facilitates several key processes during action potential propagation, many
of which require ATP. As figure 3B shows, incoming action potentials depolarize the
presynaptic plasma membrane, triggering Ca2+ ion influx through voltage gated Ca2+
channels. The increased Ca2+ concentration triggers exocytosis of neurotransmittercontaining vesicles into the synaptic cleft, to bind postsynaptic receptors. These
neurotransmitters are taken back up into membrane vesicles by the presynaptic cell
(endocytosis), for future action potential signalling. It’s not exactly clear how different
21
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forms of synaptic activity, and the accompanying rises in presynaptic Ca2+ modulate
mitochondrial ATP production60. With the ATP demand these processes put on the
presynapse, you’d expect a mitochondrion at every synapse154. However, only around
50% of en passant synapses co-localize with mitochondria155, and synaptic vesicles were
shown to contain glycolytic enzymes capable of glycolytic ATP production156,157, posing
the question: why don’t all synapses contain mitochondria?
Perhaps to counter this, 20-30% of mitochondria in mature axons are mobile158,
transported through the axonal microtubule network from- (anterograde) and
towards (retrograde) the neuronal soma159. Members of the Kinesin-5 motor protein
family (primarily KIF5 and KIF1B160) mediate anterograde transport by binding both
mitochondria (the membrane or via adapter proteins such as Milton, TRAK1/2), and
the microtubules159,161,162. Mitochondrial transmembrane adaptor proteins such as
Mitochondrial Rho GTPases (MIRO1/2) and Syntabulin163,164 allow accurate transport, for
instance to locations with high Ca2+ concentration165,166. Regional ATP and ADP changes
that accompany neuronal activity, can further stimulate- (high ATP) or halt (high ADP)
mitochondrial movement167,168, and glucose can arrest mitochondrial transport169.
Retrograde transport is regulated by dynactin and cytoplasmic dyneins170,171, and seems
to be both protective, and important for mitochondrial maintenance. Mitochondrial
dysfunction can actually increase retrograde mitochondrial transport172, reduce
synaptic mitochondria, and reduce neuronal function and viability. Parkin-targeted
mitophagy of dysfunctional mitochondria occurs somato-dendritically173, with
increased retrograde transport of depolarized mitochondria. Mitophagy, or the
autophagic degradation of damaged mitochondria, serves as an important quality
control mechanism for mitochondrial health and metabolic maintenance174,175. PTENinduced putative kinase (PINK1) accumulates on to the outer mitochondrial membrane
(OMM) of damaged mitochondria due to reduced membrane potential, where it
phosphorylates Parkin (cytosolic E3-ubiqutin ligase) and ubiquitin, activating Parkin
and leading to ubiquitination of a myriad of OMM proteins. When combined with the
separate recruitment of autophagy receptors (NDP52 / optineurin) by PINK1, this causes
engulfment and mitochondrial degradation by autophagy (mitophagy)174,176. Meanwhile,
PINK1 activates Drp1 to increase mitochondrial fission and sequester specifically the
damaged mitochondria for degradation, whilst preserving functional mitochondria177.
Finally, anchors such as Syntaphilin keep mitochondria stable at specific locations
in the axon/dendrite. With increasing age, the percentage of motile mitochondria
decreases178,179, as an increasing number dock at presynaptic terminals155.
Aside from moving, mitochondria can change morphology (dynamics), by fusing together
(fusion) or splitting apart (fission)180–182, to form anything from a reticulum-like network
(hypertubulation) to separate units (fragmentation)183. Dynamin-like GTPases mitofusin
1 and -2 (Mfn1/Mfn2) and Optic atrophy 1 (OPA1) regulate fusion, whereas fission
relies on DRP1184 and its’ recruiting factors (FIS1, MFF, MiD49/51)183–185. Mitochondrial
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morphology changes during cellular division, differentiation and development, and
apoptosis186–188, and is affected by nutrition189, autophagy190, or radical oxygen species
(ROS)191. Interestingly, where DRP1 also mediates mitochondrial localization at synapses;
ablation of DRP1 reduces mitochondrial presence at the synapse, and impairs synaptic
transmission192. Mitochondria at the synapse are generally smaller, have a higher ratio
of cristae versus surface area, facilitating a relatively higher ATP production154,193, whilst
they are more sensitive to Ca2+ overload194, and to action potential mediated presynaptic
calcium levels195.
The presynaptic vesicle cycle demands most of the approximately 10 ATP molecules
present in the presynapse, at rest152. Whereas glycolysis can maintain ATP balance at
rest, both glycolytic- and mitochondrial ATP production are required to maintain ATP
levels during prolonged synaptic activity152; both can be up-regulated in the presynapse,
in response to activity152,195. To provide the additional glucose following synaptic activity,
glucose transporters GLUT3 and GLUT4 could be recruited into the presynaptic plasma
membrane (Fig. 3B), as observed in rodent primary cortical- and hippocampal neurons
following NMDA mediated synaptic activity196. Activity dependent, AMP-kinase can
mediate GLUT4 recruitment into mouse hippocampal axonal plasma membrane197,
ablation of which impaired synaptic vesicle endocytosis especially at high energy need
(100AP+). Synaptic activity can further drive changes in mitochondrial ATP production,
modulated by a mitochondrial Ca2+ uniporter (MICU) regulator (MICU3)195; resembling
the mitochondrial Ca2+ uniporter regulator MCUR1, found in HEK293T cells198. In aerobic
conditions, prolonged activity does not affect presynaptic ATP levels or synaptic vesicle
recycling kinetics, unless mitochondrial function is acutely blocked. Blocking the
MCU suppresses action potential mediated Ca2+ uptake in axonal mitochondria, and
gradually lowered ATP levels, without affecting resting conditions. This suggests MCU
mediated Ca2+ uptake is needed for activity related ATP synthesis, not baseline ATP
production, reducing vesicle endocytosis and reacidification, but not exocytosis. No
such problems occurred in glycolytic conditions. This specific vesicle endocytosis and
recycling dependency on mitochondrial ATP has been shown before192. Also, this Ca2+
was independent of ER Ca2+ supply; axonal mitochondria were more sensitive to outer
mitochondrial membrane Ca2+ levels, mediated by MICU3 expression.
6

1

The Ca2+ rise that accompanies synaptic activity, can stimulate mitochondrial ATP
production62,199. At rest, blocking the mitochondrial permeability transition pore
(MPTP) induces rapid mitochondrial depolarization and Ca2+ release, followed by
increased presynaptic Ca2+ concentration and synaptic transmission200. During tetanic
(prolonged high frequency) neuronal stimulation, Ca2+ homeostasis is maintained by
mitochondrial intracellular Ca2+ uptake and release, prolonging neurotransmission201.
However, MCU mediated calcium buffering reduces synaptic release probabilities
during prolonged activity, by clearing calcium from the synaptic cleft73. Something
similar occurs in hippocampal neurons, as Ca2+-sensing MIRO1 mediate mitochondrial
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recruitment to active synapses202. The endoplasmic reticulum (ER) present at the
presynaptic structures has multiple contact sites with the local mitochondria203, and
can modulate (mitochondrial) Ca2+ uptake, affecting single- and repetitive synaptic
activity204 in the process205; again MIRO1 seems to play a role as well. This combined
capacity of mitochondrial Ca2+ buffering and ATP production provide robust mechanisms
to control synaptic activity. For instance, the strong ATP need of highly active synapses
require a mitochondrial presence at the presynaptic terminal, where it can provide
the necessary ATP, and control excessive synaptic activity via the buffering of Ca2+. A
less active synapse could function using only glycolysis or diffused ATP and would not
need a mitochondrial presence. Finally, synaptic pruning, or the removal of redundant
synapses during development, can be mediated by axonal mitochondrial triggering of
the apoptotic cell death pathway206.
Considering all this, it comes as no surprise that mitochondrial dysfunction and/
or mitochondrial DNA pathogenic variants have been implicated in a range of
neurodegenerative- and neuropsychiatric disorders such as respiratory complex I
deficiency induced PINK1/Parkin-mediated mitophagy in Parkinson’s disease207,208;
altered DRP1-mediated mitochondrial fission209,210 and MIRO1-mediated mitochondrial
transport in Alzheimer’s disease211–213; Huntington’s disease214, autism spectrum
disorder215, bipolar disorder216, major depressive disorder217,218, or schizophrenia219.

ASTROCYTES AND THEIR ROLE IN NEURONAL DEVELOPMENT AND FUNCTION
It is important to mention that neurons are not the only cell type in the brain.
Glial cells (or glia), are brain cells incapable of generating electrical impulses, but
are absolutely essential for nervous system function (Allen and Eroglu, 2017)). The
brain has a glial-to-neuron-ratio (GNR) of 0.8-4, depending on brain region138,221.
Astrocytes, the most abundant glial type, develop from radial glial cells in the subplate
and intermediate zone, after neurogenesis and neuronal migration220,222. Astrocytes
facilitate synapse formation223, neuronal migration and axon formation224, mediate
synaptic neurotransmitter levels225,226, synaptic transmission227, synaptic pruning228,229,
homeostatic scaling230 and long-term potentiation231. Whilst the neurons consume the
vast majority of the brain’s energy232, their mitochondrial ATP production is mainly
fueled by astrocytes; the neighbouring astrocytes fuel the neuronal ATP production
by releasing lactate, via the astrocyte neuron lactate shuttle (ANLS)227,233–237. Astrocytes
connect both the brain’s capillaries and neurons, and take up glucose and process it
to glycogen, representing a significant energy reserve. This glycogen is either broken
down to glucose, processed to lactate and released the neurons to fuel neuronal ATP
production237,238, support glutamatergic synaptic activity239,240, mediate long term
plasticity and memory formation241,242, and modulate synaptic excitability243, or is
processed into neurotransmitter precursors which maintain synaptic neurotransmitter
levels226. In turn, glutamate, K+ and NH+ ions, or nitric oxide (NO), released during
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synaptic activity, increase astrocytic glucose uptake, and lactate release238,244. Clearly,
neuronal, and astrocytic metabolisms are intrinsically linked in their efforts to maintain
neuronal activity, and lactate serves as more than merely an energy source. Neurons,
and neuronal activity, in turn affect astrocyte development and gene expression245. For
instance, both neuronal Notch ligands and astrocyte Notch-1/2 receptors are needed
for astrocyte glutamate uptake, which mediates synaptic activity245. Unsurprisingly,
neurodevelopmental disorders are increasingly linked to the neuron-astrocyte
relationship246, such as Rett’s syndrome247, or fragile X syndrome248. What is not clear,
is how this neuron-astrocyte relationship is affected by neuronal mitochondrial
dysfunction, and if astrocyte function is affected, or plays a role in, MELAS.

1

CELLULAR REPROGRAMMING
Traditionally, neurodevelopmental disorders were studied using post-mortem human
brain tissue, animal models (in vivo), neurons dissected from animal models (in vitro),
or computer models (in silico). Whilst these models provided a wealth of information,
they presented problems; animal physiology differs drastically from humans, especially
with regards to central nervous system complexity. The same pathogenic variant does
not necessarily cause the same symptoms in animals and humans, and treatments do
not necessarily result in the same outcomes. Furthermore, neurodegenerative disorders
often target specific subsets of neurons, or brain regions, equivalents of which are
not always present in animals, and acquiring many neurons of specific subtypes, for
the testing of novel drugs was difficult. Additionally, as neurodegenerative disorders
(Parkinson’s disease for instance) often cause the destruction of specific types of
neurons, post-mortem tissue is often merely useful to confirm the disease presence,
not to study its cause or progression. Embryonic stem cells (ESC) first discovered in the
‘60s, with their capacities for infinite self-renewal and to differentiate into any human
cell type249, presented a promising source of human neurons. However, whilst these can
be differentiated into neurons250, the acquisition of ESCs, especially in large quantities,
can be difficult and painful, especially from patients. What was needed was an available,
reliable, source of living, human neurons, whose development could be controlled
and studied in vitro, in the context of specific disease-related pathogenic variants. We
faced a similar problem; to study the m.3243A>G mtDNA pathogenic variant in human
neurons, we needed a model which 1) retains patient (nuclear and mitochondrial) DNA
background, 2) can generate a large number of specific neuronal subtypes, and 3) can
generate large enough quantity of neurons to test various compounds to rescue any in
vitro phenotypes. Induced pluripotent stem cells provide the solution.
Before I go into detail on our model, I will provide some background on cellular
reprogramming. A recent article in Nature provided an excellent overview of the
developments cellular reprograming251. In the 50s, nuclei from Northern leopard frogs
were transplanted from blastomeres to eggs252, which showed for the first time that this
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does not necessarily impede the eggs’ development into tadpoles. Subsequent transfer
of nuclei from African claw frog eggs in a broader range of developmental stages,
including hatched feeding tadpoles, showed these developed into normal tadpoles253,254.
Both studies show that nuclei retain their capacity to drive differentiation after transfer
to a new endonucleated cell, regardless of the developmental phase of their host cell,
seemingly without irreversible genomic changes. More famous examples of the use of
adult mammary epithelial cell transfer, were the cloning of the sheep Dolly255, and the
subsequent first cloned mice256, especially those cloned from mature B- and T cells257.
Finally, it was discovered258 that the expression transcription factor MyoD could convert
fibroblasts to muscle cells, setting the stage for the monumental discovery259 that only
four transcription factors (Oct3/4, Sox2, Klf4, c-Myc) were enough to reset differentiated
fibroblasts to a pluripotent state, also known as “induced pluripotent stem cells”, that
retain their original genetic background.

NEURONAL DIFFERENTIATION
These iPS cells (iPSCs) provide a source of pluripotent cells with a specific patientderived genetic (nuclear- and mitochondrial DNA) profile. Our main goal however is
to study m.3243A>G’s effects on neuronal function. Fortunately, the later discoveries
in cellular reprogramming unfolded in parallel with the development of protocols for
ESC/iPSC neuronal differentiation. Most protocols differentiate the ESCs/iPSCs directly
into neurons or through a neural progenitor cell (NPC) phase223,250,260–265, whereas some
protocols skip the ESC/iPSC stage altogether, by converting somatic cells directly into
other types by a process called transdifferentiation260,266–268 (Fig. 4A).
Whereas transdifferentiation from fibroblast to neuron seems straightforward,
this requires a large pool of (often less proliferative) somatic cells, making largescale production of neurons difficult. The earlier differentiation protocols263,264 used
morphogens and small molecules to block SMAD pathways to start neural induction,
followed by neuronal progenitor patterning via manipulation of for instance WNT- and
BMP pathways (Fig. 4C). Whilst this process allows the study of early developmental
processes, it is labor intensive, can take up to 12 weeks269, and results in a mixed
culture of neuronal subtypes263,270. Transgenic overexpression of specific genes, such
as Neurogenin-2261 or FOXP1271 (Fig 4B), skips the neural progenitor state, takes only
approximately 20-30 days, and can efficiently produce homogenous populations of
a specific neuronal subset, such as glutamatergic- or lateral motor column neurons,
respectively. Finally, complex 3D neuronal cultures, or “cerebral organoids”272,273 can
even form cortex- and ventricle-like structures, in a relatively short period of time
(20-30 days), but can be difficult to grow consistently, making phenotyping and largescale drug testing difficult. Regardless of the protocol, the differentiated cells maintain
their patient-derived genetic background, providing a human in vitro neuronal model
that allows specific functional phenotyping of human disorders, like never before274.
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Activation of the Neurogenin-2 (Ngn2; transcription factor involved in neurogenesis)
gene is sufficient to induce neuronal differentiation in ESCs / iPSCs275, thereby generating
a homogenous population of glutamatergic neurons, in only three weeks. These
neurons express telencephalic marker genes characteristic of layer 2/3 excitatory
cortical neurons (Brn-2, Cux1, and FoxG1), as well as AMPA-receptors GluA1/2/4. An
optimised version of this protocol223 for efficiency and upscaling, used two lentiviral
constructs, one for continuous rtTA expression and one for tetracycline induced
Ngn2 expression, each with a specific antibiotic resistance gene. This combination
creates iPSC lines that 1) stably integrate the rtTA- and Ngn2 transgenes into their
genome, 2) that can be selected using antibiotic supplementation, removing the need
for subsequent lentiviral transductions, and 3) that can be differentiated “at will” by
doxycycline supplementation. Combined, this protocol generates neurons in three
highly controllable steps, providing a solid platform to study the effects m.3243A>G
heteroplasmy both on neuronal (mitochondrial) function, and subsequently affected
biological pathways.

1
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Figure 4. Metabolic profiles of key cell types involved in neuronal differentiation. Somatic cells such as
fibroblasts can be artificially differentiated into neurons, via either direct lineage reprogramming using small
molecules or morphogens, (B) by reprogramming somatic cells into induced pluripotent stem cells, which can
be differentiated into neurons via small molecules or transgene expression. (C) Finally, following reprogramming, iPSCs can be differentiated in a two-step process, starting with neural induction via (for instance) Dual
SMAD inhibition to form neural progenitor cells, followed by neuronal differentiation and patterning using
small molecules, to (for instance) manipulate the BMP or Wnt signalling pathways. (D) These different cell
types have specific metabolic profiles. Somatic cells such as fibroblasts, and the differentiated neurons, mostly
rely on oxidative phosphorylation (OXPHOS) to generate ATP. IPSCs primarily use (aerobic) glycolysis as their
source of ATP, whilst neural progenitor cells relying on glycolysis to an even more extreme extent combined
with a further reduction in OXPHOS.

To use iPSCs and iPSC-derived neurons, we need to understand how iPSC metabolism
changes during differentiation into neuronal progenitors and neurons. Embryonic stem
cells (ESCs), rely mostly on glycolytic ATP production, regardless of the presence of
oxygen, and contain relatively low mitochondrial DNA content and mass276. The group
of Alessandro Prigione show mitochondria undergo a process of remodelling within
the newly formed iPSCs, to mimic the mitochondrial state seen in human embryonic
stem cells277,278. During the reprogramming process, cellular metabolism shifts from the
use of oxidative phosphorylation to aerobic glycolysis (Fig. 4D) (the aforementioned
“Warburg effect”). Aerobic glycolysis has several important benefits over oxidative
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phosphorylation (OXPHOS). Whereas OXPHOS has a higher ATP yield, glycolysis has a
faster ATP production rate (ATP molecules per unit of time), produces less ROS279,280,
and forces by-products of glycolysis into the pentose phosphate pathway (PPP) to
generate essential amino acids and NADPH, a building block for antioxidant reduced
glutathione (GSH)277,280,281. iPSCs, in their prolonged pluripotent state, require a fast and
flexible energy supply, limited damaging ROS production (to protect DNA and protein
production machinery), and a continuous supply of building blocks to maintain cell
division and support eventual differentiation. Exactly what controls this metabolic
shift is not known. Nuclear mitochondrial biogenesis genes can be upregulated in
iPSCs, whilst transcription of ETC components remains similar in iPSCs and fibroblasts,
suggesting the mechanics for the metabolic shift lie elsewhere. Hypoxic conditions can
promote iPSC generation, suggesting glycolysis facilitates reprogramming282, whilst
other factors such as c-Myc (one of the Yamanaka factors) stimulate the glycolytic
pathway, or p53, which is both linked to lower mtDNA levels283, and reduced glycolysis
and increased OXPHOS284.

1

Once the iPSCs differentiate into neurons, their metabolism shifts back to OXPHOS285
(Fig. 4D), accompanied by a reduction in glycolysis and relative increase in mtDNA copy
number286. Normal respiratory chain function now prohibits excessive ROS production
by converting these into H2O, and the added ATP per glucose can be used to power
differentiation mechanics and neuronal function. Whilst a linear, gradual switch
towards oxidative phosphorylation during neural induction and differentiation might
seem logical, NPCs are actually even less mitochondrially active compared to iPSCs287.
Neural induction of stem cells to a neural progenitor (NPC) state is accompanied by less
nutrient intake, increased relative reliance on glycolysis286,288,289, and general reduced
OXPHOS, glycolysis, and mtDNA copy number288 (Fig. 4D). Neuronal differentiation relies
on this switch from glycolysis to OXPHOS286, and is accompanied by reduced c-MYC and
N-MYC expression, disappearance of hexokinase 2 (HK2) and lactate dehydrogenase
(LDHA) expression (enzymes that maintain aerobic glycolysis290,291), and a switch in
pyruvate kinase gene splicing from PKM2 to PKM1. Neuronal mortality increased
during differentiation, with constitutive HK2 and LDHA expression, which was rescued
by pyruvate supplementation. This suggests a glycolytic “shut off” is needed to provide
mitochondrial ATP production with enough pyruvate.
These metabolic profiles very conveniently fit the goal of our study. Since iPSCs rely
on aerobic glycolysis, a high level (>50%) of M.3243A>G heteroplasmy should not
affect iPSC proliferation and pluripotency. When we subsequently induce neuronal
differentiation, and the cells shift their metabolism to OXPHOS, we should be able to
see a distinct developmental neuronal phenotype due to the m.3243A>G heteroplasmy.
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MODELING MITOCHONDRIAL (DNA) PATHOGENIC VARIANTS IN IPSCS
Several labs created iPSC’s from patient fibroblasts carrying the m.3243A>G
mitochondrial pathogenic variant106,129,292,293, and found iPSC heteroplasmy levels
can range from 0-90% upon reprogramming; with some clones showing severalfold increases in pathogenic variant frequency compared to the original fibroblasts.
Interestingly, pathogenic variant levels remained stable across multiple passages
in culture292, and upon neuronal differentiation106,293, whereas iPSC pluripotency
and morphology were unaffected. Neurons with high heteroplasmy levels106,293
show Complex I (C1) deficiency and increased RNA19 (the fusion RNA for 16S rRNA,
tRNALeu(uur))) transcript levels, as well as ‘quiescent’ mitochondria in iPSCs, with round
morphology, reduced OXPHOS activity, reduced mtDNA copy number, and poorly
structured cristae293. The iPSC heteroplasmy heterogeneity could originate in the host
fibroblasts, as they found similarly variable levels when subcloned129. This was also
found in multiple iPSC clones from 19 individuals with m.3243A>G heteroplasmy295.
Upon iPSC reprogramming, they observed iPSCs clones with low- and high heteroplasmy
levels of different, potentially detrimental pathogenic variants; however, all were
present in the parent (patient / control) fibroblasts. Others mitochondrial gene
pathogenic variants, in either mtDNA or nDNA, have been studied in iPSCs296. A study
of large mtDNA deletions in the complex I NADH dehydrogenase genes ND4/5 found
mutated iPSCs grew slower growth in mutated iPSCs, as well as reduced mitochondrial
membrane potential, and reduced oxidative respiration rate297. Interestingly, these
iPSC lines purged the pathogenic variant on subsequent passaging in culture and lost
their phenotype. iPSCs with the G13513A mtDNA pathogenic variant in the complex I
subunit ND5, which all showed approximately 50% heteroplasmy, which was purged
over multiple passages in culture294. Finally, it is important to note iPSC reprogramming
can increase single base mtDNA pathogenic variants298, especially in iPSCs derived
from older fibroblast donors299, however most where common variants which did not
affect pluripotency278. These studies show heteroplasmy levels vary wildly upon iPSC
reprogramming, whilst remaining stable across passaging in culture and during neuronal
differentiation. Furthermore, m.3243A>G heteroplasmy levels do not affect iPSC
mitochondrial respiratory complex efficiency, as their metabolism is shifted towards
(aerobic) glycolysis.

MICRO-ELECTRODE ARRAYS
As described previously, neuronal activity depends on the electrical properties of their
membrane, specifically their capacity to maintain ion currents/gradients. Proteins pump
ions across the membrane, creating an electrical potential difference between the insideand outside of the neuron. This fluctuating voltage difference can be measured, and
used as a measure of neuronal maturity and activity, both on the “single cell” level using
patch clamp (Fig. 5A)300,301, or on a “network” level, using micro-electrode arrays (MEAs;
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recording of entire neuronal networks) (Fig. 5B). Patch clamp300,302 provides a wealth
of information on single neuron activity and active- and passive electrophysiological
properties and has been well established in the field of electrophysiology. MEAs are
culture plates whose imbedded electrodes record changes in the membrane potential of
neuron(s) that cover its’ surface, i.e., the membrane (de)polarizations that occur in the
neuronal membrane during action potential transmission. MEAs allow simultaneous,
non-invasive, in vitro recording of multiple electrodes representing different neurons of
the same network, so you can for instance, record multiple cell lines or experiments, at
different timepoints longitudinally. Aside from the benefits of studying the development
of the same exact cultures, the neuronal networks on MEA represent a more complex
in vitro system, closer to the complexity of the human brain. The first functional MEA
recordings of cardiac myocytes303 and neurons304, were done using glass-surfaced
MEA’s with 36 separate, 12 um wide, gold conductors. 43 years of development have
generated a wide range of MEA shapes and sizes; from 96 well plates with 3 electrodes
in each well that allow simultaneous recording of multiple experiments274, to high
density MEAs (up to 4096 electrodes structured in 3D “µNeedles”) that allow detailed
investigation of synaptic propagation speed305. MEAs are increasingly used to study
NDDs, also combined with iPSC-derived neurons274,306–309, providing novel insight on
the effects of pathogenic variants on human neuronal network activity. For instance,
mature excitatory neuronal networks fire synchronous network bursts223, a pattern
that can be affected by NDD related pathogenic variants274; and unsurprisingly neuronal
network dysfunction is linked to neurodevelopmental disorders (NDD)310–312. The cortical
symptoms seen in MELAS patients, such as epilepsy and stroke-like episodes, suggest
MEAs could provide valuable insight into the underlying neuronal network deficits due
to high enough m.3243A>G heteroplasmy.

1

Figure 5. Reprogramming and differentiation pipeline, and electrophysiological techniques used
to study the neuronal function. (A) Neuronal cultures electrophysiological characteristics can
be measured using patch-clamp (single-cell) and (B) microelectrode arrays (MEA; neuronal network); neurons show more mature, bipolar morphology after 30 days in culture, compared to 4 days.
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AIM AND OUTLINE OF THIS THESIS
My primary aim is to enhance the understanding of how the m.3243A>G pathogenic
variant, and the concomitant mitochondrial dysfunction, affect basic human neuronal
development and function, and which underlying molecular pathways are involved.
Chapter 2 of this work describes, in short, the metabolic profile of several important
in vitro cellular models, and justifies the choice of iPSC-derived neurons as my main
in vitro model. Next, in chapter 3, I generate a novel in vitro, iPSC-derived neuronal
model with a high (60%) m.3243A>G heteroplasmy level, as well as natural isogenic
controls (0% heteroplasmy). Subsequently, I characterize how the heteroplasmy affects
mitochondrial function in different in vitro cell types, and how intermediate (30%) and
high (60%) m.3243A>G heteroplasmy affect mitochondrial- and neuronal morphology
and function (chapter 3), in human iPSC-derived glutamatergic neurons. Whereas
mitochondrial morphology is relatively easy to quantify in flat cells, such as fibroblasts,
or thin structures such as an axon, we customized and applied a MATLAB protocol
to study the effects of the m.3243A>G heteroplasmy on 3D mitochondrial network
structure in neuronal soma (chapter 4). Finally, in chapter 5, I applied transcriptome
profiling to study the molecular underpinnings of this neuronal phenotype and
attempted to rescue this functional neuronal phenotype, using several pharmacological
compounds, including sonlicromanol (Khondrion KH176 compound), designed as a novel
treatment for MELAS. In the final chapter, I discuss the overall findings of this thesis,
and how these contribute to the understanding of the m.3243A>G impact on basic
neuronal function, as well as the neurological symptoms seen in MELAS (Chapter 6).

Figure 6. Graphic representation of the thesis research. iPSCs carrying high (60%) or low (0%) m.3243A>G heteroplasmy, were differentiated into glutamatergic neurons. These neurons were characterized using metabolic
profiling, immunohistochemistry, and single-cell and network electrophysiology. The effects of m.3243A>G on
3D mitochondrial network morphology in the neuronal soma were quantified in detail. The MEA platform was
further used to both link neuronal network function to up- and down regulation of specific gene pathways,
and to rescue the network phenotype using several different pharmacological compounds.
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Chapter 2

SUMMARY
The human nervous system contains a myriad of different neuronal and glial subtypes.
Before we can model the distinct metabolic effects of the m.3243A>G pathogenic
variant, we first describe here the different in vitro protocols used to generate human
neurons from induced pluripotent stem cells (iPSCs) and estimate respiratory profiles
of four essential cell types used throughout this thesis: iPSCs, neural progenitor
cells (NPCs), astrocytes, and iPSC-derived neurons (iNeurons). Using a Seahorse®
mito stress test, we first described the respiratory patterns of these cell types, and
their extracellular acidification rates, allowing us to estimate their relative reliance
on oxidative phosphorylation (OXPHOS) and glycolysis as their main sources of ATP.
As expected, we observed iNeurons had a greater reliance on OXPHOS as their main
source of ATP, compared to the other cell types. NPCs showed the lowest overall
respiratory- and glycolytic activity, and a greater reliance on glycolysis. Overall, this
suggests the m.3243A>G pathogenic variant will likely allow us to culture iPSCs with
high heteroplasmy levels and will likely cause a significant neuronal bioenergetic crisis.
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The use of OXPHOS and glycolysis by hiPSCs, NPCs, astrocytes, and iNeurons

INTRODUCTION
The nervous system is comprised of neuroepithelial (stem) cells, neural progenitor
cells, glial cells, and neurons, which can in part be distinguished by their metabolism.
As electrically excitable cells that undergo periods of strongly increased ATP demand
(for instance, to maintain synaptic ATP levels and fuel the synaptic vesicle cycle), human
neurons rely heavily on oxidative phosphorylation as a flexible and source of ATP with a
high yield1. Astrocytes, the main glial cell type, however are thought to rely primarily on
glycolysis as their source of ATP, whilst the lactate and ROS they produce fuel neuronal
metabolism and serve as signaling molecules, respectively2,3. Proliferating cells such
as embryonic stem cells (ESCs) rely primarily on glycolysis, even in the presence of
oxygen, and contain relatively few copies of mitochondrial DNA4. Mitochondria from
reprogrammed somatic cells, known as induced pluripotent stem cells (iPSCs), resemble
those seen in ESCs5,6, combined with a metabolic shift from oxidative phosphorylation
(OXPHOS) to aerobic glycolysis (Chapter 1; Fig. 4D). Interestingly, somatic cells with a
stronger glycolytic profile even reprogram more efficiently to iPSCs7. Aerobic glycolysis
provides certain benefits to proliferative cells over OXPHOS, such as a faster ATP
production rate, limited radical oxygen species (ROS) production8,9, and the creation
of building blocks from the pentose phosphate pathway (PPP)5,9,10.

2

Neuronal differentiation is accompanied by an essential11 metabolic shift from glycolysis
to OXPHOS12,13 (Chapter 1; Fig. 4D), and an increase in mtDNA copies11; blocking OXPHOS
can even prevent differentiation and promotes neural stem cell identity14. Normal
respiratory chain function (a.k.a. electron transport chain; ETC) prohibits excessive
ROS production by converting these into H2O, and the increased ATP yield per glucose
molecule fuels differentiation mechanics and complex neuronal functions. Interestingly,
neural progenitor cells, an intermediate stage between ESC/iPSC and neuron, are even
less mitochondrially active compared to iPSCs15. The transition of stem cells to a neural
progenitor (NPC) state seems to be accompanied by reduced nutrient intake, reduction
in the level of OXPHOS, and subsequent further increase in the relative reliance on
glycolysis11,16,17, combined with a reduction in the mtDNA copy number16 (chapter 1;
Fig. 4D). Thus, where neuroepithelial (stem) cells, neural progenitor cells, and glia are
thought to rely on glycolysis as their primary source of ATP, neurons likely use more
oxidative phosphorylation (OXPHOS)1.
As we described in chapter 1, it is unclear how the pathogenic variant underlying MELAS
causes the central nervous system symptoms, such as epilepsy and stroke-like episodes,
as well as neuronal damage such as white matter lesions, and cerebral atrophy. The
adenine to guanine pathogenic variant at the m.3243 position (m3243A>G) of the
mtDNA, in the MT-TL1 gene specifying tRNAleu(UUR)18,19, affects mitochondrial protein
synthesis20,21, by distorting translation of the 13 mtDNA proteins essential in Complex
I-V of the oxidative phosphorylation chain 22, which oxidizes nutrients to break down
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oxygen to water, and build a proton gradient to fuel ATP production23,24. This pathogenic
variant results in Complex I (and sometimes III, IV and V) deficiency25. We hypothesize
that a high enough m.3243A>G heteroplasmy will induce a bioenergetic deficit, which
would be most robust in a cell type that i) has a high energy need, and ii) relies more on
OXPHOS as opposed to glycolysis, such as neurons. To determine how this bioenergetic
deficit, in turn, affects in vitro human neuronal development and function, and could
eventually lead to for instance epilepsy or stroke-like episodes, we chose to generate
iPSCs, as these are easy to upscale, and can be differentiated into (theoretically) any
neuronal subtype. We subsequently used a Neurogenin-2 (Ngn2) transgene-driven
protocol26 optimized by (Frega et al., 2017) to generate glutamatergic neurons.
Previous studies have characterized the metabolic changes that occur during neuronal
induction to NPCs and neuronal differentiation in vitro. However, where most studies
show neurons are more OXPHOS dependent than iPSCs and NPCs11,27, some found
lower respiration in in vitro neurons compared to iPSCs15, or higher respiration in NPCs
compared to iPSCs28. Here, we directly compared the absolute- and relative reliance on
OXPHOS and or glycolysis, of in vitro iPSCs, (Dual SMAD inhibition induced) NPCs, rodent
astrocytes, and (Ngn2-driven) iPSC-derived neurons, using a Seahorse extracellular flux
analyzer. From the range of methods available to generate a metabolic profile29, we
selected the Agilent Seahorse® extracellular flux analyzer, which noninvasively measures
oxygen consumption (respiration) and quantifies several aspects of respiration following
the injection of an ATP synthase inhibitor, an OXHPOS uncoupling agent, and Complex
I and III inhibitors30,31. By measuring oxygen consumption, the final ETC reaction which
occurs at Complex IV, we can quantify the electron flux through the ETC to build the
proton gradient, as well as (indirectly) the proton demand by ATP synthase32. The
Mito Stress Test has the added benefit of simultaneous measuring the extracellular
acidification rate (ECAR), based on the medium pH level, as an indicator of glycolytic
activity33. By directly comparing these cell types we can provide a basis by which we
subsequently compare the effects of m.3243A>G heteroplasmy.

RESULTS
From hiPSC to neural progenitor and neuron
Prior to comparing the metabolic profiles of various in vitro cell types, we reprogrammed
human fibroblasts to induced pluripotent stem cells (iPSCs) by lentiviral activation of
the Yamanaka factor genes; cMYC, SOX2, OCT4, and KLF4. We differentiated these iPSCs
to either neural progenitor cells (NPCs) via Dual SMAD inhibition34, or to iPSC-derived
glutamatergic neurons via lentiviral activation of the transgene Neurogenin-2 (NGN2)35
(Fig. 1). NGN2-driven neuronal differentiation protocol is both fast (only 2-3 weeks
until maturity), and generates a homogeneous population of excitatory, layer 2/3-like
cortical neurons, based on expression of marker genes (Brn-2, Cux1, and FoxG1), and
AMPA-receptors GluA1/2/4. By using two lentiviral constructs with separate antibiotic
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resistance genes, one for continuous rtTA expression and one for tetracycline induced
Ngn2 expression, we create iPSC lines that stably integrate the rtTA- and Ngn2 transgenes
into their genome, that can be selected using antibiotic supplementation, removing the
need for subsequent lentiviral transductions, and that can be differentiated “at will” by
doxycycline supplementation (Fig. 1). Successful neuronal differentiation requires the
co-culture of glia, in this case Wild type rat astrocytes (Fig. 1 + 2C).

2

Figure 1. In vitro reprograming of somatic fibroblasts to iPSCs, and subsequent differentiation trajectories
to iPSC-derived neural progenitor cells and -neurons. We used (1) lentiviral transduction to obtain iPSCs,
which underwent either (2a) Dual SMAD inhibition to generate neural progenitor cells, or (2b) further viral
transduction to generate Ngn2- and rtTA-stable iPSCs, that (3) differentiate to excitatory, glutamatergic neurons upon doxycycline treatment.

We confirmed successful reprogramming and differentiation by immunocytochemical
staining of cell type specific proteins, such as Nanog and Oct4 (iPSCs; Fig. 2A), Pax6 and
Nestin (NPCs; Fig. 2B), and Map2 and Synapsin-1/2 (iNeurons; Fig. 2C), which clearly
showed the branching dendritic morphology (Map2) and the formation of synapses
(Synapsin-1/2), that all characterize mature iPSC-derived neurons35,36. The WT astrocytes
that were co-cultured with the iNeurons, were dissected from E18 embryonic rat brains,
and cultured as described previously35. They can be identified by immunocytochemistry
using an antibody for glial fibrillary acidic protein (GFAP) (Fig. 2C).
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Figure 2. Immunocytochemical stainings of iPSCs, NPCs, and iNeurons. (A) The induced pluripotent stem
cells (iPSCs) were immunocytochemically labeled with fluorescent antibodies for NANOG (Homeobox protein NANOG), OCT4 (Octamer binding protein 4), and Hoechst (nucleus). (B) The neural progenitor cells
(NPCs) were immunocytochemically stained with fluorescent antibodies for PAX6 (Paired Box 6), MAP2 (Microtubule Associated Protein 2), GFAP (Glial Fibrillary Acidic Protein), Nestin, and Hoechst. (C) The iPSC-derived neurons (iNeurons) were immunocytochemically labeled with fluorescent antibodies for GFAP, MAP2,
SYN1/2 (Synapsin-1/2), PAN (Purified anti-Neurofilament marker), and Hoechst. Scale bars represent 30 µM.
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Bioenergetic profiles of hiPSCs, NPCs, iNeurons, and astrocytes
Next, we compared the bioenergetic profile of the iPSCs, NPCs, astrocytes, and iNeurons,
using a Seahorse XF Cell Mito Stress Test (Agilent Seahorse platform) (Fig. 3A). To avoid
potential bias due to cell density differences, the data was normalized to cellular density
(10,000 iPSCs, glia, and iNeurons per well; 12,000 NPCs per well). Oxygen consumption
rate (OCR) was used as a proxy for mitochondrial respiration, to compare iPSCs, NPCs,
astrocytes, and iNeurons, at baseline as well as following incubation with i) the ATPsynthase inhibitor oligomycin, which blocks electron flow through the electron transport
chain (ETC), ii) OXPHOS uncoupling agent p-trifluoromethoxy carbonyl cyanide phenyl
hydrazone (FCCP), which stimulates the mitochondria to consume oxygen at maximal
capacity to maintain the protonmotive force, and iii) the Complex I and III blockers,
rotenone and antimycin- A, which leave only nonmitochondrial respiration (Fig. 3B).
Following these injections, we calculated baseline-, ATP-linked, and maximal respiration
(Fig. 3A). Finally, during three baseline measurements and three following the injection
of oligomycin (to estimate maximal glycolytic activity), we simultaneously determined
the extracellular acidification rate (ECAR); a measure for the level of glycolytic
activity37,38. Where OXPHOS yields more ATP (33.5 ATP per glucose, versus 2 ATP per
glucose), glycolysis more strongly acidifies the medium through pyruvate oxidation32,39,40.

2
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Figure 3. The Mito Stress Test using the Seahorse platform. (A) The Mito Stress Test measures the rate at
which oxygen is consumed from the cellular medium, at base level, and following addition of oligomycin,
FCCP, and rotenone and antimycin A, to determine basal respiration, ATP-linked respiration, proton leak,
maximal respiration, and non-mitochondrial respiration. (B) These compounds target several key components
of the OXPHOS chain, such as Complex I (rotenone), Complex III (antimycin A), and Complex V / ATP synthase
(Oligomycin). The uncoupling agent FCCP stimulates the OXPHOS chain to function at maximal capacity, by
artificially creating a strong energy need, which induces high oxidation of its substrates.
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At baseline activity, we observed the highest OCR in the iNeurons, as compared to the
iPSCs, astrocytes, and the NPCs (Fig. 4A+B). The iPSCs showed the second highest base
OCR, followed by the astrocytes and finally the NPCs, confirming their low OXPHOS use.
Calculation of ATP-linked respiration following addition of oligomycin, showed the NPCs
again utilized the lowest amount of oxygen for ATP production, compared to iNeurons,
iPSCs, and astrocytes (Fig. 4C). Interestingly, iPSCs did not differ significantly from the
iNeurons, suggesting a similar amount of oxygen consumption that is reserved for ATP
production. The addition of FCCP showed that iNeurons have a significantly larger
maximal OCR capacity, compared to the other cell types (Fig. 4D). The iPSCs’ maximal
OCR capacity was significantly bigger than that of the astrocytes or NPCs. These data are
in line with i) the increased use of OXPHOS during neuronal differentiation, and ii) the
further decrease OXPHOS use that occurs once iPSCs undergo initial neural induction to
NPCs. iNeurons also showed the highest spare- or reserve respiratory capacity, calculated
by subtracting the basal- from maximal respiration, whereas iPSCs, astrocytes and NPCs
were comparable (Fig. 4E). It is important to note the iNeurons had a significantly
higher nonmitochondrial respiration (NMR) compared to all other cell types (Fig. 4F).

2

As mentioned, the extracellular acidification rate (ECAR) was used as a proxy for
glycolytic activity (Fig. 4G). At rest, the iPSCs showed the highest extracellular
acidification rate (ECAR; Fig. 4H), indicating they have the highest use of anaerobic
glycolysis. The iNeurons and NPCs showed a similar base ECAR. Astrocytes surprisingly
presented with the lowest level of ECAR of all studied cell types. Addition of ATPsynthase blocker oligomycin forces the cells to shift their metabolism entirely to
glycolysis to produce ATP (Fig. 4I). Subsequently, iPSCs showed the strongest maximal
ECAR, compared to all other cell types, where iNeurons had a significantly higher
maximal glycolytic rate than the NPCs and astrocytes (Fig. 4I).
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Figure 4. Metabolic profiles of iPSCs, NPCs, astrocytes, and iNeurons, as measured by Mito Stress Test. A)
Oxygen consumption rate (OCR) measurements, at basal level, and following supplementation with Oligomycin (2 µM), FCCP (2 µM for astrocytes and iNeurons; 1 µM for iPSCs and NPCs), and Rotenone and Antimycin A (0.5 µM), at DIV23. The assay was done on 6-12 biological replicates per line per run and repeated
at least once (for a total of 12-32 samples per cell line). Raw OCR levels (Fig. S1A) were normalized to the cell
count at plating. (B) Quantification of basal respiration. (C) Quantification of ATP-linked respiration (basal OCR
minus Oligomycin response) was averaged over six measurements per sample. (D) Quantification of maximal
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respiration (FCCP response) was averaged over three measurements per sample. (E) Extracellular acidification
rate (ECAR) (represents glycolysis rate) was measured during- and averaged over- the first three recordings
and following the addition of oligomycin; (F) Raw ECAR (Fig. S1B) is normalized to the cell count at plating. (G)
Quantification of maximal ECAR. Data represents means ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.001,
one-way analysis of variance with post hoc Bonferroni correction.

Cell type specific preference for OXPHOS and glycolysis
To determine the preference for OXPHOS or glycolysis per cell type, we compared the
averaged base OCR and base ECAR levels per cell type (Fig. 5A). By plotting the ratio7,
or relative percentage of basal OCR and basal ECAR (Fig. 5B), we can determine the
cell type’s bioenergetic organization, or preference for OXHPOS or glycolysis33. Cells
use their preferred method of ATP production during baseline recordings. iNeurons
showed the highest overall combination of OCR and ECAR, reflecting their high energy
need. Interestingly, iPSCs showed the second highest energy demand, potentially
reflecting their high proliferation rate, followed by astrocytes. The NPCs showed the
lowest combined base OCR and base ECAR measurements. Cell types differed in the
absolute OCR and ECAR levels, yet none relied for more than 74.3% on either OXHPOS
or glycolysis (Fig.5B). As expected, iNeurons were relatively more dependent on OCR
(73.8%) than ECAR (26.2%). Interestingly, while astrocytes showed a lower OCR and
ECAR level compared to for instance the highly active iNeurons, we observed a higher
astrocyte OCR (58.6%) than ECAR (41.4%). This was also the case for iPSCs (56.2% OCR;
43.8% ECAR). Of all the studied cell types, NPCs (46.5% OCR vs 53.5% ECAR) were more
reliant on glycolysis than on OXPHOS.

2

Figure 5. Combined- and relative base OCR and ECAR recordings for iNeurons, iPSCs, astrocytes,
and NPCs. (A) OCR ((pmol/min)/cell) and ECAR ((mpH/min)/cell) levels per cell type, averaged over
the first three baseline measurements. (B) The relative OCR ((pmol/min)/cell) and ECAR ((mpH/min)/
cell) levels, as percentage of total activity, averaged over the first three baseline measurements.

Our findings confirm that the iNeurons showed the highest metabolic activity of
the studied cell types and are more reliant on OXPHOS. iPSCs showed the highest
glycolytic rate, and increased OCR and ECAR compared to astrocytes and NPCs. While
astrocytes showed a lower combined OCR and ECAR than iNeurons and iPSPCs, they
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relied slightly more on OXPHOS than glycolysis. The NPCs showed the lowest metabolic
activity compared to all the other studied cell types, apparent in an overall decrease in
OCR and ECAR, and higher dependance on glycolysis, as previously described16. Taken
together, based on these findings, we expect that iNeurons would i) present with the
most severe bioenergetic defect due to high levels of m.3243A>G heteroplasmy, and
ii) have the highest translational value and an in vitro neural model system.

DISCUSSION
We generated iPSC-derived neurons and iPSC-derived NPCs and compared their
metabolic profiles with those of the parent iPSCs and co-cultured rodent astrocytes.
We observed a preference for OXPHOS in the iNeurons, as well as the highest baseand maximal respiration, and the largest reserve respiratory capacity. iPSCs showed
an intermediate base respiration, a comparable ATP-linked respiration to iNeurons,
and the largest base- and maximal glycolytic rate. Astrocytes showed the lowest base-,
ATP-linked-, maximal- and reserve respiration, suggesting a stronger dependence on
glycolysis. NPCs presented with the lowest respiration and glycolytic rate, however a
comparable maximal glycolytic capacity to iNeurons. NPCs also showed the strongest
relative preference for glycolysis as their main source of ATP. Comparing the relative OCR
and ECAR levels, iNeurons were clearly more reliant on OXPHOS, where the NPCs relied
more on glycolysis. Both astrocytes and iPSCs exhibited a slightly higher ECAR vs. OCR.
iPSCs clearly showed the strongest base glycolytic rate and maximal glycolytic capacity.
This reflects their proliferative nature, which is often accompanied by aerobic glycolysis1,41,
or use of glycolysis in oxygen-rich conditions. The strong ATP demand of iPSCs, that
accompanies proliferation, is reflected in the highest glycolytic rate and second highest
respiration, at rest, as well as the comparable ATP-linked respiration to the iNeurons.
As mentioned previously, glycolysis has several important benefits over OXPHOS, for
proliferative cells, such as faster ATP production rate, the absence of ROS, and the
generation of essential building blocks through the pentose phosphate pathway8–10. The
similar ATP-linked respiration very probably reflects this large ATP demand due to their
continuous replication, as opposed to the post-mitotic iNeurons32. Increased reliance
on glycolysis has also been linked to a higher proliferative rate33 in e.g. cancer cells42.
The bioenergetic profile of the iPSC-derived neurons (iNeurons) matches that of in vitro
developing rodent neurons43,44, as well as other NPC/iPSC-derived neuronal models11.
This bioenergetic profile serves a specific purpose; as electrically excitable cells that
play host to ATP-demanding processes45,46, and undergo periods of strongly increased
(local) ATP demand (for instance to maintain the synaptic vesicle cycle or maintaining
membrane ion gradients)46–49, they require a large (maximal) respiratory capacity as
well as a significant reserve respiratory capacity. Oxygen is not just essential for ATP
production in neurons, it is essential for proper differentiation11. The relatively high
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base glycolytic rate in the iNeurons probably reflects the reliance of resting synaptic
ATP levels on glycolysis49, or continuous glycolytic response to neuronal activation50.
The base ECAR could be (partially) caused by CO2 evolution, as opposed to glycolytic
turnover32, however since we saw a rise upon oligomycin addition and no complete
collapse of medium acidification upon addition of the ETC blockers rotenone and
antimycin-A (Fig. S1), we can be relatively sure we measure glycolytic turnover32,51.
Astrocytes, as did iPSCs, showed a relative higher reliance on glycolysis compared to
the iNeurons. This increased relative reliance on glycolysis as their main source of ATP,
has been observed previously2. Astrocytes utilize glycolysis not only as their main ATP
source, but the lactate this produces fuels neuronal energy metabolims52. Furthermore,
their non-electrically excitable nature suggests they undergo fewer sudden changes
in energy demand, as opposed to e.g., neurons. Interestingly, when comparing OCR
and ECAR, we still observed a higher relative OCR. In interpreting this result we have
to consider the fact they were not co-cultured with neurons. The presence of neurons
affects astrocyte maturity and gene expression profiles3,53, as evidenced by distinct
astrocyte morphology and function dependent on their cortical location54. Whilst the
Ara-C treatment at DIV3 in vitro ensures no proliferating astrocytes remain in culture
during the assay, neuronal presence during maturation almost certainly creates
differences between mature, cortical astrocytes and those studied here55,56. The lack
of neurons could have kept them in a protoplasmic / progenitor state (in which we
passage them before plating), which very probably affects their overall activity and
energy need. The low maximal respiration could otherwise be caused for instance by
oligomycin-induced limited ATP-dependent substrate supply 32, however since all cell
types had access to similar resources, this seems unlikely.

2

NPCs, as expected, exhibited the lowest basal respiration and -glycolytic rates, and were
only able to match the neuronal glycolytic rate after oligomycin injection. Previous studies
have found similar reductions in respiration and glycolysis upon neural induction from
iPSCs to NPCs, as well as an increased reliance on glycolysis as ATP source in NPCs16,17,57,
especially compared to differentiated neurons58. Why this initial decrease in energy
metabolism occurs is not clear, but the reduction in pluripotency that accompanies
neural induction could reduce general ATP demand, while the strong reliance on
anaerobic glycolysis could indicate that early development occurs in highly anoxic
conditions16. Since all cells were in similar medium and supplements, we can reasonably
exclude decreased ATP synthesis or a lack of substrate supply or oxidation in NPCs32.
We do have to consider some limitations. We normalized the measurements to cell
density at plating, and only included wells that showed full density at the day of
recording (not before). It is, however, difficult to determine if the cell counts remain the
same between the moments of plating and measuring, and if all cell types for instance
show the same mortality rate. To avoid bias, we made sure a higher plating density
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did not induce clear changes in OCR, used cell types with similar growth rates (iPSCs
and NPCs), and timed the moment of 100% confluency to the day of measurement to
avoid bioenergetic changes31. We did not, for instance, perform immunohistochemical
stainings to quantify the cell count, nor did we isolate DNA or protein after recording59.
We performed a 1-4 µM FCCP titration to determine the optimal FCCP concentration per
cell type31,32, but we see a general decrease in max OCR for both the NPCs and iPSCs, with
increasing FCCP concentration. Since FCCP can actually inhibit respiration at too high
concentrations, as opposed to stimulating respiration31,60, this could indicate the ideal
FCCP concentration to induce maximal OCR could be lower than 1 µM. Furthermore,
the use of Oligomycin has been shown to reduce the maximal OCR levels measurable
in other proliferative cell types such as glioblastoma61, which could explain the lower
max OCR response in iPSCs and NPCs, or perhaps the lack of ECAR response in these
cell types upon FCCP treatment (Fig. S1). Whilst we do not expect iPSCs to reach the
same max OCR level as iNeurons, the NPCs perhaps could have reached similar levels
to astrocytes and/or iPSCs.

CONCLUSION
This study showed the bioenergetic differences between iPSCs, NPCs, astrocytes,
and iPSC-derived neurons. Most importantly, these findings suggest that m.3243A>G
pathogenic variant likely induces a significant bioenergetic crisis in the OXPHOS-reliant
iNeurons, where more glycolytic iPSCs and NPCs could be relatively unaffected. This
would make iPSC-derived neurons with various levels of m.3243A>G heteroplasmy an
outstanding translational model system to interrogate the impact of impaired neuronal
bioenergetics on neuronal development structure and function in a disease relevant
tissue.

METHODS
Neuronal differentiation
iPSCs were directly derived into upper-layer, excitatory cortical neurons by
overexpressing the neuronal determinant Neurogenin 2 (Ngn2) upon doxycycline
treatment based on62, and as we described previously35. RtTA/Ngn2-positive iPSCs
were plated as single cells at DIV0 onto the 96-well Seahorse culture plates coated
with 50µg/mL poly-L-ornithine hydrobromide (PLO; Sigma-Aldrich #P3655-10MG) and
5 µg/mL human recombinant laminin 521 (BioLamina #LN521-02) in E8 basal medium
(Gibco #A1517001) supplemented with 1% Penicillin/Streptomycin (Pen/Strep; SigmaAldrich P4333), 1% RevitaCell (Thermo-Fisher #A2644501), and 4 µg/mL doxycycline
(Sigma-Aldrich #D9891-5G) to drive Ngn2 expression, incubated at 37°C/5%CO2, at
10,000 cells per well (96 well plate). At DIV1, medium was changed to DMEM/F12
(Gibco #11320-074) supplemented with 1% Pen/Strep, 4 µg/mL doxycycline, 1% N-2
supplement (Gibco #17502-048), 1% MEM non-essential amino acid solution (NEAA;
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Sigma-Aldrich #M7145), 10 ng/mL human recombinant BDNF (Promokine #C66212), 10
ng/mL human recombinant NT-3 (Promokine #C66425). To support the neuronal culture,
freshly prepared primary cortical rat astrocytes35 were added on DIV2, in a 1:1 ratio.
At DIV3, the medium was changed to Neurobasal (Gibco #21103-049), supplemented
with 20 μg/mL B-27 (Gibco #0080085SA), 1% GlutaMAX (Gibco), 1% Pen/Strep, 4 µg/mL
doxycycline, 10 ng/mL human recombinant NT3, 10 ng/mL human recombinant BDNF. At
DIV3 only, 2 µM Cytosine b- D-arabinofuranoside (Ara-C; Sigma-Aldrich C1768-100MG)
was added to remove any proliferating cells. From DIV5-DIV9 50% of the medium was
refreshed every 2 days. From DIV 9-23 onwards the medium was supplemented with
2,5% Fetal Bovine Serum (FBS; Sigma-Aldrich #F2442-500ML) to support astrocyte
viability.

2

Neural progenitor cell generation
NPCs were generated as previously described63, before final plating on the Seahorse
culture plates. Before plating, 12-well cultures plates were coated for 4+ hours, with
50µg/mL poly-L-ornithine hydrobromide (PLO; Sigma-Aldrich #P3655-10MG) and 5
µg/mL human recombinant laminin 521 (BioLamina #LN521-02). At DIV0, iPSCs were
dissociated, counted, and plated on the coated 12-well culture plates, at 1,000,000 cell
per well, and incubated at 37⁰C/5%CO2. At 100% confluency, 1-2days post-plating, 100%
of medium is changed to neural induction medium (NIM), consisting of a 1:1 mixture of
N2- and B27-media, and again incubated at 37⁰C/5%CO2. N2 medium consists of DMEM/
F12, N2 (Gibco), 5 μg ml−1 insulin, 1 mM L-glutamine, 100 μm non-essential amino acids,
100 μM 2-mercaptoethanol, 50 U ml−1 penicillin and 50 mg ml−1 streptomycin. B27
medium consisted of Neurobasal (Invitrogen), B27 with or without vitamin A (Gibco),
200 mM glutamine, 50 U ml−1 Penicillin and 50 mg ml−1 streptomycin. NIM medium was
further supplemented with 1 μm Dorsomorphin (Tocris), and 10 μm SB431542 (Tocris)
to inhibit TGFβ signaling during neural induction. 100% of medium is changed every
day. After approximately 8-12 days, rosettes form, followed eventually by a uniform
neuroepithelial sheet. Collect the neuroepithelial rosette cells using ReLeSR (Stem Cell
Technologies) and plate a percentage onto new 6-well culture plates, coated with 50µg/
mL poly-L-ornithine hydrobromide (PLO; Sigma-Aldrich #P3655-10MG) and 5 µg/mL
human recombinant laminin 521 (BioLamina #LN521-02), and incubate at 37⁰C/5%CO2.
The next day, change medium to neural maintenance medium (1:1 N2 and B27 mix)
supplemented with FGF (20 ng/ml) and EGF (20ng/ml), at this point we have reached
p0 of the neuroepithelial cells (NES). Every 5-7 days, the NES are passaged at a 1:2 or
1:3 ratio, on PLO/lam coated plates, using NMM medium supplemented with FGF and
EGF. After one split, the NPCs are now ready for plating onto the seahorse culture plate.
Seahorse Mito Stress Test
Oxygen consumption rates (OCR) were measured using the Seahorse XFe96 Extracellular
Flux analyser (Seahorse Bioscience). iPSCs (both those that stay iPSC, and those that
will be differentiated) and astrocytes were seeded at a concentration of 10,000 per
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well in E8 basal medium supplemented with 1% Pen/Strep, 10 µg/mL RevitaCell, and
4 µg/mL doxycycline, and allowed to adhere at 37 °C and 5% CO2. To generate the
iNeurons, a similar maturation protocol was applied as previously described, up until
the cells were 23 days in vitro. NPCs were plated two days before the measurement,
in neural maintenance medium supplemented with FGF (20 ng/ml) and EGF (20ng/ml),
at 20,000 cells per well. One hour before measurement, culture medium was removed
and replaced by Agilent Seahorse XF Base Medium (Agilent #103334-100) supplemented
with 10 mM glucose (Sigma), 1 mM sodium pyruvate (Gibco), and 200 mM L-glutamine
(Life sciences) and incubated at 37 °C without CO2. Basal oxygen consumption was
measured six times followed by three measurements after each addition of 1 µM of
oligomycin A (Sigma #75351-gMG), 1-2 µM carbonyl cyanide 4-(trifluoromethoxy)
phenylhydrazone FCCP (Sigma #C2920-50MG) (as determined per cell type, by titration
(Fig. S1A)), and 0.5 µM of rotenone (Sigma #R8875-25G) and 0.5 µM of antimycin A
(Sigma #A8674-100MG), respectively. One measuring cycle consisted of 3 minutes of
mixing, 3 minutes of waiting and 3 minutes of measuring. To correct for the different
cell densities, we normalized the OCR and ECAR to the plating densities (10,000 cells
per well, for iPSCs, astrocytes, and iNeurons; 20,000 cells per well for the NPCs).
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SUPPLEMENTARY ITEMS

2

Figure S1. Metabolic profiles of iPSCs, NPCs, Astrocytes, and iNeurons, as measured by Seahorse
Extracellular Flux analyzer. Related to figure 3. (A) Raw OCR results of consecutive oxygen consumption rate (OCR) measurements, at basal level, and following supplementation with Oligomycin (2 µM), FCCP (2 µM), and Rotenone and Antimycin A (0.5 µM). (B) Raw extracellular acidification rate (ECAR) (represents glycolysis rate) determined during- and averaged over- the first three
basal recordings (n = 12); and subsequent three recordings after injection with Oligomycin (2 µM).
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SUMMARY
Epilepsy, intellectual and cortical sensory deficits, and psychiatric manifestations
are the most frequent manifestations of mitochondrial diseases. How mitochondrial
dysfunction affects neural structure and function remains elusive, mostly due to a lack
of proper in vitro neuronal model systems with mitochondrial dysfunction. Leveraging
induced pluripotent stem cell technology, we differentiated excitatory cortical
neurons (iNeurons) with normal (low heteroplasmy) and impaired (high heteroplasmy)
mitochondrial function on an isogenic nuclear DNA background from patients with the
common pathogenic m.3243A>G variant of mitochondrial encephalomyopathy, lactic
acidosis and stroke-like episodes (MELAS). INeurons with high heteroplasmy exhibited
mitochondrial dysfunction, delayed neural maturation, reduced dendritic complexity
and fewer excitatory synapses. Micro-electrode array recordings of neuronal networks
displayed reduced network activity and decreased synchronous network bursting.
Impaired neuronal energy metabolism and compromised structural and functional
integrity of neurons and neural networks, could be the primary driver of increased
susceptibility to neuropsychiatric manifestations of mitochondrial disease.
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INTRODUCTION
Mitochondrial disease is caused by pathogenic variants either in the nuclear or
mitochondrial DNA (mtDNA). The resulting cellular/tissue energy crisis impacts organs
with the highest energy need, such as the brain1. Epilepsy, intellectual and cortical
sensory deficits and psychiatric manifestations are the most frequent manifestations
of any mitochondrial disease2–10. Neural processes with high energy demand, such as
neuronal maturation/development and plasticity as well as impaired synaptic physiology
and synchronous neuronal activity10–14 could explain the proximal neuropsychological
presentation in mitochondrial disease. To date, however, the lack of translational model
systems of impaired brain bioenergetics has hampered our understanding of the exact
nature of disease pathobiology and the development of disease-modifying therapies.
Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS)
is the most common progressive and devastating multisystem mitochondrial
disease with epilepsy, stroke-like episodes, intellectual and cortical sensory deficits,
psychopathology, muscle weakness, cardiomyopathy, and /or diabetes1. The majority
of MELAS patients (80%) have an adenine to guanine pathogenic variant at the
m.3243 position (m3243A>G) of the mitochondrial genome (mtDNA), in the MT-TL1
gene coding for tRNAleu(UUR) (OMIM 590050)15,16. This affects amino acid incorporation
during translation of 13 mtDNA proteins essential in the oxidative phosphorylation17.
The estimated prevalence of clinically affected individuals with the m.3243A>G variant
causing MELAS is about 1:20.00016,18–20, but that of asymptomatic carriers could be
as much as 1:400 in the general population19. The percentage of mutated copies of
mtDNA (heteroplasmy) plays a role in the onset and expression of symptoms, as well
as the severity of the disease21. Specifically, levels of heteroplasmy for the m.3243A>G
variant positively correlates with mitochondrial respiratory chain complex I, III and IV
insufficiencies22–26. The m.3243A>G variant-related phenotypes are highly variable27.
Lower heteroplasmy levels of ~30% commonly present with type I or II diabetes, with
or without hearing loss, while 50% to 80% can present with myopathy, cardiomyopathy,
cortical sensory deficits and psychiatric symptoms and MELAS (Pei and Wallace, 2018b;
Shermila Pia; Forshing Lui., 2018;Wallace, 2018). Homoplasmic cases are associated
with severe early onset MELAS, with encephalopathy including intellectual disability.
Whereas brain heteroplasmy levels in post-mortem brain tissue of individuals with
MELAS31 have been correlated with (sub)cortical volume loss32, we know little about
impact of various m.3243A>G heteroplasmy levels on neuronal development and
function.

3

The polyploid nature of mtDNA and replicative segregation hamper the development of
animal or in vitro disease models for mtDNA-related mitochondrial diseases33. Current
in vitro models, such as cytoplasmic hybrids, do not take into account the interplay
between patient mtDNA and nuclear DNA34, important in both health35 and disease36.
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Human iPS cells (iPSCs) are powerful tools in disease modelling and drug discovery
through investigating the relationship between impaired brain energy metabolism in
disease-relevant tissues and cell types, as well as to uncover aspects of the dynamic
changes in neural structure and function that predispose to neuropsychological
symptoms in mitochondrial disease2. Using directed differentiation37,38, we generated
human isogenic excitatory cortical neurons (iNeurons) containing low (0%) and high
levels (>60%) of m.3243A>G heteroplasmy from patient-derived fibroblasts. We found
that iNeurons with mitochondrial dysfunction (>60% of m.3243A>G heteroplasmy)
exhibited reduced size and complexity of dendritic arbors, fewer excitatory synapses
and accordingly a lower frequency of spontaneous postsynaptic currents. Further,
neuronal network recordings from micro-electrode arrays showed less activity, as well
as impaired synchronous network bursts of iNeurons with mitochondrial dysfunction.
Finally, networks consisting of iNeurons with intermediate (30%) heteroplasmy level
or mosaic co-cultures of iNeurons with low and high levels of heteroplasmy revealed
that continuous change in m.3243A>G heteroplasmy resulted in a discontinuous (i.e.
threshold-dependent) presentation of neural network phenotypes, albeit different
neuronal network phenotypes were associated with different bioenergetics thresholds.
Our results highlight the potential of using iPSC-derived neurons for disease modelling39,
and provide conceptual advance in understanding the impact of mitochondrial
dysfunction on the development as well as structural and functional integrity of neurons
and neural networks.

RESULTS
M.3243A>G heteroplasmy levels upon reprogramming and neuronal differentiation
We reprogrammed fibroblasts of an individual with MELAS to iPSCs by retroviral
transduction with the Yamanaka transcription factors (see materials and methods
for patient description; Table S1). We selected 5 clones to determine the m.3243A>G
heteroplasmy levels by next generation sequencing. We identified two clones with
0%, two clones with 71%, and one clone with 83% heteroplasmy, a similar spread
found in studies using mtDNA heteroplasmy in iPSCs 40–42. We selected clones with
low heteroplasmy (LH1) (0% m.3243A>G) and with high heteroplasmy (HH1) (71%
m.3243A>G) for further investigations, with the goal of using isogenic clones. Clones
with and without m.3243A>G heteroplasmy showed positive expression of pluripotency
markers OCT4, NANOG, SOX2, and LIN28 (Fig. S1A, B), and normal karyotypes (Fig. S1C).
We included a curated healthy iPSC line (Control, CTR; 409-B, Kyoto University43) in
our study to serve as an external control, to counter any potential bias of the isogenic
control (LH1) patient background. When we quantified iPSC cell growth rate (Fig. S1D),
we observed more cell death after plating, and a small reduction in growth rate, for
the HH1 iPSCs, compared to CTR and LH1 iPSCs, at initial culturing (P0) and after 15
subsequent passage (P+15). Next, we differentiated the CTR-, LH1-, and HH1 iPSCs
into a homogeneous population of excitatory cortical Layer 2/3 neurons (hereafter
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referred to as “iNeurons”) by forced expression of the transcription factor Ngn2 (Fig.
S1E)37,38. We selected iPSCs that successfully incorporated Ngn2- and rTta- constructs
into their genome. For all experiments, iNeurons were co-cultured on freshly isolated
rodent astrocytes to facilitate neuronal maturation (Fig.S1E)38. All iPSC lines were able
to differentiate into MAP2-positive excitatory iNeurons, which formed Synapsin 1/2
expressing synapses, within 23 days in vitro (DIV) of the start of differentiation (Fig.
1A; S1E). We observed that differentiation induced higher mortality in the HH1 line
presumably because more cells remained mitotic after Ngn2 induction and therefore
were sensitive to cytosine arabinoside (Ara-C) treatment. We quantified the final
number of surviving MAP2 positive iNeurons (Fig. S1F) and adjusted initial plating
numbers to obtain the same amount of MAP2 cells after differentiation at DIV 23, the
time point when most experiments were performed (Fig. S1G, Materials and Methods).
Importantly, droplet digital PCR (ddPCR) showed heteroplasmy levels were retained
across at least 15 iPSC passages, and while we observed a slight decrease post-neuronal
differentiation, we confirmed stable heteroplasmy levels during neuronal maturation
(>60%) (Fig. 1B).
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Figure 1. m.3243A>G heteroplasmy levels per cell type, and neuronal aerobic metabolic profiles. (A) Schematic representation of MELAS iPSCs and derived neurons. Patient fibroblast generated iPSC clones with either
homoplasmic (0%) or heteroplasmic (71%) pathogenic variant levels. Ngn2- and rTta- construct transduction
led to 0% and 65% heteroplasmy levels. Subsequent doxycyclin-induced Ngn2-expression mediated differentiation into iNeurons, expresssion micro-tubule associated protein 2 (MAP2) and Synapsin 1/2 at 23 days
in vitro (DIV) (scale bars = 100µm). (B) Quantification of % m.3243A>G heteroplasmy upon reprogramming of
the fibroblasts to iPSCs, as well as during Ngn2-dependent differentiation. (n = 2-5; per line, per timepoint).
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(C) Oxygen consumption rate (OCR) measurements, at basal level, and following supplementation with Oligomycin (2 µM), FCCP (2 µM), and Rotenone and Antimycin A (0.5 µM), at DIV23. The assay was done on 10-12
biological replicates per line per run and repeated twice in its totality (for a total of 30-36 samples per cell line).
Raw OCR levels were normalised to a citrate synthase assay (Fig. S2A). (D) Quantification of basal respiration,
n = 10-12. (E) Quantification of ATP-linked respiration (basal OCR minus Oligomycin response) was averaged
over three measurements per sample, n = 10-12. (F) Quantification of maximal respiration (FCCP response)
was averaged over three measurements per sample, n = 10-12. (G) Quantification of extracellular acidification rate (ECAR) (represents glycolysis rate) determined during- and averaged over- the first six recordings
(n = 12); Raw ECAR (Fig. S2A) is normalised to a citrate synthase assay. Data represents means ± SEM. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.001, one-way analysis of variance with post hoc Bonferroni correction. CTR-,
LH- and HH iNeurons were statistically compared by One-way anova. C1, complex 1 (NADH dehydrogenase);
C2, complex 2 (Succinate dehydrogenase); C3, complex 3 (Coenzyme Q: cytochrome c reductase); C4, complex
4 (Cytochrome c oxidase); C5, complex 5 (ATP synthase).

High level of m.3243A>G heteroplasmy reduces mitochondrial oxygen consumption rate
Neuronal differentiation induces a metabolic shift, from predominantly glycolytic
iPSCs44 to mitochondrial oxidative phosphorylation (OXPHOS)-dependent neurons45.
We assessed the effects of the m.3243A>G variant on mitochondrial respiration in CTR,
LH1 and HH1 iNeurons with the Seahorse XF Cell Mito Stress Test, at DIV 23. We used
oxygen consumption rate (OCR) as a measure of mitochondrial respiration (Fig. 1C; Fig.
S2A+B) and extracellular acidification rate (ECAR) as a measure of glycolytic capacity
(Fig. S2C). We normalized the OCR/ECAR to a) to cell count to prevent any bias due
to any differences in neuronal cell density, that might arise due to differences in cell
viability development (Fig. S1F; Fig. S2D), and b) oxaloacetate-induced citrate synthase
activity (CS)46 to determine OCR per mitochondria. We obtained comparable results
when OCR was normalized either to cell count or CS activity (Fig. S2B). CTR and LH1
iNeurons exhibited similar basal OCR profiles (Fig. 1C-G), whereas HH1 iNeurons showed
lower basal OCR in comparison. Addition of the ATP-synthase inhibitor Oligomycin
reduced ATP-linked respiration (Fig. 1E) in HH1 iNeurons compared to both control and
LH1 iNeurons. Furthermore, the uncoupling agent p-trifluoromethoxy carbonyl cyanide
phenyl hydrazone (FCCP) showed a significantly reduced maximal respiratory capacity in
HH1 iNeurons (Fig. 1F). Whereas OCR was decreased in the HH1 iNeurons under these
multiple conditions, we observed an increase in ECAR in the HH1 iNeurons, reflecting
an increase in anaerobic glycolysis (Fig. 1G, Fig. S2F), which was not accompanied by
a significant increase in lactate in the medium of HH1 iNeurons compared to medium
of LH1 iNeurons (Fig. S2J). Comparing the relative absolute- and percentual base OCR
and ECAR directly, we observe this increased reliance on glycolysis by the HH iNeurons
(Fig. S). Subsequently we measured OCR and ECAR in the CTR, LH1, and HH1 iPSCs (Fig.
S2E+F). We observed more variation in OCR levels, and found no significant differences
at basal OCR and ATP-linked OCR, nor in ECAR or medium lactate levels. We did observe
a significant reduction in maximal OCR of iPSC-HH1 compared to iPSC-LH1 (Fig. S2I).
Overall, our data show that in iNeurons, a high m.3243A>G heteroplasmy level affects
mitochondrial OCR by reducing oxidative phosphorylation while increasing anaerobic

3

79

Binnenwerk Teun - V3.indd 79

10-05-21 13:45

Chapter 3

glycolysis. In contrast, iPSCs relying mainly on (an)aerobic glycolysis47,48, solely showed
a reduction in maximal respiratory capacity.
Structural differences in iNeurons with high vs. low level of m.3243A>G heteroplasmy
Mitochondria support important aspects of neuronal development, such as axonal 49 and
dendritic branching50. We assessed the effects of m.3243A>G variant on somatodendritic
neuronal structure by sparsely transfecting iNeurons at DIV 6 with a construct expressing
red fluorescent protein (Fig. 2A). We imaged and reconstructed 3-dimensionally at
least 30 iNeurons per cell line at DIV 23 (Fig. 2B) and quantified soma size, number of
primary dendrites, total and mean dendritic length, number of dendritic nodes, and
the surface covered by the dendritic trees (Fig. 2C). CTR and LH1 iNeurons did not differ
from each other in any of the parameters (Fig. 2C). Soma size and primary dendrite
counts were similar between all cell lines, whereas we observed shorter dendrites in
HH1 iNeurons compared to control and LH1 iNeurons. Furthermore, we observed a
reduction in total dendritic length, number of dendritic nodes and branching points in
HH1 iNeurons. Accordingly, the total surface covered by the dendritic tree, quantified
by calculating the “convex hull 2D”, was smaller in the HH1 iNeurons (Fig. 2C). Finally,
we used Sholl analysis by applying expanding 10 µm rings from the soma, to quantify
the complexity of the dendritic network close to and distal from the soma (Fig. 2D).
Sholl analysis confirmed a reduced number of dendritic intersections, shorter dendritic
length, and fewer dendritic nodes per Sholl ring in HH1 iNeurons (Fig. 2D, E). These
observations show that iNeurons with attenuated mitochondrial function are reduced
and less complex dendritic organization and thus present a smaller receptive surface.
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Figure 2. Reconstruction of the dendritic morphology. (A) Representative fluorescence microscopy images
of DsRed-positive iNeurons of CTR-, LH- and HH- cultures, at DIV23 (scale bar = 30 µm). (B) Representative
somatodendritic reconstructions of CTR iNeurons. C) Quantification of the soma size, the number of primary
dendrites, the number of dendritic nodes, the mean- and total dendritic length, and the size of the surface
covered by the dendritic network (Convex Hull 2D); *P<0.05; *** P<0.001, one-way analysis of variance. (D)
Sequential 10 µm rings placed from the centre soma outwards for Sholl analysis. (E) Quantification per 10
µm Sholl section of the number of dendritic intersections per ring, the total dendritic length per ring, and the
number of dendritic nodes per ring. CTR n = 37; LH n = 36; HH n = 35. Data represents means ± SEM. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.001, two-way analysis of variance with post hoc Bonferroni correction.
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Synaptic density and axonal mitochondrial abundance are reduced in iNeurons
with high levels of m.3243A>G heteroplasmy.
In addition to their role in neuronal growth, mitochondria mediate synapse formation
and function, whether it is postsynaptic at dendrites51, at en passant pre-synaptic sites
in the axon, or at growth cones52,53. Interestingly, mitochondrial absence at the synapse
has been linked both to increased neurotransmitter release probability54 as well as to
loss of synaptic function55. Our next goal was to investigate whether the m.3243A>G
variant affects the number of synapses in iNeurons. To this end, we measured the
number of synapses by quantifying presynaptic Synapsin-1/2 puncta, on MAP2-positive
dendrites (Fig. 3A). Whilst we found no differences between CTR- and LH1 iNeurons,
we did observe less Synapsin-1/2 puncta in the HH1 iNeurons compared to either the
CTR or LH1 iNeurons (Fig. 3A, B) at DIV 23.
Next, we quantified the axonal mitochondrial abundance in the proximal part of the
axon (30-200 µm from the soma). Using a DsRed2-Mito7 marker, we visualized the
entire mitochondrial network of single iNeurons and found that HH1 iNeurons had less
mitochondria present in the initial part of the axon (30-200µm from the soma) (Fig. 3C,
D). Assessing mitochondrial morphology, we found no differences in their average size,
interconnectivity, or shape (Fig. S3A), but we did observe an increased proportion of
larger and rounder mitochondria in HH1 iNeurons (Fig 3E+F).
Depending on species and neuronal subtype, mitochondria can be present in presynaptic sites (50% in human pyramidal neurons54; 82% in rat retinal ganglion neurons56;
43-56% in mouse hippocampal neurons57), where their presence can modify synaptic
neurotransmitter release probability54,58. To determine the ratio of presynaptic elements
co-localizing with mitochondria iNeurons, we employed a dual DsRed2-Mito7 and
VGLUT1-VENUS (pre-synaptic vesicular glutamate transporter) transfection (Fig. 3G).
HH1 iNeurons again showed a reduced number of mitochondria in the distal axon
compared to CTR and LH1 iNeurons (Fig. 3H), matching our observations in the proximal
axon (Fig. 3C+D). Second, we observed a reduction in VGLUT1 puncta in HH1 iNeurons
compared to CTR and LH1 iNeurons (Fig. 3H). The absolute number of VGLUT1 puncta
that co-localized with mitochondria in the axon was lower in HH1 iNeurons than CTR
and LH1 iNeurons, albeit the ratio of synapses co-localizing vs. non-co-localizing with
mitochondria was comparable in both CTR and LH1 iNeurons. Similarly, no change in
this ratio (synapses with vs. without mitochondria) was observed when using a DsRed2Mito7 transfection in combination with an endogenous Synapsin staining (Fig. S3B). This
indicates that although the total number of synapses and mitochondria are reduced in
HH1 iNeurons, no compensatory mechanism restores the absolute number of synapses
co-localizing with mitochondria to levels observed in LH1 and CTR iNeurons.
In summary, we observed reduced numbers of mitochondria in the proximal and distal
compartments of the axon in HH1 iNeurons, combined with fewer synapses. While
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the absolute number of synapses that contain mitochondria is reduced, the ratio of
synapses that co-localize with mitochondria versus those that do not is stable across
all cell lines.

3

Figure 3. Quantification of mitochondrial- and synaptic density.
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(A) Representative light fluorescence images of CTR-, LH-, and HH iNeurons (63X magnification) stained with
micro-tubule associated protein 2 (MAP2) and Synapsin-1/2 (Scale bar = 30µm) and (B) quantification of the
number of pre-synaptic Synapsin-1/2 puncta per µm MAP2-possitive dendritic length, (CTR n = 21; LH n = 20;
HH n = 20), at DIV23. Data represents means ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.001, one-way
analysis of variance with post hoc Bonferroni correction. (C) Light fluorescence images of CTR-, LH-, and HH
iNeurons (40X magnification) transfected using DsRed2-Mito7 construct (Scale bar = 30 µm) as well as (D) quantification of the number- and shape of mitochondrial particles in the initial proximal 200µm axon section (30µm
from soma to exclude axon-initial segment) (CTR n = 23; LH n = 21; HH n = 21). Average- and cumulative (E)
mitochondrial size and (F) shape. ***P<0.001, Kolmogorov-Smirnov test. (G) Light fluorescence images of CTR-,
LH-, and HH iNeurons co-transfected with a DsRed2-Mito7 (mitochondria) and a VGlut1-VENUS (VGlut1 puncta)
constructs (Scale bar = 30 µm) and (H) quantification of the number of mitochondria, the number of VGLut1
puncta, the absolute number of co-localizing (mitochondria plus VGlut1 puncta) and the ratio of co-localization
(co-localizing / non co-localizing) (CTR n = 23; LH n = 27; HH n = 21). Data represents means ± SEM. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.001, one-way analysis of variance with post hoc Bonferroni correction.

Frequency of spontaneous excitatory activity is reduced in iNeurons with high level
of m.3243A>G heteroplasmy
Next, we studied the effects of m.3243A>G heteroplasmy on neuronal activity at the
single-cell level, using whole cell voltage-clamp recordings. We recorded spontaneous
excitatory post-synaptic currents (sEPSCs) at -60 mV, for all three neuronal lines (Fig
4A), at DIV 23. We observed a decrease in sEPSC frequency (Fig. 4B, C), but not sEPSC
amplitude (Fig. 4D, E) of HH1 iNeurons compared to CTR- and LH1 iNeurons. Looking at
the cumulative distribution of both sEPSC frequency and amplitude, we found higher
proportion of larger inter-event intervals in the HH1 iNeurons compared to both CTR
and LH1 iNeurons (Fig. 4C), but no difference in amplitude distribution (Fig. 4E).
To determine if differences in the sEPSC frequency were due to intrinsic
neurophysiological differences, we recorded both passive and active properties
from CTR-, LH1-, and HH1 iNeurons at DIV23 (Fig. 4F). We observed no quantitative
differences between any of the cell lines, in the resting membrane potential (Fig. 4G),
capacitance (Fig. 4H), or membrane resistance (Fig. 4I). Additionally, we found no
differences in active properties such as rheobase (Fig. 4J), action potential threshold
(Fig. 4K), action potential amplitude (Fig. 4L), nor in the inter-spike interval of the evoked
action potentials (ISI; Fig. 4M).
Collectively, our data suggest that high level of m.3243A>G heteroplasmy-induced
reduction in sEPSC frequency was caused by a reduction in synaptic density.
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Figure 4. Reduced Spontaneous excitatory activity in HH iNeurons. (A) Representative electrophysiological
traces showing spontaneous excitatory post-synaptic currents (sEPSCs) recorded at -60mV, in iNeuron cultures
at DIV23 (CTR n = 12; LH n = 17; HH n = 13). (B) Quantification of sEPSC frequency (including (C) cumulative inter-event interval) and (D) sEPSC amplitude (including (E) cumulative sEPSC amplitude). (F) Representative firing
patterns of CTR, LH1 and HH1 iNeurons recorded using current clamp whole-cell recording at DIV21. Quantification of of passive membrane properties including (G) resting membrane potential (Vamp), (H) membrane
capacitance (Cm) and (I) membrane resistance. Quantification of step-depolarization evoked action potentials
active properties of iNeurons including (J) rheobase, (K) AP threshold, (L) maximum action potential amplitude
and (M) inter-spike interval (ISI; sec) (CTR n = 11; LH n = 17; HH n = 13). Data represents means ± SEM. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.001, one-way analysis of variance with post hoc Bonferroni correction.
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High level of m.3243A>G heteroplasmy impairs neuronal network activity and
synchronicity
The previous experiments showed that, at the single cell level, iNeurons with high
m.3243A>G heteroplasmy form fewer synapses and receive less synaptic input. We
next investigated whether this reduced synaptic activity also translated into altered
activity at the network level. To this end we examined and compared the spontaneous
activity of neuronal networks derived from LH and HH iNeurons growing on microelectrode arrays (MEAs) at similar densities (Fig. S4A). MEA recordings allowed us to
non-invasively and repeatedly monitor neuronal network activity (spikes and bursts)
through extracellular electrodes located at spatially separated points across iNeuron
cultures (Fig. 5A-C). Because of the known heterogeneity seen between MELAS patients
carrying the m.3243A>G heteroplasmy, and to avoid a potential mediating effect of the
patient’s specific genetic background, we generated two additional sets of isogenic
MELAS iPSC lines (LH2+3 and HH2+3; previously characterised59). We selected clones
with low heteroplasmy (LH2+3; 0% m.3243A>G) and with high heteroplasmy (HH2+3;
66-84% m.3243A>G; Fig. S4B) and differentiated these into iNeurons.
During the fifth week in vitro (DIV 30), all control networks (i.e., CTR, LH1, LH2, LH3),
at similar density (Fig. S4A), showed a pattern of activity characterized by regular
synchronous events, called network bursts (Fig. 5C-F). These network bursts are
an important characteristic of a properly developed, mature neuronal network38.
At this stage, we observed no difference in the level and pattern of synchronous
activity between the CTR, LH1-3 networks (Fig 5C-J). The highly reproducible network
characteristics observed across all controls and LH1-3 lines provided us with a consistent
and robust standard to what we could directly compare the HH1-3 networks.
The iNeurons with high levels of m.3243A>G heteroplasmy (HH1-3) showed spontaneous
activity with bursts (Fig. 5D-F) of a relatively similar duration (Fig. S4C) and comparable
number of spikes as iNeurons with LH (Fig. S4D, burst firing rate). However, both the
amount and pattern of spike and network bursting in HH1-3 networks were significantly
different compared to their respective LH isogenic controls. We found that the general
level of activity (mean firing rate; MFR) exhibited by the HH1-3 networks was strongly
reduced (Fig. 5G). Furthermore, HH1-3 networks presented with reduced network burst
rate (NBR) (Fig. 5I), with HH1 and HH3 networks exhibiting virtually no network bursts
(Fig. 5D, F, I). Network burst duration (NBD) in HH2 and HH3 networks, however, were not
affected (Fig. S4F). Notably, because network bursts were very sparse in HH3 networks,
we were unable to calculate either NBDs (Fig S4F) or network inter-burst intervals (NIBI)
for HH3 (Fig. S4G). Finally, we also observed that spike organization in HH1-3 networks
differed from controls, which was indicated by the higher percentage of random spikes
(PRS) occurring outside the network bursts (Fig. 5H). Taken together, these results show
that iNeurons with high levels of m.3243A>G heteroplasmy fail to organize into functional
neuronal networks and produce a distinctive phenotypical pattern of network activity.
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Next, we assessed if and to what degree control and LH networks differed from HH
networks when taking all measured network parameters into account. To this end we
performed a canonical discriminant function analysis including MFR (Fig. 5G), PRS (Fig.
5H), Mean burst rate (MBR, Fig 5I), Mean burst duration (MBD, Fig. S4C), Mean burst
firing rate (MBFR, Fig. S4D), Mean burst interval (MBI, Fig. S4E), Network burst rate
(NBR; Fig. 5I), Network burst duration (NBD; Fig. S4F), and the network inter-burst
interval (NIBI; Fig. S4G) as variables (Fig. S4H).The analysis revealed that HH groups
clearly clustered together outside the CTR/LH spectrum (Fig. S4H). Based on this model,
we could not only predict an individual’s membership in the larger known group, but
also cluster them into the respective subgroups (Fig. S4I). Combined, the data show
that impaired energy metabolism in iNeurons impacts neuronal network organization
and activity, resulting in a distinct neuronal network phenotype.
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Figure 5. Spontaneous excitatory network activity recorded on MEA. (A) Schematic representation of neuronal networks cultured on 24-well MEAs. (B) Spikes and bursts from a 180-second recording plotted per
electrode, (C) CTR- network plotted here as example, showing synchronous network bursts over all electrodes
(grey vertical bar), over a 3-minute period. (D) Example plots of LH1- and HH1 networks derived from patient
#1. (E) Example plots of LH2- and HH2 networks derived from patient #2. (F) Example plots of LH3- and HH3
networks derived from patient #3. We quantified (G) mean firing rate (MFR), (H) percentage of random spikes
(PRS), (I) mean burst rate, and (J) network burst rate (per minute; NBR). CTR n = 23; LH1 n = 15; LH2 = 14;
LH3 = 23; HH1 n = 22; HH2 = 20; HH3 = 21. Data represents means ± SEM. *P<0.05, **P<0.01, ***P<0.001,
****P<0.001, one-way analysis of variance with post hoc Bonferroni correction.
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Intermediary m.3243A>G heteroplasmy and network activity
Next, to test the outstanding question whether an intermediate level of m.3243A>G
heteroplasmy results in an intermediate expression of neuronal phenotype, we
recorded network activity of iNeuronal networks of similar density (Fig. S5A) with 30%
m.3243A>G heteroplasmy (“Intermediate heteroplasmy 3”; IH3) derived from patient #3
(Fig. S5B) at DIV30 and compared them to LH3 and HH3 (Fig. 6A-D). Overall, IH3 iNeurons
fire synchronized network bursts (NB’s) comparable to LH3 iNeurons (Fig.6B+C), and
displayed a similar mean firing rate (Fig. 6E), percentage of random activity (Fig. 6F),
burst rate (Fig. 6G), network burst rate (Fig. 6H), as well as other network parameters
(Fig. S5C-F). However, taking a closer look at the pattern of network activity, IH3
iNeurons exhibited a larger variance in network inter-burst interval (NIBI), measured
as the coefficient of variance (CV; Fig. 6C+J). In other words, there is a larger variation
in the intervals between individual network bursts, clearly visualized in a cumulative
distribution of individual NIBI (Fig. S5G).

3

Figure 6. Spontaneous network activity for networks containing 0% (LH3), 30% (IH3), and 65% (HH3)
m.3243A>G heteroplasmy.
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(A) An iPSC line containing 30% heteroplasmy was derived from the original subject #3 fibroblasts, with
isogenic background. (B-D) Example raster plots from recordings of neuronal network activity at DIV30, of (B)
LH3 (n = 21; low heteroplasmy 3; 0% m.3243A>G heteroplasmy), (C) IH3 (n = 14; intermediate heteroplasmy 3;
30% m.3243A>G heteroplasmy), and (D) HH3 (n = 15; high heteroplasmy 3; 65% m.3243A>G heteroplasmy).
(E-J) Quantification of MEA parameters: (E) mean firing rate (Hz), (F) the percentage of random spikes, (G) the
burst rate (or number of bursts per minute), (H) the network burst rate (or network bursts per minute), (J) the
mean network inter-burst interval, and (J) the coefficient of variance of the network inter-burst intervals (in
%). Data represents means ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.001, one-way analysis of variance
with post hoc Bonferroni correction.

A mosaic co-culture reveals distinct neuronal network phenotypic m.3243A>G
thresholds
Finally, to test whether a mosaic co-culture of iNeurons with low and high m.3243A>G
heteroplasmy would result in a linear or discontinuous expression of the neuronal
phenotype, we co-cultured LH1 and HH1 iNeurons at different ratios, on MEAs (LH1/
HH1 ratio: 100:0-, 80:20, 60:40, 40:60, 20:80 and 0:100, Fig. 7A-G).
Interestingly, the firing rate (Fig. 7H), burst rate (Fig. 7I) and network burst rate (Fig.
7J) in neural networks containing a minimum of 20% LH1 were similar to 100% LH
cultures. However, like our observations with the IH3 iNeurons, the variance in the
network inter-burst interval (CV NIBI) increased by the presence of 60% HH1 (Fig. 7M),
or an average heteroplasmy level of 36% (Fig. S6A). These results strongly suggest that
a continuous change in average m.3243A>G heteroplasmy results in a discontinuous
(i.e., threshold-dependent) expression of neural network phenotypes, albeit such
heteroplasmy thresholds might be specific to distinct neuronal network phenotypes,
e.g., altered network burst rate at ~60% heteroplasmy vs. network inter-burst interval
already at ~30% heteroplasmy levels.
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Figure 7. Spontaneous network activity for mosaic co-cultured neuronal networks consisting of 0-100%
LH1 and 0-100% HH1 iNeurons. (A) Schematic representation of mosaic co-cultured neuronal networks.
(B-G) Example raster plots from recordings of neuronal network activity at DIV30, of co-cultures containing different ratios of LH and HH iNeurons , as indicated ((B) 100% LH1 + 0% HH1 (n = 19), (C) row #2 with
20% LH1 & 80% HH1 (n = 11), (D) row #3 with 40% LH1 & 60% HH1 (n = 10), (E) row #4 with 60% LH1 & 40%
HH1 (n = 9), (F) row #5 with 80% LH1 & 20% HH1 (n = 8), (G) to row #6 with 0% LH1 & 100% HH1 (n = 12)). All
raster plots represent 3-minute representative recordings of each different condition. (H-M) Quantification
of MEA parameters: (H) mean firing rate (MFR; in Hz), (I) the percentage of random spikes (PRS), (J) the burst
rate (or number of bursts per minute), (K) the network burst rate (or network bursts per minute), (L-M) the
coefficient of variance of the interval between network bursts (in %). Data represents means ± SEM. *P<0.05,
**P<0.01, ***P<0.001, ****P<0.001, one-way analysis of variance with post hoc Bonferroni correction.
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DISCUSSION
Here, we report on the development and deep phenotyping of a neural model system
of mtDNA-related mitochondrial disease. Specifically, we used state-of-the-art iPSC
technology (multiple patient lines and leveraging on naturally occurring isogenic lines
with various levels of mitochondrial dysfunction), combined with in depth morphological
and electrophysiological phenotyping (network and single cell level) to identify a
hitherto unknown cell- and network-level neural phenotypes of mitochondrial disease.
IPSC reprogramming produced clones with different heteroplasmy levels, including
homoplasmic clones, due to natural underlying heterogeneity in the original fibroblast
population with concomitant changes in respiratory chain activity (this study and
Perales-Clemente et al., 2016). This allowed us to use iNeurons with isogenic nuclear
background (eliminating a potential confounding effect due to differences in nuclear
genetic background) and with appropriate heteroplasmy levels and respiratory
functions for disease modelling. We observed that iNeurons generated from individuals
with the m.3243A>G variant faithfully replicate brain-specific manifestations of
respiratory complex deficiency. iNeurons also revealed clues for understanding the
pathomechanism related to abnormal energy metabolism in the brain. Specifically, we
found evidence that iNeurons with high level of m.3243A>G heteroplasmy exhibited
reduced dendritic length and complexity. Furthermore, we found a reduction in the
number of mitochondria in the proximal- and distal sections of the axon, combined with
a reduction in pre-synaptic protein abundance. On a functional level, iNeurons with
high levels of m.3243A>G heteroplasmy were less active, both at the single neuron and
neuronal network level, and showed a reduction in network synchronicity.
Neuropathological studies have expanded our understanding of neural impairment
and cell loss in the brains of individuals with mitochondrial disease revealing structural
alterations. Mitochondrial dysfunction has been associated with altered neuronal
dendritic morphology and remodelling60. The local availability of mitochondrial mass
is critical for generating and sustaining dendritic arbors, and disruption of mitochondrial
distribution in mature neurons is associated with structural alterations in the
neurons49,61,62. Loss of interneurons63, synapses and dendritic atrophy (both in number
and size) in specific brain areas, such as various cortical areas, cerebellum, thalamus
and basal ganglia31,64–68 have also been reported in individuals with mitochondrial
dysfunction. We found a reduced number of primary dendrites and dendritic nodes,
decreased total- and mean dendritic length, as well as reduced surface, covered by the
dendritic network. We also observed reduced synaptic density in iNeurons with high
levels of heteroplasmy concomitant with a reduction in the number of mitochondria in
the proximal- and distal section of the axon. Whilst our culture is restricted to excitatory
neurons, our observations, corroborate the notion that mitochondrial function and
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positioning influencing dendritic branch morphology plays a direct role in establishing
and maintaining mature neuronal circuits.
iNeurons with high levels of m.3243A.G heteroplasmy exhibited strongly reduced mean
firing rate (MFR) both at the single-cell and network level. Neuronal activity, being
heavily dependent on glucose supply as the main fuel source69, is especially vulnerable to
metabolic dysregulation. Thus, pathological brain states, such as epilepsy characterized
by firing instability and recurrent seizures, reflecting aberrant synchronous activity of
large groups of neurons are likely to be associated with impaired energy flows in the brain.
A recent study observed that metabolic signaling constitutes a core regulatory module of
MFR homeostasis70. Our results confirm the link between neuronal energy metabolism
and MFR homeostasis as well as corroborate the notion that mitochondrial dysfunctions
could be causal in the initiation and progression of distinct types of epilepsy71.

3

Synchronous rhythms represent a core mechanism for sculpting temporal coordination
of neural activity in brain-wide networks72. Common symptoms of m.3243A>G related
mitochondrial disease, such as epilepsy, intellectual and cortical sensory deficits, as
well as psychopathology are characterized too by excessive or asynchronous neural
activity that typically does not occur in a single isolated neuron; rather, it results from
pathological activity in large groups-or circuits-of neurons73–77. Energy is required to
fuel the formation and synchronized activity of neuronal circuits78,79. Altered energy
metabolism in the brain, therefore, leads to dramatic changes in the underlying
synchronization and functioning of these networks14,70. Impaired mitochondrial
structure and function predispose neuronal network dysfunction80. Various in vitro
and in vivo model systems have also shown impaired neuronal oscillatory function
in mitochondrial disease models81,82 (review82). Our observation of a reduced level of
neuronal network activity as well as the pattern of spiking and the bursting activity of
neuronal networks caused by intermediate- and high heteroplasmy levels supports
the notion that neuronal networks with mitochondrial dysfunction fail to synchronize
properly. Regulation of synchronous brain activity in individuals with mitochondrial a
disease therefore could be proximal to the clinical phenotype of epilepsy, cognitive
impairment, and neuropsychiatry.
Variation in the percentage of m.3243A>G heteroplasmy in the brain can be associated
with phenotypic heterogeneity of neuropsychiatric presentations in MELAS. To
determine the basis of this phenotypic heterogeneity, we generated iNeurons with
high (60-80%), low (0%) and intermediate (30%) level of heteroplasmy as well as
neuronal networks compromised of a mosaic of iNeurons with low and high m.3243A>G
heteroplasmy (Fig 7A). Both experiments demonstrated that low to intermediate levels
of m.3243A>G heteroplasmy did not affect general neuronal network parameters such
as the level of activity or number of network bursts. However, IH to HH levels, as well
as co-cultures of neuronal networks containing a larger proportion of HH iNeurons,
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did affect the regularity of the network burst firing pattern, a phenotype which has
been seen in other iPSC-derived models for neurodevelopmental disorders83. Reduced
network regularity could also contribute to the epilepsy and stroke-like episodes in
MELAS84, and other epilepsy types linked to metabolic dysfunction85–87 or epileptic
animal models88,89. Interestingly, these co-cultures of LH and HH neuronal networks
demonstrated that the presence of LH, i.e., healthy neurons could balance the impact
of neurons with HH levels on network phenotypes. Furthermore, we observed a rather
sharp transition in the neural network phenotypes in co-cultures consisting of 60 or
80% HH iNeurons indicating that when a certain threshold of heteroplasmy level is
reached, it cannot be compensated by the presence of LH (healthy) neurons. Similar
to our results, a recent study by Picard et al., using cybrids harboring various levels
of m.3243A>G heteroplasmy, showed that small increases in mutant mtDNA caused
relatively modest defects in oxidative capacity but resulted in sharp transitions in
cellular phenotypes90. Our results provide additional evidence that continuous
changes in mtDNA heteroplasmy result in discontinuous changes in neuronal network
phenotypes. These data also corroborate clinical observation that cases with 60~80%
of m.3243A>G heteroplasmy are associated with either severe early onset MELAS, with
intellectual and cortical sensory deficits and psychiatric symptoms28,90.
Taken together, investigating the relationship between impaired brain energy
metabolism in a disease-relevant tissue recapitulated similar structural and functional
neuronal phenotypes that exist in epilepsy, intellectual and cortical sensory deficits.
These results suggest that mitochondrial dysfunction could be a primary driver in
the initiation and progression of neuropsychiatric symptoms in individuals with
mitochondrial disease. These results go beyond of the etiology of MELAS disease and do
provide conceptual advance in understanding the impact of mitochondrial dysfunction
on the structure and function of single neurons and neural networks. Our results not
only help understand the pathobiology of common neuropsychiatric symptoms in
mitochondrial disease but could be leveraged for future pharmacological studies.
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STAR METHODS
KEY RESOURCES TABLE
REAGENT OR RESOURCE

SOURCE

IDENTIFIER

Mouse anti-MAP2

Sigma

Cat# M4403;
RRID:AB_477193

Guinea pig anti-SYNAPSIN1/2

Synaptic Systems

Cat# 106004;
RRID:AB_1106784

Goat anti-mouse Alexa Fluor
488

Invitrogen

Cat# A11029;
RRID:AB_138404

Goat anti-Guinea pig Alexa
Fluor 568

Invitrogen

Cat# A11075;
RRID:AB_141954

24-well MEA system

Multichannel Systems, MCS
GmbH, Reutlingen, Germany

N/A

Droplet Digital PCR droplet
generator

AutoDG, Bio-Rad

http://www.bio-rad.com

DNA-In Neuro Transfection
Reagent

Globalstem Inc

N/A

PGM Ion Torrent sequencer

ThermoFisher

N/A

Seahorse XFe96 Extracellular
Flux Analyser

Seahorse Bioscience

http://www.agilent.com

Antibodies

Critical Commercial Assays

QX2000 droplet reader

Bio-Rad

http://www.bio-rad.com

Zeiss Axio Imager Z1

Zeiss

http://www.zeiss.com

Olympus BX51WI

Olympus Life Science

http://www.olympuslifesciences.com

Olympus LUMPlanFL N 40x WI
objective

Olympus Life Science

http://www.olympuslifesciences.com

kappa MXC 200 camera system

Kappa optronics GmbH

http://www.kappoptronics.com

PMP-102 micropipette puller

MicroData Instrument

https://www.
microdatamdi.com

Digidata 1140A digitizer

Molecular Devices,
Wokingham, United Kingdom

https://www.
moleculardevices.com/

Multiclamp 700B amplifier

Molecular Devices,
Wokingham, United Kingdom

https://www.
moleculardevices.com/

Deposited Data
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KEY RESOURCES TABLE: Continued
REAGENT OR RESOURCE

SOURCE

IDENTIFIER

Raw data of figures

This paper

Mendeley Data (http://
dx.doi.org/10.17632/
crz8f9k9gy.1)

Charles River

N/A

CTR-unstable

Yamanaka, Shinya / RIKEN BRC

HPS0076; 409B2;
RRID:CVCL_K092

HH1-unstable

Generated in this study

N/A

HH2-unstable

A gift from Timothy Nelson 59

HH3-unstable

A gift from Timothy Nelson

LH1-unstable

Generated in this study

LH2-unstable

A gift from Timothy Nelson 59

N/A

LH3-unstable

A gift from Timothy Nelson

59

N/A

IH3-unstable

A gift from Timothy Nelson

59

CTR-Ngn2/rTta (iNeuron
generation)

Generated in this study

N/A

HH1-Ngn2/rTta (iNeuron
generation)

Generated in this study

N/A

HH2-Ngn2/rTta (iNeuron
generation)

Generated in this study

N/A

HH3-Ngn2/rTta (iNeuron
generation)

Generated in this study

N/A

LH1-Ngn2/rTta (iNeuron
generation)

Generated in this study

N/A

LH2-Ngn2/rTta (iNeuron
generation)

Generated in this study

N/A

LH3-Ngn2/rTta (iNeuron
generation)

Generated in this study

N/A

IH3-Ngn2/rTta (iNeuron
generation)

Generated in this study

N/A

Addgene

RRID:Addgene_55838

Experimental Models:
Organisms/Strains
Wistar Wu WT Rat (Dissociated
astrocytes)
Human iPSC lines:

59

3

N/A
N/A
N/A

N/A

Plasmids (DNA)
DsRed2-Mito7
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KEY RESOURCES TABLE: Continued
REAGENT OR RESOURCE

SOURCE

IDENTIFIER

vGlut1-VENUS

Frank Polleux (Columbia
University)

N/A

pCAG-DsRed

Connnie Cepko

RRID:Addgene_11151

pTRIPDU3-EF1a-EGFP lentiviral
vector

Kasri et al., 2008

N/A

Lenitvirus psPAX2 packaging
vector

psPAX2 was a gift from
Didier Trono (Addgene
plasmid # 12260; http://
addgene. org/12260;
RRID:Addgene_12260)

RRID:Addgene_12260

Lenitvirus VSVG envelope
glycoprotein vector pMD2-G

pMD2.G was a gift from
Didier Trono (Addgene
plasmid # 12259; http://
addgene. org/12259;
RRID:Addgene_12259)

RRID: Addgene 12259

Clampfit V 10.2

Molecular Devices, LLC., CA,
USA

RRID:SCR_011323

FIJI / ImageJ

National Institutes of Health

RRID:SCR_003070

GraphPad Prism 6

GraphPad Software, Inc., Ca,
USA

RRID:SCR_002798

Recombinant DNA

Software and Algorithms

MATLAB 2014b

Mathworks

RRID:SCR_001622

MiniAnalysis

Synaptosoft Inc

RRID:SCR_002184

Multiwell Analyzer

Multichannel Systems, MCS
GmbH, Reutlingen, Germany

N/A

Neurolucida 360

MBF-Bioscience, Williston, ND,
USA

RRID:SCR_016788

SPYCODE V3.9

Chiappalone Group

N/A

QuantaSoft Analysis Pro
(1.0.596)

Bio-Rad

N/A

Bio-Rad

N/A

Chemicals, Peptides, and
Recombinant Proteins
2XddPCR Supermix (no dUTP)
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KEY RESOURCES TABLE: Continued
REAGENT OR RESOURCE

SOURCE

IDENTIFIER

Acetyl-coenzyme A

Sigma-Aldrich

#A2056-1MG

Accutase

Gibco

#A11105-01

Agilent Seahorse XF Base
Medium

Agilent

#103334-100

Antimycin A

Sigma-Aldrich

#A8674-100MG

B27 Supplement

Gibco

#0080085SA

Cytosine bD-arabinofuranoside (Ara-C)

Sigma-Aldrich

#C1768-100MG

BDNF, human recombinant

Promokine

#C66212

carbonyl cyanide
4-(trifluoromethoxy)
phenylhydrazone FCCP

Sigma-Aldrich

#C2920-50MG

DAKO fluorescent mounting
medium

DAKO

#S3023

DMEM/F12

Gibco

#11320-074

Doxycycline

Sigma-Aldrich

#D9891-5G

DPBS

Gibco

#14190-094

DTNB

Thermo-Fisher

#22582

E8 Basal Medium

Gibco

#A1517001

Fetal Bovine Serum (FBS)

Sigma-Aldrich

#F2442-500ML

G418

Sigma-Aldrich

#4727878001

Glucose

Sigma-Aldrich

N/A

GlutaMAX

Gibco

#35050061

Glycine

Sigma-Aldrich

#56-40-6

Höchst

Thermo-Fisher

#H3570

L-Glutamine

Life Sciences

N/A

Lysine

Sigma-Aldrich

#56-87-1

MEM non-essential amino acid
solution NEAA

Sigma-Aldrich

#M7145

N2

Gibco

#17502-048

Neurobasal Medium

Gibco

#21103-049

NT-3, human recombinant

Promokine

#C66425

Oligomycin A

Sigma-Aldrich

#75351-gMG
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KEY RESOURCES TABLE: Continued
REAGENT OR RESOURCE

SOURCE

IDENTIFIER

Penicillin/Streptomycin

Sigma-Aldrich

#P4333

Poly-L-ornithine hydrobromide
(PLO)

Sigma-Aldrich

#P3655-10MG

Primocin

Invivogen

#ANT-PM-05

Puromycin

Invivogen

#ANT-PR-1

Recombinant Human Laminin
LN521

Biolamina

#2021-21

ReLeSR

Stem Cell Technologies

N/A

RevitaCell

Thermo-Fisher

#A2644501

Rotenone

Sigma-Aldrich

#R8875-25G

Sodium pyruvate

Gibco

N/A

Tris hydrochloride

Sigma-Aldrich

#10812846001

Triton X-100

Sigma-Aldrich

#9002-93-1

RESOURCE AVAILABILITY
Lead contact
Further information and requests for resources and reagents should be directed to and
will be fulfilled by the Lead Contact, dr. Nael Nadif Kasri (n.nadifkasri@radboudumc.nl).
Materials Availability
Aside from the patient-derived induced pluripotent stem cell lines, this study did not
generate novel unique reagents. The IPSC lines generated in this study can be made
available on request, but we may require a payment and/or a completed Materials
Transfer Agreement if there is a potential for commercial application.
Data and Code Availability
The authors confirm that the data supporting the findings of this study are available
within the article [and/or] its’ supplementary material. The raw data files have been
collectively uploaded at Mendeley Data (http://dx.doi.org/10.17632/crz8f9k9gy.1) and
are available from the corresponding author on request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animals
For the dissection and culturing of rat astrocytes pregnant WT Wistar WU rats from
Charles River were sacrificed after which embryos (E18) were removed for generating
primary cultures (see section Primary neuronal cell culture) (Charles River). Animal
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experiments were conducted in conformity with the Animal Care Committee of the
Radboud University Nijmegen Medical Centre, the Netherlands, under DEC application
number 2015-0038, and conform to the guidelines of the Dutch Council for Animal Care
and the European Communities Council Directive 2010/63/EU.
Human fibroblast donors
We used iPSCs and/or skin fibroblasts from three distinct subjects, the details of which
are included in table 1.
Subject #1 was born, as a second child of a then healthy 29-year-old mother, who was
later diagnosed with a classic MELAS phenotype, due to 3243A>G pathogenic variants.
The older sister, who developed severe depression around the age of 32 years, and had
recurrent episodes of visual loss, received the same diagnosis after her first stroke-like
episode. Our patient had normal growth and adequate early psychomotor development.
During puberty he was evaluated for exercise intolerance and fatigue. He was diagnosed
with cardiomyopathy at the age of 31 years. He became obese and was diagnosed
with type 2 diabetes mellitus. He developed severe, therapy-resistant depression
at the age of 33 years. He was found to have homoplasmic 3243A>G levels in urine
sediment cells, 58% heteroplasmy in blood and 89% in fibroblasts. Further metabolic
evaluation detected elevated lactic acid levels. Additional BAER test detected unilateral
sensorineural hearing loss. At the age of 42 years our patient is using a wheelchair due
to progressive muscle weakness and has a mild asymmetry in muscle strength after two
stroke-like episodes. His cardiac disease is stable on beta-blocker therapy. His hearing
loss became bilateral.

3

Subject #2 had no family history of mitochondrial disease. Her only notable clinical
feature in the paediatric age was a childhood onset progressive sensorineural hearing
loss, which needed a left cochlear implant treatment. During puberty she developed
insulin dependent Diabetes mellitus and depression. She was also treated for chronic
constipation. She had no other health concerns till the age of 36 years, when she had
the first of his recurrent stroke like episodes. She also developed seizures and gait
ataxia and has a slowly progressive cognitive decline in association with the recurrent
stroke like episodes.
Subject #3 had a history of diabetes and deafness in his mother. Her pediatric disease
history was uneventful. At age 23, she developed insulin dependent Diabetes mellitus.
At age 25, she was diagnosed with hearing loss and had her first episode of major
depression. She was also diagnosed with nephropathy and microalbuminuria at the
age of 25. At the age of 30, she had the first of her recurrent stroke like episodes. At
age 35, she was treated for concentration and memory loss and suicidal ideas. At age
37 she was diagnosed with ophthalmoplegia, ptosis and myopathy, developed chronic
fatigue, exercise intolerance and in her late 30s peripheral neuropathy. Her MRI showed
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brain atrophy with subcortical white matter lesions and basal ganglia involvement. At
age 45 she was found to have heteroplasmic 3243A>G levels in 47% in urine sediment
cells, 16% heteroplasmy in blood and 33% in fibroblasts.
Human iPSC lines
Skin fibroblasts of MELAS subject #1 with the pathogenic variant m.3243A>G in MT-TL1
(tRNALeu(UUR were reprogrammed by the in house Radboudumc Stem Cell Technology
Centre, through retroviral transduction of the Yamanaka transcription factors Oct4,
c-Myc, Sox2 and Klf4 92. IPSCs for subject #2+3 (HH2+3; see Supplemental data for
patient description) were reprogrammed from primary human skin fibroblasts by
ReGen Theranostics (Rochester, MN) using CytoTune-iPS 2.0 Sendai Reprogramming
Kit according to manufacturer’s instructions (Invitrogen A16517) 59. Previous studies
have shown the reprogramming process can generate a large variety of heterogeneity
in heteroplasmy levels, in iPSC clones, ranging from 0-100% 27,42,93,94. M.3243A>G
heteroplasmy levels of 5 iPSC clones were sequenced using a PGM Ion Torrent sequencer
(ThermoFisher), which showed two clones with 0% m.3243A>G heteroplasmy, two
clones with 71% heteroplasmy, and one clone with 83% heteroplasmy. Subsequently,
we selected one iPSC clone with 0% m.3243A>G heteroplasmy (“Low heteroplasmy 1”;
LH1), and one iPSC clone with 71% m.3243A>G heteroplasmy (“High heteroplasmy 1”;
HH1) for further testing; we confirmed they both had normal karyotypes (Fig. S1C). An
additional, curated control cell line (“Control”; CTR 95,96) was included, and confirmed
to have no m.3243A>G heteroplasmy. This control line was originally derived from
fibroblasts of a 36-year old female, reprogrammed using episomal reprogramming, and
showed no karyotypical malformations 43,96. Lines LH2+3 and HH2+3 were generous gifts
from Ester Perales-Clemente and Timothy Nelson, previously characterized and tested
for heteroplasmy levels (Table S1), and had normal karyotypes 59. IPSCs were thawed
and cultured at all times on recombinant human laminin LN521 (Biolamina, 2021-21),
kept in E8 basal medium (Thermo Fisher Scientific) supplemented with primocin (0.1 µg/
ml, Invivogen), puromycin (0.5 µg/ml) and G418 (0.5 µg/ml), and uridine (50 µg/ml) and
incubated at 37°C/5%CO2, with medium changes every 2-3 days and passages 1-2 times
per week using ReLeSR (Stem Cell Technologies). Heteroplasmy levels were regularly
measured to insure they were retained across passage numbers. All measurements
were performed on iPSCs with passage lower than 40.
Neuronal differentiation
IPSCs were directly derived into upper-layer, excitatory cortical neurons by
overexpressing the neuronal determinant Neurogenin 2 (Ngn2) upon doxycycline
treatment based on 37, and as we described previously 38. All cells retained their level
of heteroplasmy after antibiotic selection for the RtTA- and Ngn2 constructs (Fig. 1A).
RtTA/Ngn2-positive iPSCs were plated as single cells at DIV0 onto nitric-acid treated
coverslips coated with 50µg/mL poly-L-ornithine hydrobromide (PLO; Sigma-Aldrich
#P3655-10MG) and 5 µg/mL human recombinant laminin 521 (BioLamina #LN521-02)
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in E8 basal medium (Gibco #A1517001) supplemented with 1% Penicillin/Streptomycin
(Pen/Strep; Sigma-Aldrich P4333), 1% RevitaCell (Thermo-Fisher #A2644501), and 4
µg/mL doxycycline (Sigma-Aldrich #D9891-5G) to drive Ngn2 expression, incubated
at 37°C/5%CO2, at 20,000 cells per well (24 well plate) for the CTR- and LH- lines, and
30,000 cells per well (24 well plate) for HH lines. At DIV1, medium was changed to
DMEM/F12 (Gibco #11320-074) supplemented with 1% Pen/Strep, 4 µg/mL doxycycline,
1% N-2 supplement (Gibco #17502-048), 1% MEM non-essential amino acid solution
(NEAA; Sigma-Aldrich #M7145), 10 ng/mL human recombinant BDNF (Promokine
#C66212), 10 ng/mL human recombinant NT-3 (Promokine #C66425). To support the
neuronal culture, freshly prepared primary cortical rat astrocytes 38 were added on
DIV2, in a 1:1 ratio. At DIV3, the medium was changed to Neurobasal (Gibco #21103049), supplemented with 20 μg/mL B-27 (Gibco #0080085SA), 1% GlutaMAX (Gibco), 1%
Pen/Strep, 4 µg/mL doxycycline, 10 ng/mL human recombinant NT3, 10 ng/mL human
recombinant BDNF. At DIV3 only, 2 µM Cytosine b- D-arabinofuranoside (Ara-C; SigmaAldrich C1768-100MG) was added to remove any proliferating cells. From DIV5-DIV9
50% of the medium was refreshed every 2 days. From DIV 9-23 onwards the medium
was supplemented with 2,5% Fetal Bovine Serum (FBS; Sigma-Aldrich #F2442-500ML)
to support astrocyte viability.

3

METHODS DETAILS
Droplet Digital PCR (ddPCR) to measure MT-TL1 m.3243A>G heteroplasmy
Droplet digital PCR was performed on DNA extracted from both neurons and iPSCs.
ddPCR primers were custom synthesized to amplify the mitochondrial MT-TL1 m.3243
region. A HEX-labelled hydrolysis probe was designed to detect the wild type allele
(m.3243A), while a FAM-labelled hydrolysis probe was designed against the mutant
allele (m.3243G). DNA samples were diluted to ensure proper droplet saturation for an
accurate ddPCR quantitative measurement. ddPCR reactions contained 11ul of 2XddPCR
Supermix (no dUTP) (Bio-Rad), 2.2uL of diluted sample, 1.1uL of Hind III (NEB), along
with 900nM of PCR primers, 250nM of each probe and water to a final volume of 22uL.
Samples were loaded into a 96-well plate, heat-sealed with foil, vortexed, centrifuged
and placed on an automated droplet generator (AutoDG, Bio-Rad). After droplet
generation, plates were sealed, placed into a thermocycler and PCR was performed
with 95°C for 10min, 40 cycles of denaturation at 94°C for 30s, annealing and extension
at 60°C for 1min, and a final enzyme deactivation step at 98°C for 10min. Plates were
stored at 4°C until measured on the QX200 droplet reader (Bio-Rad). Data analysis was
performed with QuantaSoft Analysis Pro version 1.0.596 (Bio-Rad).
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Seahorse Mito Stress Test
Oxygen consumption rates (OCR) were measured using the Seahorse XFe96 Extracellular
Flux analyser (Seahorse Bioscience). IPSCs were seeded at a concentration of 10,000 per
well in E8 basal medium supplemented with 1% Pen/Strep, 10 µg/mL RevitaCell, and
4 µg/mL doxycycline, and allowed to adhere at 37 °C and 5% CO2. A similar maturation
protocol was applied as previously described, up until the cells were 23 days in vitro.
One hour before measurement, culture medium was removed and replaced by Agilent
Seahorse XF Base Medium (Agilent #103334-100) supplemented with 10 mM glucose
(Sigma), 1 mM sodium pyruvate (Gibco), and 200 mM L-glutamine (Life sciences) and
incubated at 37 °C without CO2. Basal oxygen consumption was measured six times
followed by three measurements after each addition of 1 µM of oligomycin A (Sigma
#75351-gMG), 2 µM carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone FCCP
(Sigma #C2920-50MG), and 0.5 µM of rotenone (Sigma #R8875-25G) and 0.5 µM of
antimycin A (Sigma #A8674-100MG), respectively. One measuring cycle consisted of
3 minutes of mixing, 3 minutes of waiting and 3 minutes of measuring. The OCR was
normalized to citrate synthase activity, to correct for the mitochondrial content of the
samples 46. The citrate (CS) activity was measured according to a protocol previously
described 97, modified for Seahorse 96 wells plates. We record background citrate
synthase activity in the absence of its substrate acetyl-CoA, followed by adding AcetylCoA, and subtract the initial activity from the activity in the presence of substrate,
providing a measurement of citrate synthase activity. To avoid the possibility that
protein levels are similar but mitochondrial count is not, we subsequently normalize
mitochondrial respiration to CS. As the deficiency due to the m.3243A>G heteroplasmy
should be present in the oxidative phosphorylation chain, not the in the initial phase
of the TCA cycle, there is no difference in CS activity. In detail, after completion of OCR
measurements the Seahorse medium was replaced by 0.33% Triton X-100, 10 mM TrisHCl (pH 7.6), after which the plates were stored at -80 °C. Before measurements, the
plates were thawed and 3 mM acetyl-CoA, 1 mM DTNB, and 10% Triton X-100 were
added. The background conversion of DTNB was measured spectrophotometrically
at 412 nm and 37 °C for 10 minutes at 1-minute intervals, using a Tecan Spark
spectrophotometer. Subsequently, the reaction was started by adding 10 mM of the
citrate synthase substrate oxaloacetate, after which the ΔA412 nm was measured again for
10 minutes at 1-minute intervals. The citrate synthase activity was calculated from the
rate of DTNB conversion in the presence of oxaloacetate, subtracted by the background
DTNB conversion rate, using an extinction coefficient of 0.0136 µmol-1. cm-1.
Immunohistochemistry
INeurons were briefly washed with ice-cold DPBS (Gibco #14190-094), before fixation
with 4% paraformaldehyde/ 4% sucrose (v/v), and subsequently permeabilized (DPBS,
0.2% triton X-100 (Sigma-Aldrich #9002-93-1)). Cells were again washed 3 times with
DPBS for 5 minutes at room temperature, before a-specific binding of antibodies was
prevented by incubation with blocking buffer (DPBS, 5% normal horse serum, 5% normal
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goat serum, 5% normal donkey serum, 0,1% bovine serum albumine (BSA), 1% glycine,
0,4% triton, 0,1% lysine (all from Sigma-Aldrich)) for 1 hour at room temperature. Primary
antibodies were diluted 1:1000 in blocking buffer, and were incubated overnight, at
4°C. The cells were afterwards washed 3 times for 5 minutes at room temperature,
followed by incubation with secondary antibodies, diluted 1:2000 in blocking buffer,
for 1 hour at room temperature. After washing for 3 times for 5 minutes at RT with
DPBS, Höchst (Termofischer #H3570) diluted 1:10.000 in DPBS was incubated for 10
minutes at RT. After one last wash with DPBS for 5 minutes at RT the coverslips were
imbedded in fluorescent mounting medium (DAKO #S3023). Primary antibodies that
were used, are: mouse anti-MAP2 (1:1000; Sigma M4403), and guinea pig anti-synapsin
1/2 (1:1000; Synaptic Systems 106004). Secondary antibodies that were used, are: goat
anti-mouse Alexa Fluor 488 (1:2000, Invitrogen A-11029), and goat anti-guinea pig Alexa
Fluor 568 (1:2000, Invitrogen). Imaging was done on a Zeiss Axio Imager Z1 equipped
with apotome, using the same settings for all batches and groups, at a resolution of
1024 x 1024 at 63X magnification (scale 1 pixel = 0.072µm). Images were analyzed using
ImageJ software (Schneider et al., 2012), whereby iNeurons were selected based on
both Map2- and Synapsin expression. Synapsyn-puncta were counted manually and
normalized to the length of the dendritic branch on which they reside.

3

Neuronal morphometrical reconstruction
To examine morphology of iNeurons, cells on coverslips were transfected with
plasmids expressing Discosoma species red (dsRED) fluorescent protein one week
after plating. DNAin (MTI-GlobalStem) was used according to manual instructions.
Medium was refreshed completely the day after DNAin application. After three weeks
of differentiation cells were fixed in 4% paraformaldehyde/ 4% sucrose (v/v) in PBS and
mounted with DAKO.
Whole-cell patch clamp recordings
Experiments were performed in a recording chamber on the stage of an Olympus
BX51WI upright microscope (Olympus Life Science) equipped with infrared differential
interference contrast optics, an Olympus LUMPlanFL N 40x water-immersion objective
(Olympus Life Science) and kappa MXC 200 camera system (Kappa optronics GmbH)
for visualization. Through the recording chamber a continuous flow of carbongenated
artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 1.25 NaH2PO4, 3 KCl,
26 NaHCO3, 11 Glucose, 2 CaCl2, 1 MgCl2 (adjusted to pH 7.4), warmed to 30°C, was
present. Patch pipettes (6-8 MΩ) were pulled from borosilicate glass with filament and
fire-polished ends (Science Products GmbH) using the PMP-102 micropipette puller
(MicroData Instrument).
For recordings of spontaneous excitatory postsynaptic currents (sEPSCs) in voltage
clamp mode, pipettes were filled with a cesium-based solution containing (in mM) 115
CsMeSO3, 20 CsCl, 10 HEPES, 2.5 MgCl2, 4 Na2-ATP, 0.4 Na3-ATP, 10 Na-phosphocreatine,
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0.6 EGTA (adjusted to pH 7.2 and osmolarity 304 mOsmol). Spontaneous action
potential-evoked postsynaptic currents (sEPSC) were recorded in ACSF without
additional drugs at a holding potential of −60 mV. Intrinsic properties were recorded in
current clamp mode using pipettes filled with a potassium-based solution containing
(in mM) 130 K-Gluconate, 5 KCl, 10 HEPES, 2.5 MgCl2, 4 Na2-ATP, 0.4 Na3-ATP, 10 Naphosphocreatine, 0.6 EGTA (pH 7.2 and 290 mOsmol). Resting membrane potential
(vRMP), was determined directly after reaching whole-cell configuration, and the other
intrinsic properties were determined with a holding potential of -60mV. Capacitance and
membrane resistance were measured using a -10mV voltage step. Rheobase, threshold,
maximum action potential amplitude and inter spike interval (ISI) were measured
using stepwise current injection ranging from -30pA to +50pA. ISI was determined by
calculating the time interval between the first and second action potential.
All recordings were acquired using a Digidata 1140A digitizer and a Multiclamp 700B
amplifier (Molecular Devices, Wokingham, United Kingdom), with a sampling rate set
at 20 kHz and a lowpass 1kHz filter during recording. Recordings were not analyzed if
series resistance was above 25MΩ or when the recording reached below a 10:0 ratio
of membrane resistance to series resistance. SEPSCs were analyzed using MiniAnalysis
(Synaptosoft Inc). Intrinsic properties were analyzed with Clampfit 10.7 (molecular
devices, CA, USA).
Micro-electrode array recordings
Recordings of the spontaneous activity of neuronal networks derived from seven iPSC
lines (CTR, LH1-3, HH1-3) were performed at DIV 28. All recordings were performed using
the 24-well MEA system (Multichannel Systems, MCS GmbH, Reutlingen, Germany).
MEA devices allow for non-invasive recording of neuronal activity, simultaneously at
multiple nodes of the same network. Each of the 24 independent wells is embedded
with 12 micro-electrodes (i.e., 12 electrodes/well, 30 µm in diameter and spaced 300
µm apart). The neuronal networks could acclimatize to the recording environment
(37ºC; 5% CO2, 20% O2, 75% N2) for 10 minutes, after which the spontaneous neuronal
network activity was recorded for a subsequent 10 minutes. The signal was sampled
at 10 KHz, filtered with a high-pass filter (i.e., Butterworth, 100 Hz cut-off frequency)
and the noise threshold was set at ± 4.5 standard deviations.
Mitochondrial morphology
Analysis of mitochondrial morphology was done on transfected iNeurons using the
DNA-In Neuro Transfection Reagent (Globalstem Inc), in combination with a DsRed2Mito7 plasmid, which was a gift from Michael Davidson (Addgene plasmid # 55838).
Normal differentiation protocol was followed as previously described, up to DIV6,
where 100% of the medium was replaced with Neurobasal medium supplemented
with 20 μg/mL B-27, 10 µg/mL glutaMAX, 10 ng/mL human recombinant NT3, 10 ng/mL
human recombinant BDNF. A mix was made containing 0.5 µg DNA, 3 µl DNA-In Neuro
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reagents, and 22 µl Neurobasal medium, which was incubated at room temperature
for 15 minutes, before being added to the wells in question. After 24-hour incubation,
the medium is completely removed, and replaced with normal Neurobasal medium
supplemented with 20 µg/mL B-27, 10 µg/mL glutaMAX, 1% Pen/Strep, 4 µg/mL
Doxycycline, 10 ng/mL human recombinant NT3, 10 ng/mL human recombinant BDNF,
after which the normal differentiation protocol is followed until DIV23. Subsequently,
the cells were fixated as previously described, and an immunohistochemistry staining
for MAP2 was done (see supplementary methods). Cells were imaged using a Zeiss Axio
Imager Z1 equipped with apotome, using the same settings for all batches and groups
at 40X magnification. Mitochondrial morphology was analyzed using a specific protocol
by 98, making use of the ImageJ software 99.

QUANTIFICATION AND STATISTICAL ANALYSIS

3

MEA data analysis
MEA data analysis was performed off-line by using Multiwell Analyzer (i.e. software from
the 24-well MEA system that allows the extraction of the spike trains) and a custom
software package named SPYCODE developed in MATLAB (The Mathworks, Natick,
MA, USA) that allows the extraction of parameters describing the network activity 100.
As previously described in detail 101, the mean firing rate (MFR) of the network was
obtained by computing the firing rate of each channel averaged among all the active
electrodes of the MEA. Burst detection. Burst were at least 4 spikes in burst with a
minimal inter-spike-interval of 100 milliseconds. Spike- and burst detection provided the
number of active channels (spike frequency > 0.1 spikes/sec and burst rate > 0.4 burst/
minute). The mean firing rate (MFR; spikes per second), the burst frequency (MBR, mean
burst rate per second), the burst duration (BD, in milliseconds), the inter burst interval
(IBI, in milliseconds), the mean spike frequency intra burst (MFB; spikes within a burst),
and the percentage of spike outside bursts (PRS; percentage of random spikes) were
obtained by computing these parameters of each separate channel and averaging these
among the active electrodes of the MEA well. Network burst detection. Synchronous
events were detected looking for sequences of closely spaced single-channels bursts.
A network burst was identified if it involves at least 80% of the network active channels
(i.e., firing rate higher that 0.1 Hz). Furthermore, the distributions of the network burst
duration (NBD, in seconds) and network inter burst interval (NIBI; the interval between
network bursts, in seconds) are computed. Network burst irregularity. Irregularity was
estimated by computing the coefficient of variance (CV) of the network inter burst
intervals NIBI), as the standard deviation divided by the mean NIBI. Only networks of
similar density were included for recordings. Furthermore, we always plated CTR or LH
iNeurons on each MEA when HH iNeurons were plated, to ensure the general health of
the MEA. Finally, when these CTR or LH iNeurons showed networks with MFR < 0.1 Hz,
an absence of network bursts, or a low connectivity (<80%) we excluded the entire MEA.
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Neuronal reconstructions
Transfected iNeurons were imaged using a Zeiss Axio Imager Z1 and digitally
reconstructed using Neurolucida 360 software (Version 11, MBF–Bioscience, Williston,
ND, USA). For large cells multiple 2-dimensional images of these iNeurons were taken
and subsequently stitched together using the stitching plugin of FIJI 2017 software. The
3-dimensional reconstructions and quantitative morphometrical analyses focused on
the somatodendritic organization of the iNeurons. We defined origins for individual
primary dendrites by identifying emerging neurites with diameters that were less than
50% of the diameter of the soma. Axons, which were excluded from reconstructions
and further analysis, we visually identified by their long, thin properties, far reaching
projections and numerous directional changes iNeurons that had at least two primary
dendrites and reached at least the second branching order were considered for analysis.
For morphometrical analysis we determined soma size, number of primary dendrites,
length and branching points per primary dendrite and total dendritic length. To measure
the total span of the dendritic field (receptive area) of a neuron we performed convex
hull 3D analysis. Note, that due to the 2-dimensional nature of the imaging data, we
collapsed the convex hull 3D data to 2-dimensions, resulting in a measurement of the
receptive area and not the volume of the span of the dendritic field. Furthermore,
we performed Sholl analysis to investigate dendritic complexity in dependence from
distance to soma. For each distance interval (10 µm each) the number of intersections
(the number of dendrites that cross each concentric circle), number of nodes and total
dendritic length was measured.
Statistical analysis
The data is expressed as the mean + standard error of the mean (SEM). Analysis was
done using unpaired t-tests, one-way analysis of variance with Bonferroni post-hoc
correction, or one-way repeated measures ANOVA with sequential post hoc Bonferroni
corrections, or Kolmogorov-Smirnov test, where appropriate, using GraphPad Prism
6 (GraphPad Software). P-values of P<0.05 and smaller, were deemed significant.
Sample sizes were based on our previous experiences in the calculation of experimental
variability, and are described, per experiment, in the corresponding figure legends. The
output of all analyses is grouped per figure and combined in supplementary table S2-8.
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SUPPLEMENTARY ITEMS

3

Figure S1. Pluripotency quantification by quantitative PCR as well as immunohistochemical stainings, and
neuronal density upon maturation. (A) Light fluorescence images of pluripotency genes OCT4, NANOG, and
DAPI (nuclear marker), for LH1 and HH1 IPSC lines (Scale bar = 100 µm); and light fluorescence images of
pluripotency gene TRA1 for LH1 and HH1 IPSC lines (Scale bar = 100 µm). (B) IPSC cell pluripotency tested by
quantitative real-time PCR, based on delta-ct levels for octamer-binding transcription factor 3/4 (OCT3/4),
SRY-box 2 (SOX2), NANOG, and LIN28, using glucuronidase beta (GUSB) as housekeeping gene, and ABCA4 as
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negative control, displayed as the relative gene expression normalized to GUSB level. (C) Genetic testing done
by the Clinical Genetics diagnostics lab, showed normal human male karyotype for both LH1 and HH1 clones.
(D) Growth curves of CTR-, LH1-, and HH1 IPSC lines at P0 as well as P+15 (15 passages), to determine effects
of the m.3243A>G heteroplasmy on IPSC growth speed. Cells were all plated at 10.000 density, and growth
speed was calculated by dissociating and counting all cells in two wells (per timepoint, per line), at 2-, 3-, 4-,
and 6 days after plating. (E) The IPSC-to-iNeuron differentiation protocol; IPSCs are plated as single cells at DIV0
supplemented with Doxycycline to induce differentiation. DIV1: Medium switch to DMEM supplemented with
Doxycycline, NT3, BDNF, B27, and Glutamax. DIV2: Astrocytes are plated at 1:1 ratio. DIV3: Medium switch to
Neurobasal (supplemented Doxycycline, NT3, BDNF, B27, Glutamax); DIV9: Addition of FCS to medium. (F) Neuronal density at maturity (DIV21) based on 10.000 / 15.000 / 20.000 / 30.000 / 40.000 initial plating density;
quantified the number of MAP2 positive cells per 0.30 mm2. (G) Light fluorescence images of MAP2 positive
LH- and HH- iNeuron cultures used to quantify plating density by counting the number of MAP2 positive cells
(Scale bar = 100 µm) at DIV23. Data represents means + SEM, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001,
one-way-, or two-way, analysis of variance with post hoc Bonferroni correction.
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3

Figure S2. Neuronal aerobic metabolic profiles of CTR, LH, and HH iNeurons as measured by Seahorse
Extracellular Flux Analyzer. (A) Raw results of fifteen consecutive oxygen consumption rate (OCR) measurements, at basal level, and following supplementation with Oligomycin (2 µM), FCCP (2 µM), and Rotenone
and Antimycin A (0.5 µM), at DIV23. (B) Raw results normalized to the cell count (10.000 per line), of the
aforementioned fifteen consecutive oxygen consumption rate (OCR) measurements, at basal level, and following supplementation with Oligomycin (2 µM), FCCP (2 µM), and Rotenone and Antimycin A (0.5 µM). (C)
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Raw extracellular acidification rate (ECAR) (represents glycolysis rate) determined during- and averaged overthe first six recordings (n = 12); (D) Raw ECAR normalized to a citrate synthase assay. (E) Direct comparison
of average base OCR and base ECAR levels per cell line. (F) Comparison of the OCR vs ECAR levels at basal
measurement, indicating the percentual use of OCR or ECAR as part of the total (OCR + ECAR). (G) IPSCs were
subjected to the same Seahorse paradigm; raw results of fifteen consecutive oxygen consumption rate (OCR)
measurements, at basal level, and following supplementation with Oligomycin (2 µM), FCCP (2 µM), and Rotenone and Antimycin A (0.5 µM). (H) Raw IPSC OCR data normalized to a citrate synthase assay. (I) Basal IPSC
OCR plotted in bar graph, comparing CTR-, LH1-, and HH1 lines. (J) ATP-linked IPSC OCR plotted in bar graph,
comparing CTR-, LH1-, and HH1 lines, calculated by subtraction of basal OCR from Oligomycin-induced OCR
levels. (K) Maximal IPSC OCR plotted in bar graph, comparing CTR-, LH1-, and HH1 lines, calculated following
FCCP induction, and subtraction of Oligomycin-induced OCR. (L) Neuronal culture medium lactate levels were
measured for CTR, LH1, and HH1 iNeurons (CTR n=3; LH1 n=3; HH1 n=3). (M) MtDNA depletion quantitative
PCR used to quantify relative mtDNA levels, using SQ (standard quality) mtDNA and SQ (standard quality)
nuclear DNA levels, and plotted the data relative to the external control (CTR n = 4; LH1 n = 4; HH1 n = 4). Data
represents means + SEM, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, one-way analysis of variance with
post hoc Bonferroni correction. CTR-, LH- and HH iNeurons were statistically compared by One-way anova. (D)
Visual representation of the effects of the Oligomycin, FCCP, Rotenone, and Antimycin A, on the separate ETC
complexes. C1, complex 1 (NADH dehydrogenase); C2, complex 2 (Succinate dehydrogenase); C3, complex 3
(Coenzyme Q: cytochrome c reductase); C4, complex 4 (Cytochrome c oxidase); C5, complex 5 (ATP synthase).

118

Binnenwerk Teun - V3.indd 118

10-05-21 13:46

The effects of m.3243A>G heteroplasmy on human neuronal development and function

3

Figure S3. Mitochondrial and synaptic density in the axon. (A) Mitochondrial size plotted per mitochondria,
for all CTR-, LH-, and HH- iNeurons analyzed (CTR n = 385; LH n = 342; HH n = 162), imaged at DIV23. Mitochondrial circularity (1 = perfectly round) plotted per mitochondria, for all CTR-, LH-, and HH- iNeurons analyzed
(CTR n = 385; LH n = 342; HH n = 162). Average interconnectivity (area (µm2) / perimeter (µm)) plotted per
iNeuron, for all CTR-, LH-, and HH- iNeurons analyzed (CTR n = 23; LH n = 21; HH n = 21). (B) Light fluorescence
images of CTR-, LH-, and HH iNeurons transfected with a DsRed2-Mito7 (mitochondria) and stained for Synapsin1/2 (pre-synaptic protein) (Scale bar = 30 µm). Quantified the number of mitochondria, the number of
Synapsin puncta, the absolute number of co-localizing (mitochondria plus Synapsin puncta) and the ratio of
co-localizing (co-localizing / non co-localizing) (CTR n = 30; LH n = 31; HH n = 25). Data represents means +
SEM, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, one-way analysis of variance with Bonferroni post hoc
test for multiple comparisons.
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Figure S4. CTR-, LH-, and HH Neuronal network activity. (A) CTR, LH1-3, and HH1-3 neuronal networks were
grown at similar density on 24-well micro-electrode arrays (MEA) (CTR n = 23; LH1 n = 15; LH2 = 14; LH3 = 23;
HH1 n = 22; HH2 = 20; HH3 = 21), as visible in bright field images taken for CTR-, LH-, and HH MEA cultures upon
maturation (Scale bar = 100 µm). (B) Heteroplasmy levels were determined by digital droplet PCR for additional
LH2+3 and HH2+3, including iNeurons, to confirm they match patient HH1. We quantified (C) mean burst duration (MBD), (D) mean burst firing rate (MBFR), (E) mean burst interval (MBI), (F) network burst duration (NBR),
and (G) network inter-burst interval (NIBI). Data represents means + SEM, *P<0.05, **P<0.01, ***P<0.001,
****P<0.0001, one-way analysis of variance with Bonferroni post hoc test for multiple comparisons.
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(H) Unbiased discriminant function analysis with canonical discriminant functions classifies control (CTR),
low heteroplasmy (LH1-3), and high heteroplasmy (HH1-3) lines based on mean firing rate (MFR), percentage
of random spikes (PRS), mean burst rate (MBR), mean burst duration (MBD), mean burst firing rate (MBFR),
network burst rate (NBR), network burst duration (NBD), and network inter-burst interval (NIBI). Each dot
represents one experiment (CTR n = 23; LH1 n = 15; LH2 = 14; LH3 = 23; HH1 n = 22; HH2 = 20; HH3 = 21). (I)
Group membership predictions by discriminant function analysis. Lines are represented by distinct colors.
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Figure S5 Neuronal network activity of intermediary (IH3) neuronal networks. During initial reprogramming,
subject #3 generated a clone with intermediary heteroplasmy level (30%), deemed IH3. To investigate the
effects of intermediary heteroplasmy levels on neuronal network activity, we plated (A) LH3, IH3, and HH3
neuronal networks at similar density on 24-well micro-electrode arrays (MEA) (LH3 = 22; IH3 = 15; HH3 = 15), as
visible in bright field images taken for LH3-, IH3-, and HH3 MEA cultures upon maturation (Scale bar = 100 µm).
(B) We confirmed low, intermediate, and high heteroplasmy levels by digital droplet PCR, for all three lines. We
quantified (C) mean burst firing rate (MBFR), (D) mean burst interval (MBI), (E) the number of network bursts per
10-minute recording, and (F) the burst duration (msec). (G) A cumulative distribution of all network inter-burst
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interval (NIBI) plotted shows a significantly different distribution when comparing IH3 with LH3. Data represents means + SEM, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001, one-way analysis of variance with Bonferroni post hoc test for multiple comparisons. Additionally, (G) was analyzed using a Kolmogorov-Smirnov test.
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Figure S6. Neuronal network activity of co-cultured LH1- and HH1 iNeurons.
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Lines LH1 and HH1 were co-cultured in a 0 to 100% ratio, using progressive 20% steps, to model different
levels of mosaicism in human neuronal tissue. (A) forming six distinct columns on the MEA plate: #1; 100%
LH1, #2; 80% LH1 & 20% HH1, #3; 60% LH1 & 40% HH1, #4; 40% LH1 & 60% HH1, #5; 20% LH1 & 80% HH1, #6;
100% HH1. (B) We confirmed densities were similar at the time of recording, at DIV30. Besides the parameters
displayed in Figure 7, we quantified the (C) the mean burst duration (in msec), (D) the mean inter-burst interval
(msec), (E) the mean burst firing rate (in Hz), (F) the mean network burst duration (msec), and (G) the mean
inter-network burst interval. Data represents means + SEM, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001,
one-way analysis of variance with Bonferroni post hoc test for multiple comparisons.
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Automated analysis of three-dimensional organelle
structure shows m.3243A>G heteroplasmy
increases mitochondrial fragmentation
T.M. Klein Gunnewiek, B. Latour, G. Sole Guardia, N. Nadif Kasri, T. Kozicz, P. Antony
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SUMMARY
Mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes (MELAS)
is characterized by severe mitochondrial dysfunction, which manifests in neurological
symptoms such as epilepsy, encephalomyopathy, and dementia. Previously we showed
the extent to which a high level of m.3243A>G heteroplasmy affects mitochondrial
function and morphology in induced pluripotent stem cell derived neurons, including
changes to the axonal mitochondrial shape and size. To elucidate whether this is
accompanied by mitochondrial changes in the soma of the neurons, we quantified the
local 3D mitochondrial morphology using high resolution confocal microscopy and an
adapted MATLAB protocol. We observed increased fragmentation in the mitochondria
located in the soma of induced-pluripotent stem cell-derived neurons with high
heteroplasmy, likely linked to the previously observed metabolic shift, or initiation of
mitophagy of dysfunctional mitochondria.
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INTRODUCTION
MELAS, or mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes,
is usually caused by an adenine to guanine substitution at m.3243 (m.3243A>G) in the
mitochondrial DNA (mtDNA), at a high percentage of mtDNA copies (heteroplasmy).
Symptoms such as encephalomyopathy and stroke-like episodes can cause wide
neurodegeneration, and even though the pathogenic variant is known to affect ATP
production and ROS regulation, difficulties in modeling mtDNA pathogenic variants
prevented the discovery of specific defects in neuronal development and function.
Mitochondrial diseases such as Leigh Syndrome1, and neurodegenerative diseases
such as Alzheimer’s disease2,3, Parkinson’s disease4,5, and Spinocerebellar Ataxia
Type 3 (SCA3)6 are linked to both mitochondrial dysfunction as well as changes in
mitochondrial morphology. We previously showed m.3243A>G heteroplasmy reduced
axonal mitochondrial density and size in human iPSC-derived excitatory, glutamatergic
neurons (iNeurons)7. Mitochondrial dynamics, through fusion and fission, change
mitochondrial morphology from large connected networks to small separate units8.
Dynamin-like GTPases mitofusin 1 and -2 (Mfn1/Mfn2) and Optic atrophy 1 (OPA1)
regulate fusion whereas DRP1 and its’ recruiting factors (FIS1, MFF, MiD49/51) control
fission8,9. Mitochondrial dynamics mediate apoptosis, neuronal differentiation10, cell
division11–13, mitochondrial function14, and segregation of nonfunctional mitochondria15.
In turn, shape is affected for instance by nutrition16, autophagy17, or radical oxygen
species (ROS)18. Changes in relative mitochondrial morphology, such as increased
fragmentation on elongation, could provide information on how the m.3243A>G
heteroplasmy is affecting neuronal function. In this study, we aimed to uncover how
high (60%) m.3243A>G heteroplasmy affects the 3D mitochondrial network in the
neuronal soma.

4

Understanding the spatial coordination of cellular processes that drive brain
development is a fundamental goal in biology. Induced pluripotent stem cells (iPSCs)
are allowing researchers to model small morphological organelle changes in human cell
types, such as neurons (iNeurons) or neuronal progenitors. However, current protocols
aimed at analyzing mitochondrial structure19–21, are more often suited for larger, flat
cell types (i.e. fibroblasts). Advances in in vitro modeling systems such as the use of
iPSCs, increase the need for tools to visualize and quantify dynamic organelle changes
in polarized cell types with complex and dynamic subdomains. These cell types require
resolutions beyond the capacity of classical confocal microscopy for comprehensive
analysis, combined with three-dimensional segmentation analysis that allows the
visualization of organelle structure and localization, such as the mitochondrial network
shape. Advances in imaging methods such as Airyscan confocal imaging, provide ways of
visualizing the tiniest of structures with increasing detail22–24. In this study, we generated
3D image stacks of the mitochondrial networks located specifically in the neuronal soma,
using Airyscan confocal imaging, at high axial resolution. To process the large amount
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of resulting image data, we adapted a custom MATLAB image analysis algorithm for
medium-to-high throughput automatic analysis of tubular/round organelle morphology
and organization. This method can be applied or adapted to any structural imaging
experiment; in this case to characterize the effects of the mitochondrial m.3243A>G
heteroplasmy on 3D mitochondrial structure, in the soma of human iNeurons.

RESULTS
Visualizing mitochondria in the neuronal soma
We previously showed that a high m.3243A>G heteroplasmy level (> 60%) in human IPSCderived neurons results in reduced neuronal activity, reduced pre-synaptic density, and
reduced mitochondrial presence and size, in the axon7. Here, we set out to investigate
whether the reduction in axonal mitochondria also translated to the neuronal soma (see
Figure 1A), of these high heteroplasmy (60%) iNeurons (Fig. S1A). Mitochondrial shape,
mediated by fission and fusion, can provide information on health and developmental
state10. To visualize the 3D mitochondrial network structure in the soma of IPSC-derived
neurons, we applied sparse labeling through DNA transfection using a DsRed2-Mito7
plasmid. This clearly distinguishes the neuronal mitochondrial population of single
neurons, where comprehensive staining methods such as Mitotracker Red stainings
complicate clear dissociation of mitochondria belonging to either neurons or cocultured astrocytes (Fig. 1C). We generated 3D-imaging stacks at high magnification
(63X+4X Zoom), using a Zeiss LSM 880, AxioObserver confocal microscope with Airyscan
module (see Figure 1B). The Airyscan detector delivers increased resolution and signal
to noise ratio by utilizing a 32-channel GaAsP photomultiplier tube (PMT) array detector
combined with linear devolution thereby achieving a resolution of 120 nm laterally (XY)
and 350 nm axially (Z).
We adjusted and applied a previously published MATLAB analysis procedure25 for
image processing, as well as quantification of mitochondrial shape, surface area,
and 3D wireframe (a detailed description can be found in the Methods section). In
short, we imaged all 3D stacks using matching confocal settings, and applied the same
image analysis settings to allow a direct comparison (Fig 2A). The raw mitochondrial
channel for each separate image (Fig. 2B) was median- and gaussian filtered, to allow
background subtraction (Fig. 2C). Following this, we defined a global mask using
standard thresholding, and defined a local mask via a difference of gaussians, and
subsequent thresholding. The final mitochondrial mask was defined by Boolean AND
operation on the local and global mitochondrial masks and subsequent removal of
objects with less than 7 pixels (to avoid quantification of non-mitochondrial objects).
For single cell analysis, this automated segmentation was combined with a manual
segmentation of single cells using the MATLAB function roipoly, to allow the exact
selection of the neuronal soma (Fig. 2C). In contrast to this segmentation strategy, the
extracted features (Fig. 2D) were already previously described25.
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Figure 1. Schematic representation of the biochemical processing pipeline, and visual representation of the
staining strategy. A) Visual representation of the difficulty of visualizing mitochondria in different sections of the
neuron. (B) In vitro iPSC-derived human excitatory neurons are immunohistochemically stained at 23 days in vitro
using either Mitotracker Red or transfected using a mitochondrially targeted DsRed2-Mito7 construct. Initial imaging with light fluorescence microscopy at 40x magnification (scale bar = 30 µm). Higher magnification and resolution acquired by confocal microscopy using an Airyscan module for increased resolution at high magnification.
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Figure 2. Schematic representation of the separate processing steps included in the custom MATLAB protocol. A) By using Zeiss Airyscan module, we image the densely packed neuronal soma at higher resolution
than possible with standard confocal microscopy. B) To retain the 3D structure, we acquire several images
in a z-axis orientation, starting and finishing “outside” of the neuron. C) The images contained in the stack
are subjected to several processing steps. A median filter is applied, followed by background subtraction to
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determine which signal represents mitochondrial signal. After background subtraction, a global mask was
defined by thresholding. In addition to the global mask, a local mask was defined via a difference of gaussians, and subsequent thresholding. For computing the difference of gaussians, the local background image
was defined by convolution of the median filtered mitochondrial channel with a gaussian filter of size 11
and standard deviation 1.25. This local background image was subtracted from a foreground image defined
by convolution of the median filtered mitochondrial channel with a gaussian kernel of size 11 and standard
deviation 1. The local mitochondrial mask was defined by thresholding of the difference of gaussians (>4).
The final mitochondrial mask was defined by Boolean AND operation on the local and global mitochondrial
masks and subsequent removal of objects with less than 7 pixels.

M.3243A>G heteroplasmy is accompanied by increased mitochondrial fragmentation in the neuronal soma
Initial analysis focused on the size and shape of the mitochondria included in the region
of interest, in this case 3D image stacks acquired by confocal imaging were used to
reconstruct and quantify 3D mitochondrial structure in the neuronal soma of IPSCderived neurons carrying +/- 60% m.3243A>G heteroplasmy (HH iNeurons) to those
of control- (CTR) or low heteroplasmy (LH) iNeurons. The number of mitochondria
per soma (MitoCount), was significantly higher in the HH iNeurons, compared to both
CTR (p < 0.001) and LH iNeurons (P < 0.01) (Fig. 3A). Interestingly, when we focus
on the mitochondrial volume, we saw a significantly reduced mean mitochondrial
volume (MeanMitoVolume), in the HH iNeurons compared to the CTR group (p <
0.05), and a trend compared to the LH1 group, indicating reduced mean mitochondrial
size (Fig. 3A). Additionally, we only saw a trend of an increased total mitochondrial
volume (TotalMitoVolume) in the HH iNeurons compared to the CTR iNeurons,
and no difference compared to LH1 iNeurons. Combined with the knowledge that
m.3243A>G heteroplasmy has no effect on iNeuron soma size7, our results indicated
mitochondrial fragmentation in the HH iNeurons (with 80% m.3243A>G heteroplasmy).
Digital erosion of the mitochondrial mask, by which the outer surface area and inner
mitochondrial volume are subtracted, allows the quantification of mitochondrial surface
(MitoSurfaceMask) and body size (MitoBodyPixels), as well as the roundness / shape
(MitoShapeBySurface) (Fig. 3B). The mitochondrial count was significantly increased in
the HH iNeurons, to the CTR (p < 0.01) and LH (p < 0.01). Whilst there was no significant
difference in roundness (MitoShapeBySurface), the HH iNeurons showed a trend
towards an increased total mitochondrial surface area and total mitochondrial body
size, matching the increased total mitochondrial volume (Fig. 3B).

4
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Figure 3. The effects of m.3243A>G heteroplasmy on mitochondrial network morphology in the soma of
human iPSC-derived cortical neurons. A) Primary analysis shows several key parameters related to mitochondrial size and volume, for control (CTR), low heteroplasmy (LH), and high heteroplasmy (HH) neurons (CTR
n = 26; LH n = 23; HH n = 25). B) Secondary analysis shows several key parameters connected to the size and
branching of the 3D mitochondrial wireframe. Data represents means + SEM, #P0.1-0.05, *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001, one-way analysis of variance with Bonferroni post hoc test for multiple comparisons.
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Finally, we reconstructed the 3D wireframes, to shift our focus on the branching
aspect of the mitochondrial network (Fig. 3B). The number of mitochondrial branches
provides an indication of how extensively the network is connected, and whether it is
primarily made up of single bean shaped mitochondria, or an interconnected “tubular”
or mesh-like network. The total number of mitochondrial branchpoints or nodes
(TotalNodeCount) showed a trend for an increase in the HH iNeurons, whilst the average
nodes per mitochondrion (AverageNodePerMito) revealed a reverse trend (Fig. 3B).
Looking at the mitochondrial links (between nodes), there was a significant increase in
the total number of links compared to the CTR (p < 0.05), but no difference compared
to the LH. When these parameters were averaged per mitochondrion, we again saw
trends for a decrease in the mean number of links or nodes per mitochondrion in the
HH iNeurons compared to the CTRs (Fig. 3B). Interestingly, the HH iNeurons showed
significantly reduced average (AverageNodeDegree)-, median (MedianNodeDegree)-,
and standard deviation (StdNodeDegree) in the length of the mitochondrial branches /
nodes, compared to both CTR (p < 0.01) and LH (p < 0.05) iNeurons (Fig. 3B).
Collectively, we found relatively higher volume of mitochondria, and a more fragmented
mitochondrial network in the HH iNeurons compared to both CTR and LH iNeurons.

4

DISCUSSION
Here we studied how m.3243A>G heteroplasmy affects mitochondrial morphology
in the human neuronal soma, using an automated method for the segmentation and
quantification of intracellular tubular-shaped structures. We previously observed
reductions in axonal mitochondrial count and size7, and studied here whether this
translates to for instance increased mitochondrial volume in the soma and more
interconnected network, due the known benefits of mitochondrial elongation14.
However, whilst we observed no change in total mitochondrial volume, we saw
increased fragmentation, in the form of more mitochondria with reduced mean
mitochondrial volume. The HH networks’ 3D wireframe contained more mitochondrial
links, with decreases in the average number of links and nodes (Fig. 3), all of which
indicate mitochondrial fragmentation. Interestingly, a discriminant cluster analysis (Fig.
S1B) showed the LH iNeurons only partially overlap with both the HH- and CTR iNeurons,
which is also visible in the intermediate mean mitochondrial volume, mitochondrial
area, and mitochondrial count (Fig. 3).
This increase in mitochondrial fragmentation in the iNeurons with 60% m.3243A>G
heteroplasmy is accompanied by both mitochondrial dysfunction and a metabolic
shift towards increased use of glycolysis, which can lead to increased levels of reactive
oxygen species and oxidative stress7. This increased fragmentation and subsequent shift
to glycolysis, whereby ROS production is limited, is likely a neuronal adaptation that
ensures improved survival. This specific pattern of increased fragmentation coinciding
with a metabolic shift towards increased aerobic glycolysis, was recently also observed
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in fibroblasts of MELAS (85% m.3243A>G heteroplasmy)- and Leigh syndrome patients,
along with increased Drp1 gene expression and protein levels26; blocking Drp1-mediated
fission increased ROS and cell death in these cells, suggesting the fragmentation is either
facilitative or protective. A similar increase in fragmentation occurs in mitochondrial
cybrids with increasing m.3243A>G heteroplasmy levels27. Specifically, cybrids with
50-90% m.3243A>G heteroplasmy showed elongation, but cybrids with 90-100%
heteroplasmy showed fragmented mitochondria28. Furthermore, T Cells show increased
fragmentation when their metabolism shifts to increased use of glycolysis29, and
Drosophila neural stem cells that give rise to tumors require a metabolic shift towards
OXPHOS, combined with increased mitochondrial fusion, to fully commit to a tumor
fate30. A similar shift occurs when the cell is faced with nutrient excess; fragmentation
increases whilst the use of OXPHOS and production of ROS decrease31,32. Knockout of
Dnm1l, the mouse ortholog of DNM1L, the gene that codes for the fission regulator Drp1,
showed mitochondrial elongation and increased use of OXHPOS in mouse embryonal
stem cells33. These observations support the facilitative roles mitochondrial fission and
fusion likely play to support metabolic shifts.
The mitochondrial fragmentation further suggests increased levels of mitophagy in the
HH iNeurons. Mitophagy, or the autophagic degradation of damaged mitochondria,
serves as an important quality control mechanism for mitochondrial health and
metabolic maintenance34,35. PTEN-induced putative kinase (PINK1) accumulates on to
the outer mitochondrial membrane (OMM) of damaged mitochondria due to reduced
membrane potential, where it phosphorylates Parkin (cytosolic E3-ubiqutin ligase)
and ubiquitin, activating Parkin and leading to ubiquitination of a myriad of OMM
proteins. This, as well as the separate recruitment of autophagy receptors (NDP52 /
optineurin) by PINK1 cause engulfment and mitochondrial degradation by autophagy
(mitophagy)34,36. Meanwhile, PINK1 activates Drp1 to increase mitochondrial fission and
sequester specifically the damaged mitochondria for degradation, whilst preserving
functional mitochondria37. Deficiencies in PINK1/Parkin are known to play an important
role in early onset Parkinson’s disease38,39, and are accompanied by mitochondrial
dysfunction. Therefore, analysis of RNA- or protein expression of PINK1, Parkin, and
Drp1 are warranted, and will be assessed in future studies. The fragmentation could
point to increased apoptosis, mediated for instance by interaction of BAK with MFN2
to induce fragmentation before cytochrome-c release and mitochondrial membrane
permeabilization11. The increased cell death in the HH iNeurons we observed previously7,
further indicates a percentage of the imaged HH iNeurons are undergoing early
apoptosis induced by mitochondrial dysfunction. Others observed bulk autophagy can
be increased in fibroblasts with Complex I/II/III deficiencies without affecting mitophagy,
indicating dysfunctional quality control might be underlying the mitochondrial disease
phenotype40.

136

Binnenwerk Teun - V3.indd 136

10-05-21 13:46

Mitochondrial morphology in the soma of human neurons with m.3243A>G heteroplasmy

Whilst healthy mitochondrial function, including dynamics and morphology, require both
fusion and fission machinery8,41–43, we did not delineate the exact mechanics underlying
the fragmentation we observe. Future experiments could focus on expression of fission
(i.e. DRP1, FIS1, MFF) and fusion (i.e. MFN1/2, MitoPLD, OPA1) genes, the GTPase activity
necessary for fusion, proper L-OPA1/S-OPA1 balance44, expression of apoptotic markers
(BAX/BAK,SMAC, CYT-C, OMI)45 in the different neuronal cell lines, in order to determine
the specific affected underlying mechanics, and potentially determine the effect of the
patient’ nuclear genetic background on m.3243A>G induced mitochondrial morphology.
Finally, these results demonstrate that 3D segmentation is a powerful tool to assist in
the elucidation of mitochondrial count and size during neuronal differentiation and
maturation.

METHODS
Microscopy
Confocal Z-series stacks (acquired at 0.18 um intervals) of mitochondria and ciliary
structures were collected on the Zeiss LSM880 confocal laser scanning microscope
(405nm and 561nm diode lasers, argon (458, 488, 514nm) and a 633nm laser) equipped
with the Airyscan detector, using the 63x Plan-Apochromat 1.4NA DIC oil immersion
objective (Zeiss) and the 561 nm laser line. Zen 2.3 (black edition) software was used
for Airyscan processing. Z-stacks were imaged with the 561nm laser (561 nm excitation
wavelength, 595 nm emission wavelength) at 0.3% intensity, using 0.92 AU pinhole, at
4.0 zoom, 1x1 binning, 1.03 seconds per image, and consisted of 24 slices (4.295 µm),
with image size of 832x832 pixels, and pixel scaling of 0.04 µm x 0.04 µm x 0.19 µm,
and 16-bit depth.

4

Image analysis
Image analysis was implemented using MATLAB 2018b. The raw mitochondrial channel
was median filtered using a 3x3x3 neighborhood. Next, a gaussian filter of size 5 and
standard deviation 2 was applied. After background subtraction, a global mask was
defined by thresholding. In addition to the global mask, a local mask was defined via
a difference of gaussians, and subsequent thresholding. For computing the difference
of gaussians, the local background image was defined by convolution of the median
filtered mitochondrial channel with a gaussian filter of size 11 and standard deviation
1.25. This local background image was subtracted from a foreground image defined by
convolution of the median filtered mitochondrial channel with a gaussian kernel of size
11 and standard deviation 1. The local mitochondrial mask was defined by thresholding
of the difference of gaussians (>4). The final mitochondrial mask was defined by Boolean
AND operation on the local and global mitochondrial masks and subsequent removal
of objects with less than 7 pixels. For single cell analysis, this automated segmentation
was combined with a manual segmentation of single cells using the MATLAB function
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roipoly. In contrast to this segmentation strategy, the extracted features were already
previously described25. The MATLAB code is provided via Gitlab and in the supplement.
iPSC generation and culture
The iPSCs and iNeurons were generated as previously described7. MELAS patient
fibroblasts containing the pathogenic m.3243A>G variant in the MT-TL1 mtDNA gene
and control and UPS9X patient derived fibroblasts were reprogrammed to iPSCs
through retroviral transduction of the Yamanaka factors Oct4, c-Myc, Sox2, and Klf4 46.
M.3243A>G heteroplasmy levels were tested by Ion Torrent PGM NGS sequencing for
five clones, two of which (one 0% heteroplasmy, one with 83% heteroplasmy) were
selected for further plating, and an external female WT control line47 was included
to avoid the effect of the patient genetic background. The iPSCs were cultured on
recombinant human laminin LN521 (Biolamina, 2021-21), in E8 basal medium (Thermo
Fisher Scientific) supplemented with primocin (0.1 µg/ml, Invivogen), puromycin (0.5
µg/ml) and G418 (0.5 µg/ml), and uridine (50 µg/ml) and incubated at 37°C/5%CO2,
with medium changes every 2-3 days and passages 1-2 times per week using ReLeSR
(Stem Cell Technologies). For a more detailed description, see7. For ciliary analysis,
USP9X patient and control iPSCs were maintained on Matrigel (VWR 356239), in E8 flex
medium (Thermo Fisher Scientific A2858501) supplemented with primocin (0.1 µg/ml,
Invivogen ant-pm-1),
Neuronal differentiation
As previously7,48,49, iPSCs were differentiated into upper-layer, excitatory cortical neurons
by tetracycline-mediated overexpression of Neurogenin 2 (Ngn2). iPSCs positive for
rtTA/Ngn2 viral constructs are plated as single cells at DIV0 onto nitric-acid treated
coverslips coated with 50µg/mL poly-L-ornithine hydrobromide (PLO; Sigma-Aldrich
#P3655-10MG) and 5 µg/mL human recombinant laminin 521 (BioLamina #LN521-02)
in E8 basal medium (Gibco #A1517001) supplemented with 1% Penicillin/Streptomycin
(Pen/Strep; Sigma-Aldrich P4333), 1% RevitaCell (Thermo-Fisher #A2644501), and 4
µg/mL doxycycline (Sigma-Aldrich #D9891-5G) to drive Ngn2 expression, incubated
at 37°C/5%CO2, at 20,000 cells per well (24 well plate) for the CTR- and LH- lines, and
30,000 cells per well (24 well plate) for HH lines. Medium is changed at DIV1 to DMEM/
F12 (Gibco #11320-074) with 1% Pen/Strep, 4 µg/mL doxycycline, 1% N-2 supplement
(Gibco #17502-048), 1% MEM non-essential amino acid solution (NEAA; Sigma-Aldrich
#M7145), 10 ng/mL human recombinant BDNF (Promokine #C66212), and 10 ng/mL
human recombinant NT-3 (Promokine #C66425). Primary cortical rat astrocytes are
added on DIV2, in a 1:1 ratio, followed by a medium change at DIV3 to Neurobasal
(Gibco #21103-049), with 20 μg/mL B-27 (Gibco #0080085SA), 1% GlutaMAX (Gibco), 1%
Pen/Strep, 4 µg/mL doxycycline, 10 ng/mL human recombinant NT3, 10 ng/mL human
recombinant BDNF, as well as 2 µM Cytosine b- D-arabinofuranoside (Ara-C; SigmaAldrich C1768-100MG), to remove mitotic cells. 50% of medium is changed every 2 days,
from DIV5-DIV9. 2,5% Fetal Bovine Serum (FBS; Sigma-Aldrich #F2442-500ML) is added
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from DIV9-23, to support astrocyte viability. Neuroepithelial rosettes were generated
as previously described50 using the dual SMAD inhibition protocol. in brief cells were
dissociated using accutase and plated as single cells in E8 Flex medium supplemented
with RevitaCell (ThermoFisher Scientific A2644501) in a 12 well plate coated with
Matrigel. Once cells reached 95% confluence, they were switched to neural induction
medium containing a 1:1 mixture of N2 and B27 medium (called neural maintenance
medium NMM supplemented with 1 μM dorsomorphin (SelleckChem #S7306) and 10
μM SB431542 (called neural induction medium NIM). N2 medium is made up of DMEM/
F12, N2 (GIBCO #17502-048), 5 μg/ml Insulin (GIBCO #13105002), 2mM GlutaMAX
(GIBCO #35050038), 100 μM non-essential amino acids (Sigma-Aldrich #M7145), 100 μM
2-mercaptoethanol (GIBCO #21985023), primocin (Invivogen #ant-pm-2); B27 medium:
Neurobasal (Invitrogen), B27 (GIBCO #0080085-SA), 2mM GlutaMAX, and primocin.
Medium was changed every day for the first 10 – 12 days while being monitored for
neuroepithelial induction based on change in morphology, cells were then split using
ReLeSR to detach them in bulk from the Matrigel coated plate and then transferred
onto PLO/laminin coated plates. Upon splitting, cells were kept for 24 hours in NIM and
then switched to NMM supplemented with 10 ng/ mL EGF (PreproTech #AF-100-18B)
and 10 ng/mL FGF (PreproTech #AF-100-18B). After P0 split onto laminin, NMM was
changed every other day.

4

Immunofluorescence
Neuroepithelial cells were split onto nitric-acid treated coverslips coated with 50µg/mL
poly-L-ornithine hydrobromide (PLO; Sigma-Aldrich #P3655-10MG) and 5 µg/mL human
recombinant laminin 521 (BioLamina #LN521-02) for imagining.
Mitochondrial morphology
Mitochondria were visualized by transfecting iNeurons with a SdRed2-Mito7 plasmid
(gift from Michael Davidson (Addgene plasmid # 55838)) using the DNA-In Neuro
Transfection Reagent (Globalstem Inc). At DIV6 of differentiation, 100% of medium is
refreshed (see above for medium make-up). A mix containing 0.5 µg DNA, 3 µl DNA-In
Neuro reagent, and 22 µl Neurobasal medium, incubated at room temperature for 15
minutes, is added to the wells and incubated for 24 hours. Next, 100% medium is again
refreshed with normal Neurobasal medium (20 µg/mL B-27, 10 µg/mL glutaMAX, 1%
Pen/Strep, 4 µg/mL Doxycycline, 10 ng/mL human recombinant NT3, 10 ng/mL human
recombinant BDNF); followed by the completion of the normal differentiation protocol
up to DIV23. At DIV23 we fixate the cells using 4% PFA. Cells were imaged using a Zeiss
LSM880 with Airyscan module, laser scanning microscope, equipped with 405nm and
561nm diode lasers, argon (458, 488, 514nm) and a 633nm laser, at 63X magnification
(with oil).
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Statistical analysis
Data are expressed as mean + standard error of the mean (SEM). Analysis was done
using one-way analysis of variance with Bonferroni post hoc correction, or two-tailed
student’s t-test, using GraphPad Prism 6 (GraphPad Software). P-values of P<0.05 and
smaller, were deemed significant. Sample sizes were based on our previous experiences
in the calculation of experimental variability, and are described, per experiment, in the
corresponding figure legends.
ACKNOWLEDGEMENTS
This work was made possible by the generosity of the Marriott family (TK); supported
by the Tjalling Roorda Foundation (to TMKG), Stichting Stofwisselingskracht (project
number 2017-20 to TK and NNK) and the Netherlands Organization for Health Research
and Development ZonMw grant 91217055 (to N.N.K); ERA-NET NEURON DECODE! grant
(NWO) 013.18.001 (to N.N.K); Epilepsiefonds WAR 18-02 (to N.N.K).
AUTHOR CONTRIBUTIONS
TMKG conceived the study. TMKG, BL, GSG, and PA assisted in the performance and/
or analysis of the experiments. PA wrote and adapted the MATLAB script. NNK and TK
provided facilities or equipment. TMKG, BL, PA, TK, and NNK wrote the manuscript. All
authors reviewed and edited the manuscript. TMKG, NNK, and TK carried out funding
acquisition.
DECLARATION OF INTERESTS
The authors declare no competing interests.

140

Binnenwerk Teun - V3.indd 140

10-05-21 13:46

Mitochondrial morphology in the soma of human neurons with m.3243A>G heteroplasmy

REFERENCES
1.

Siegmund, S. E. et al. Three-Dimensional Analysis of Mitochondrial Crista Ultrastructure in a Patient
with Leigh Syndrome by In Situ Cryoelectron Tomography. iScience 6, 83–91 (2018).

2.

Schmukler, E. et al. Altered mitochondrial dynamics and function in APOE4-expressing astrocytes. Cell
Death Dis. 11, (2020).

3.

Flannery, P. J. & Trushina, E. Molecular and Cellular Neuroscience Mitochondrial dynamics and
transport in Alzheimer ’ s disease. Mol. Cell. Neurosci. 98, 109–120 (2019).

4.

Pozo Devoto, V. M. & Falzone, T. L. Mitochondrial dynamics in Parkinson’s disease: A role for
α-synuclein? DMM Dis. Model. Mech. 10, 1075–1087 (2017).

5.

Agnihotri, S. K., Shen, R., Li, J., Gao, X. & Büeler, H. Loss of PINK1 leads to metabolic deficits in adult
neural stem cells and impedes differentiation of newborn neurons in the mouse hippocampus. FASEB
J. 31, 2839–2853 (2017).

6.

Harmuth, T. et al. Mitochondrial Morphology, Function and Homeostasis Are Impaired by Expression
of an N-terminal Calpain Cleavage Fragment of Ataxin-3. Front. Mol. Neurosci. 11, (2018).

7.

Klein Gunnewiek, T. M. et al. m.3243A>G-Induced Mitochondrial dysfunction impairs human neuronal
development and reduces neuronal network activity and synchronicity. Cell Rep. 31, 1–16 (2020).

8.

Mishra, P. & Chan, D. C. Mitochondrial dynamics and inheritance during cell division, development
and disease. Nat. Rev. Mol. Cell Biol. 15, 634–646 (2014).

9.

Wai, T. & Langer, T. Mitochondrial Dynamics and Metabolic Regulation. Trends Endocrinol. Metab. 27,
105–117 (2016).

4

10. Iwata, R., Casimir, P. & Vanderhaeghen, P. Mitochondrial dynamics in postmitotic cells regulate
neurogenesis. Science (80-. ). 369, 858–862 (2020).
11. Brooks, C. et al. Bak regulates mitochondrial morphology and pathology during apoptosis by interacting
with mitofusins. Proc. Natl. Acad. Sci. U. S. A. 104, 11649–11654 (2007).
12. Ishihara, N. et al. Mitochondrial fission factor Drp1 is essential for embryonic development and synapse
formation in mice. Nat. Cell Biol. 11, 958–966 (2009).
13. Otera, H., Ishihara, N. & Mihara, K. New insights into the function and regulation of mitochondrial
fission. Biochim. Biophys. Acta - Mol. Cell Res. 1833, 1256–1268 (2013).
14. Yoneda, M., Miyatake, T. & Attardi, G. Complementation of mutant and wild-type human mitochondrial
DNAs coexisting since the mutation event and lack of complementation of DNAs introduced separately
into a cell within distinct organelles. Mol. Cell. Biol. 14, 2699–2712 (1994).
15. Twig, G. et al. Fission and selective fusion govern mitochondrial segregation and elimination by
autophagy. EMBO J. 27, 433–446 (2008).
16. Rambold, A. S., Kostelecky, B., Elia, N. & Lippincott-Schwartz, J. Tubular network formation protects
mitochondria from autophagosomal degradation during nutrient starvation. Proc. Natl. Acad. Sci. U.
S. A. 108, 10190–10195 (2011).
17. Gomes, L. C., Benedetto, G. Di & Scorrano, L. During autophagy mitochondria elongate, are spared
from degradation and sustain cell viability. Nat. Cell Biol. 13, 589–598 (2011).
18. Nikolaisen, J. et al. Automated quantification and integrative analysis of 2D and 3D mitochondrial
shape and network properties. PLoS One 9, e101365 (2014).

141

Binnenwerk Teun - V3.indd 141

10-05-21 13:46

Chapter 4
19. Iannetti, E. F. et al. Toward high-content screening of mitochondrial morphology and membrane
potential in living cells. Int. J. Biochem. Cell Biol. 63, 66–70 (2015).
20. Iannetti, E. F., Smeitink, J. A. M., Beyrath, J., Willems, P. H. G. M. & Koopman, W. J. H. Multiplexed high-content
analysis of mitochondrial morphofunction using live-cell microscopy. Nat. Protoc. 11, 1693–1710 (2016).
21. Wiemerslage, L. & Lee, D. Quantification of mitochondrial morphology in neurites of dopaminergic
neurons using multiple parameters. J. Neurosci. Methods 262, 56–65 (2016).
22. Shi, X. et al. Super-resolution microscopy reveals that disruption of ciliary transition-zone architecture
causes Joubert syndrome. Nat. Cell Biol. 19, 1178–1188 (2017).
23. Kolossov, V. L. et al. Airyscan super-resolution microscopy of mitochondrial morphology and dynamics
in living tumor cells. Microsc. Res. Tech. 81, 115–128 (2018).
24. Inavalli, V. V. G. K. et al. A super-resolution platform for correlative live single-molecule imaging and
STED microscopy. Nat. Methods 16, (2019).
25. Baumuratov, A. S. et al. Enteric neurons from Parkinson’s disease patients display ex vivo aberrations
in mitochondrial structure. Sci. Rep. 6, 1–12 (2016).
26. Tokuyama, T. et al. Mitochondrial dynamics regulation in skin fibroblasts from mitochondrial disease
patients. Biomolecules 10, (2020).
27. Van Den Ouweland, J. M. W., Maechler, P., Wollheim, C. B., Attardi, G. & Maassen, J. A. Functional
and morphological abnormalities of mitochondria harbouring the tRNA(Leu(UUR)) mutation in
mitochondrial DNA derived from patients with maternally inherited diabetes and deafness (MIDD)
and progressive kidney disease. Diabetologia 42, 485–492 (1999).
28. Picard, M. et al. Progressive increase in mtDNA 3243A>G heteroplasmy causes abrupt transcriptional
reprogramming. Proc. Natl. Acad. Sci. U. S. A. 111, E4033–E4042 (2014).
29. Buck, M. D. D. et al. Mitochondrial Dynamics Controls T Cell Fate through Metabolic Programming.
Cell 166, 63–76 (2016).
30. Bonnay, F. et al. Oxidative Metabolism Drives Immortalization of Neural Stem Cells during
Tumorigenesis. Cell 1490–1507 (2020). doi:10.1016/j.cell.2020.07.039
31. Molina, A. J. A. et al. Mitochondrial networking protects β-cells from nutrient-induced apoptosis.
Diabetes 58, 2303–2315 (2009).
32. Liesa, M. & Shirihai, O. S. Mitochondrial dynamics in the regulation of nutrient utilization and energy
expenditure. Cell Metabolism 17, 491–506 (2013).
33. Seo, B. J. et al. Role of mitochondrial fission-related genes in mitochondrial morphology and energy
metabolism in mouse embryonic stem cells. Redox Biol. 36, 101599 (2020).
34. Palikaras, K., Lionaki, E. & Tavernarakis, N. Mechanisms of mitophagy in cellular homeostasis,
physiology and pathology. Nat. Cell Biol. 20, 1013–1022 (2018).
35. Ashrafi, G. & Schwarz, T. L. The pathways of mitophagy for quality control and clearance of
mitochondria. Cell Death Differ. 20, 31–42 (2013).
36. Lazarou, M. et al. The ubiquitin kinase PINK1 recruits autophagy receptors to induce mitophagy. Nature
524, 309–314 (2015).
37. Pryde, K. R., Smith, H. L., Chau, K. Y. & Schapira, A. H. V. PINK1 disables the anti-fission machinery to
segregate damaged mitochondria for mitophagy. J. Cell Biol. 213, 163–171 (2016).

142

Binnenwerk Teun - V3.indd 142

10-05-21 13:46

Mitochondrial morphology in the soma of human neurons with m.3243A>G heteroplasmy
38. Koentjoro, B., Park, J. S. & Sue, C. M. Nix restores mitophagy and mitochondrial function to protect
against PINK1/Parkin-related Parkinson’s disease. Sci. Rep. 7, 1–11 (2017).
39. Schapira, A. H. Mitochondria in the aetiology and pathogenesis of Parkinson’s disease. Lancet Neurol.
7, 97–109 (2008).
40. Morán, M. et al. Bulk autophagy, but not mitophagy, is increased in cellular model of mitochondrial
disease. Biochim. Biophys. Acta - Mol. Basis Dis. 1842, 1059–1070 (2014).
41. Chen, H. & Chan, D. C. Mitochondrial Dynamics in Mammals. Curr. Top. Dev. Biol. 59, 119–144 (2004).
42. Chan, D. C. Mitochondria: Dynamic Organelles in Disease, Aging, and Development. Cell 125, 1241–1252 (2006).
43. Khacho, M. et al. Mitochondrial Dynamics Impacts Stem Cell Identity and Fate Decisions by Regulating
a Nuclear Transcriptional Program. Cell Stem Cell 19, 232–247 (2016).
44. Anand, R. et al. The i-AAA protease YME1L and OMA1 cleave OPA1 to balance mitochondrial fusion
and fission. J. Cell Biol. 204, 919–929 (2014).
45. Karbowski, M. et al. Spatial and temporal association of Bax with mitochondrial fission sites, Drp1, and
Mfn2 during apoptosis. J. Cell Biol. 159, 931–938 (2002).
46. Takahashi, K. & Yamanaka, S. Induction of Pluripotent Stem Cells from Mouse Embryonic and Adult
Fibroblast Cultures by Defined Factors. Cell 126, 663–676 (2006).

4

47. Kondo, T. et al. iPSC-Based Compound Screening and In Vitro Trials Identify a Synergistic Anti-amyloid
β Combination for Alzheimer’s Disease. Cell Rep. 21, 2304–2312 (2017).
48. Zhang, Y. et al. Rapid single-step induction of functional neurons from human pluripotent stem cells.
Neuron 78, 785–798 (2013).
49. Frega, M. et al. Rapid Neuronal Differentiation of Induced Pluripotent Stem Cells for Measuring Network
Activity on Micro-electrode Arrays. J. Vis. Exp. 119, 1–10 (2017).
50. Shi, Y., Kirwan, P. & Livesey, F. J. Directed differentiation of human pluripotent stem cells to cerebral
cortex neurons and neural networks. Nat. Protoc. 7, 1836–1846 (2012).

143

Binnenwerk Teun - V3.indd 143

10-05-21 13:46

Chapter 4

SUPPLEMENTARY ITEMS

Figure S1. iPSC-to-iNeuron differentiation pipeline and discriminant clustering analysis. (A) iPSCs containing
0% (LH and CTR) and 60% (HH) heteroplasmy were differentiated to excitatory neurons using doxycycline
induced NGN2 expression. (B) Unbiased discriminant function analysis with canonical discriminant functions
classifies control (CTR), low heteroplasmy (LH), and high heteroplasmy (HH) lines based on combined mitochondrial morphology parameter (CTR n = 26; LH n = 23; HH n = 25). Each dot represents the mitochondrial population of one neuron. specifically, it confirms distinction between groups, as predictions (shown in pie graphs)
show little overlap between groups, indicating an intermediate morphological phenotype for the LH line.
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SUMMARY
Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes (MELAS)
is often caused by an adenine to guanine substitution at m.3243 (m.3243A>G) of the
MT-TL1 gene (tRNAleu(UUR)). To understand how this pathogenic variant affects the
nervous system, we differentiated human induced-pluripotent stem cells (iPSCs) into
excitatory neurons with normal (low heteroplasmy) and impaired (high heteroplasmy)
mitochondrial function from MELAS patients with the m.3243A>G pathogenic variant.
We combined micro-electrode array (MEA) measurements with RNA sequencing
(MEA-seq) and found that the m.3243A>G pathogenic variant affects expression of
genes involved in mitochondrial respiration- and presynaptic function, as well as
non-cell autonomous processes in co-cultured astrocytes. Finally, we show that the
clinical II stage drug sonlicromanol (KH176) improved neuronal network activity when
treatment is initiated early in development. This was intricately linked with changes
in the neural transcriptome. Overall, MEA-seq is a powerful approach to identify
mechanisms underlying the m.3243A>G pathogenic variant and to study the effect of
pharmacological interventions in iPSC-derived neurons.

INTRODUCTION
Mitochondrial diseases (MD) caused by pathogenic variants in the mitochondrial
genome (mtDNA), predominantly affects tissues with high energy needs, such as the
brain1–8. Mitochondrial encephalomyopathy, lactic acidosis and stroke-like episodes
(MELAS) is the most common MD. It presents with epilepsy, stroke-like episodes,
intellectual and cortical sensory deficits, cognitive decline, muscle weakness,
cardiomyopathy, and /or diabetes9. The mtDNA pathogenic variant underlying most
MELAS cases is an adenine to guanine variant at position m.3243 (m3243A>G) of the
MT-TL1 gene (tRNAleu(UUR)), in the mitochondrial genome (mtDNA) (OMIM 590050)10,11.
Approximately 1:20,000 are clinically affected by this pathogenic variant11–14. Above
a threshold mutated mtDNA copies (heteroplasmy percentage) disrupt the normal
function of the oxidative phosphorylation system (OXPHOS), with cellular consequences,
leading to severe physical clinical signs and symptoms15–19. The m.3243A>G pathogenic
variant affects mitochondrial protein synthesis20,21, possibly by reducing amino acid
incorporation efficiency during translation of 13 mtDNA proteins, which are part of the
OXPHOS subcomplexes I – V22. The OXPHOS reduces oxygen to water using electrons
from NADH and FADH2, producing adenine triphosphate (ATP), and serving as the main
production site of reactive oxygen species (ROS)23. OXPHOS complex deficiencies lead
to a disbalanced cellular redox state, often with increased ROS production24, distorted
mitochondrial signaling, and macromolecule damage (lipid peroxidation, etc.)25.
Classic mitochondrial disease interventions are focused on the treatment of symptoms26,
for instance with antioxidants (coenzyme Q10, riboflavin, or vitamins C and -E27,28),
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dietary supplements (L-arginine29), or increased exercise30. None consistently improve
patients’ strength and/or quality of life26. Novel treatments awaiting FDA approval31,32
target mitochondrial redox balance, or serve as antioxidants and electron donors33,34.
Sonlicromanol (also known as KH176), full name (S)-6-hydroxy-2,5,7,8-tetramethyl-N((R)-piperidin-3-yl)chroman-2-carboxamide hydrochloride, is currently in clinical trial
stage IIB35. As a derivative of Trolox, a soluble form of vitamin E, it aims to restore
the redox balance, and reduce ROS levels36,37. This is achieved by modulation of the
thioredoxin system / peroxiredoxin enzyme machinery (TrxR-Trx-Prdx system), a threeenzyme chain that reduces H2O2 into water using electrons from NADPH36. Rodent
studies detected sonlicromanol in muscle and the brain, in a dose-dependent manner
and without marked accumulation, even after frequent daily exposure36. Ndufs4-/- mice
treated with sonlicromanol showed increased life-span and improved performance and
gait, with less retinal ganglion cell degeneration38,39. Sonlicromanol’s ROS scavenging
abilities, protection from lipid peroxidation, and improved cell viability were shown in
complex I deficient human fibroblast lines36. Phase I and II clinical trials demonstrated
acceptable safety, pharmacokinetic properties37 and tolerance in humans, and improved
alertness, as well as reduced depressive symptoms in patients35.
We have recently established a novel in vitro model to study m.3243A>G in human iPSCderived glutamatergic neurons (iNeurons)40. iNeurons with high levels of m.3243A>G
heteroplasmy (60-65%) had shorter dendrites, less synaptic connections, and reduced
and desynchronous network activity. Here, we combined neuronal network recordings
(MEA) and transcriptomics (RNA-seq) data to address important research gaps: 1) what
mechanisms could be downstream of the impaired neural bioenergetics, and 2) can
we reverse neuronal pathology caused by the m.3243A>G variant? Using MEA-seq
we confirmed our previous findings40 on developmental neural network phenotypes,
and found reduced expression of genes involved in mitochondrial ATP production and
presynaptic function in neurons with high m.3243A>G heteroplasmy. This neuronal
phenotype non-cell autonomously induced gene expression changes in healthy cocultured rat astrocytes. Furthermore, sonlicromanol treatment partially rescued the
neuronal network phenotype and gene expression changes in a patient-specific manner.

5

RESULTS
High m.3243A>G heteroplasmy affects neuronal network development
We previously generated iPSC clones, with a wide range of m.3243A>G heteroplasmy
levels on an isogenic background, ranging from 0% to 87% 40. We cultured neurons,
co-cultured with rodent astrocytes (Fig. 1A+B), of matching densities (Fig. S1A),
differentiated from isogenic sets of iPSCs with low levels heteroplasmy (0%; LH1-3)
and high levels of heteroplasmy (±60%; HH1-3) as previously described40. Using microelectrode array (MEAs) recordings, we observed reduced mean firing rate, increased
percentage of random activity, and later occurrence of- and fewer total- synchronous
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network bursts, in HH1-3 at 30 days in vitro (Fig 1C-E), consistent with previous findings40
and reminiscent of less mature neuronal networks41. Other parameters, such as the
number of bursts per minute, were not affected across all three lines (Fig. SB-F). To
determine the consistence of the neuronal phenotypes observed in the HH lines, we
recorded network activity at 30, 37, and 43 days in vitro (Fig. 1C-E). In healthy control
networks, the firing- and network burst rates remained relatively stable, indicators of
a functionally “mature” network41. We found that HH1, HH2 and HH3 lines still showed
reduced synchronous network bursts up to DIV 43 compared their isogenic LH line.
Furthermore, all three lines displayed increased percentage of random activity, and
HH1 and HH3 displayed reduced mean firing rate, at DIV 43. These point to a persistent
neuronal network phenotype in the HH iNeurons.
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5

Figure 1. Neuronal network development for LH1-3, and HH1-3 neuronal networks. (A) Patient-derived fibroblasts were reprogrammed to iPSCs, generating low- (0%) and high (60-65%) heteroplasmy clones. These were
differentiated into excitatory neurons, co-cultured with rodent astrocytes, on micro-electrode arrays (MEAs)
recorded for a 10-minute period at 30-, 37-, and 43 DIV. (B) Representative image of iPSC-derived neurons
and co-cultured rodent astrocytes at 1-to-1 ratio, stained for MAP2 (green), GFAP (red), and Hoechst (blue) at
DIV30 (scale bar 30 µm). (C-E) Quantification of the mean firing rate, the percentage of random activity, and
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the network burst rate, for (C) LH1 (n=27) and HH1 (n=27), (D) LH2 (n=16) and HH2 (n=14), and (E) LH3 (n=23)
and HH3 (n=21). Data represents means ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.001, using restricted
maximum likelihood model, with Holm-Sidak’s correction for multiple comparisons.

Mitochondrial and synaptic gene expression are affected in m.3243A>G high
heteroplasmy iNeurons
To understand the molecular mechanism underlying the neuronal network phenotypes
in HH iNeurons we optimized a bulk RNA-seq method which can be used in combination
with MEA experiments (MEA-seq). RNA was isolated from iNeurons co-cultured with
wild-type (WT) rat astrocytes directly after network activity was measured on DIV 43
(Fig. 2A). After sequencing raw reads were mapped to a combined human- and rat
genome to separate reads from iNeurons and rat astrocytes. We confirmed the cell
identity of iNeurons and astrocytes, using cell type-specific gene expression (Fig. 2B),
i.e. genes known to be highly expressed either in neurons or astrocytes.

Figure 2. Expression of stem cell, neuronal progenitor cell, neuronal, and glial cell markers. (A) RNA-seq
was performed on several representative MEA wells containing iNeurons co-cultured with rat astrocytes. (B)
Heatmap showing gene expression levels of stem cell/NPC genes (top section), neuronal- and synaptic genes
(middle section), and glial genes (bottom section), including rodent homologs (left section, astrocyte samples),
and human homologs (right section, iNeuron samples). Voom-transformed and batch-corrected counts per
million (log2 scale) are shown.
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Our next aim was to determine how the impaired neuronal bioenergetics caused by
high m.3243A>G heteroplasmy levels affect gene expression. Principal component
analysis (PCA) showed that HH samples cluster away from LH samples (Fig. S2A). We
performed differential expression (DE) analysis between HH samples (HH1 + HH2) and
LH samples (isogenic controls, LH1 + LH2) and identified a large set of DE genes (adj.
p < 0.05), consisting of 1169 down-regulated genes and 411 up-regulated genes (Fig.
3A+B, Suppl. table S1). To gain insight in the biological processes that were affected, we
performed gene set enrichment analysis (GSEA) and identified significant enrichment
of DE genes in 1717 GO terms and 309 Reactome pathways (adj. p < 0.05) (Table S1).
We observed enrichment of up-regulated genes for processes involved in cell cycle
regulation, extracellular matrix organization, protein translation and embryonic organ
development, amongst others (Fig. 3C+D). Interestingly, among the top gene sets
enriched for down-regulated genes were gene sets representing (pre)synaptic processes
(specifically the synaptic vesicle cycle) and mitochondrial respiration (oxidative
phosphorylation) (Fig. 3C+E).
We were interested to see which genes involved in mitochondrial respiration and
synaptic function were affected. First of all, we observed significant down-regulation
of several mtDNA genes whose expression is regulated by MT-TL1, namely MT-ATP6, MTCO1, MT-CO2, MT-CO3, MT-CYB, MT-ND2, and MT-ND4 (Fig. 3F, Table S1). Furthermore,
we observed significant down-regulation of nuclear mitochondrial genes encoding for
complex I and complex V subunits of the electron transport chain, such as NDUFA4,
NDUFA5, NDUFS5, and COX5A (Fig. 3F, Table S1). Secondly, a myriad of genes involved
in synaptic function were significantly down-regulated, including genes involved in
synaptic vesicle formation and fusion with the presynaptic membrane, including SYP,
SYT4, SYT5, VAMP1, and VAMP2 (Fig. 3G, Table S1). In addition to these, we observed
significantly down regulated genes linked to epilepsy, such as STXBP1, DNM1, KCNT1,
KCNQ3, and SCN2A (Table S1). Overall, these results clearly show the high m.3243A>G
heteroplasmy is accompanied by significant expression changes in genes essential for
proper mitochondrial- and synaptic function, which likely contribute to the bioenergeticand electrophysiological deficits we observed here, and previously40.
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Figure 3. RNA-seq results for HH vs LH iNeurons. (A) Volcano plot showing DE genes in HH versus LH iNeurons
(adj. p < 0.05), with up-regulated genes in red and down-regulated genes in blue. (B) Heatmap showing expres-
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sion of DE genes. Voom-transformed and batch-corrected counts per million (log2 scale) were scaled per gene.
(C) Circos plot showing gene sets significantly enriched for up- and down-regulated genes, representing the
most important processes affected. LogFC is shown for leading edge genes within each gene set. (D-E) Bar plot
showing 10 gene sets that are among the top gene sets enriched for (D) up-regulated or (E) down-regulated
genes. The -log10(p-value) (x-axis) and the normalized enrichment score (NES) (color-coded: red for positive
NES, blue for negative NES) for Reactome pathways and GO terms representing biological processes (BP) are
shown. (F-G) Heatmap showing top 20 leading edge genes for the gene sets (F) oxidative phosphorylation
and (G) neurotransmitter secretion. Voom-transformed and batch-corrected counts were scaled per gene.

Non-cell autonomous effects of high m.3243A>G heteroplasmy iNeurons on astrocytes
The iPSC-derived neuronal development and function are critically dependent on the
co-cultured rat astrocytes41, which metabolically support neuronal ATP production by
supplying lactate, via the “astrocyte-neuron lactate shuttle”42,43, and facilitate amongst
others synapse formation44,45, -transmission46, and -pruning47,48. The different species
of origin (rodent astrocytes vs human neurons) allowed us to investigate whether
the neuronal m.3243A>G heteroplasmy level, non-cell autonomously affected gene
expression in astrocytes.
Gene expression profiles from astrocytes co-cultured with HH iNeurons (Astro+HH1
and Astro+HH2) were compared to astrocytes co-cultured with LH iNeurons (Astro+LH1
and Astro+LH2). Differential expression analysis revealed 79 significant DE genes (adj.
p < 0.05); 70 up-regulated genes and 9 down-regulated genes (Fig. 4A+B, Fig S2B,
Table S1). Interestingly, two down-regulated genes play key roles in mitochondrial ATP
production; Cox4i2 encoding the enzyme that catalyzes the electron transfer from
reduced cytochrome c to oxygen; and Mt-nd1 encoding an ETC complex I subunit. GSEA
revealed significant enrichment of DE genes in 58 Reactome pathways and 438 GO terms
(adj. p < 0.05) (Table S1). The top gene sets enriched for up-regulated genes consist of
genes involved in extracellular matrix organization, the immune response, and signaling
cascades (Fig. 4C). The top gene sets enriched for down-regulated genes contain genes
involved in e.g., mitochondrial function, amino acid metabolism, and synaptic function
(Fig. 4D). These data show m.3243A>G-induced, non-cell autonomous, changes in
neuronal gene expression also reduce astrocytic mitochondrial gene expression, as
well as genes involved in synaptic function. How exactly these changes in astrocyte
gene expression occur is unclear, but they could result from the neuronal adaptation to
their m.3243A>G induced bioenergetic deficit and accompanying metabolic changes40,
or direct neuronal-astrocytic connections.
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Figure 4. Non-cell autonomous effects of m.3243A>G high heteroplasmy iNeurons on astrocyte gene expression. (A) Volcano plot showing DE genes in astrocytes co-cultured with HH iNeurons compared to astrocytes
co-cultured with LH iNeurons (adj. p < 0.05), with up-regulated genes in red and down-regulated genes in
blue. (B) Heatmap showing expression of DE genes. Voom-transformed and batch-corrected counts (log2
scale) were scaled per gene. (C-D) Bar plot showing 10 gene sets that are among the top gene sets enriched
for (C) up-regulated or (D) down-regulated genes. The -log10(p-value) (x-axis) and the normalized enrichment
score (NES) (color-coded: red for positive NES, blue for negative NES) for Reactome pathways and GO terms
representing biological processes (BP) are shown.

Sonlicromanol improves neuronal network dysfunction of high m.3243A>G heteroplasmy iNeurons in a patient-specific manner
We applied the ROS scavenging- and redox state modulator sonlicromanol (KH176)36–38
to young (DIV 3)- and mature (DIV 29) HH neuronal networks, to test its ability to
rescue the HH neuronal network phenotypes. We treated MEA-grown neuronal
networks short-term (two weeks; DIV 29-DIV 43) and long-term (six weeks; DIV 3-DIV
43), with different concentrations of sonlicromanol (0.5 mM, 1 mM, 3 mM and 5 mM
+ DMSO vehicle condition), and recorded network activity at 30, 37, and 43 DIV (Fig.
5A-G). We chose these concentrations based on work by Beyrath et al., (2018), who
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observed improved cell viability at 0.1 – 1 mM sonlicromanol, with an EC50 = 0.27 mM,
in fibroblasts with pathogenic variants in different nuclear encoded Complex I subunits.
Short-term treatment of a mature network from 29 DIV onwards, had no positive
effect on any of the key MEA parameters, in HH1 or HH3 at either concentration (Fig.
S3A+B). When we treated the neuronal networks from an early point in neuronal
development (from 3 DIV onwards), we observed improvements in MEA response in
HH1 and HH3, most significantly at 1 µM sonlicromanol concentration. At 44 days in
vitro, we found a significant increase in mean firing rate (p<0.01) and network burst
rate (p<0.001), and decreased percentage of random activity (p<0.005) in HH1 treated
with 1 µM sonlicromanol, compared to the HH1-vehicle condition (Fig. 5B). We observed
similar, albeit less pronounced improvements at a concentration of 3 µM (Fig. 5B). No
reversal of pathology was observed using 5 µM sonlicromanol, suggesting that the
effects of sonlicromanol are dose dependent. These improvements seen in HH1 with
sonlicromanol treatment at 1 µM and 3 µM did not generalize to line HH2 (Fig. 5C).
However, already at 30 DIV, HH3 + 1 µM sonlicromanol showed a significant reduction
in percentage of random activity (p<0.01) and increased network burst rate (p<0.05)
compared to HH3-vehicle condition (Fig. 5D). Even though these differences were not
significant at DIV44, we no longer observed a significant difference in network burst rate
at DIV44 between HH3 1 µM sonlicromanol and LH3 control, whereas the LH3 control still
scored a significantly higher network burst rate compared to the HH3 vehicle condition.
Again, lower 0.5 µM- or higher 3 µM concentrations did not increase the benefit,
suggesting the observed benefits are dose-dependent and could follow a bell curve.

5

Together, this shows that for patients HH1 and HH3, sonlicromanol could be beneficial
in restoring some of its neuronal network activity and synchronicity, when treatment
is initiated early in neuronal network development, as opposed to treatment at a later
stage. However, these improvements differ in strength based depending on each patient
line, are dose-dependent, and did not translate to all patient lines.
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Figure 5. Neuronal network activity after sonlicromanol (KH176) treatment starting from 3 days in vitro, in
HH1-3 iNeuronal networks. (A) Representative raster plots of 2-minute neuronal network activity recordings
at DIV 43 of LH1 (n=17), HH1 Vehicle (n=12), HH1 + 1 µM sonlicromanol (n=8), HH1 + 3 µM sonlicromanol (n=5),
LH2 (n=6), HH2 Vehicle (n=16), HH2 + 1 µM sonlicromanol (n=4), HH2 + 3 µM sonlicromanol (n= 5), LH3 (n=16),
HH3 Vehicle (n=9), HH3 + 1 µM sonlicromanol (n=14), and HH3 + 3 µM sonlicromanol (n=10). Quantification
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of the overall mean firing rate, percentage of random activity, and network bursts rate for (B) set #1 including
HH1 + 0.5 µM sonlicromanol (n=5), (C) set #2, and (D) set #3 including HH3 + 0.5 µM sonlicromanol (n=13). Data
represents means ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.001, using restricted maximum likelihood
model, with Holm-Sidak’s correction for multiple comparisons between treated and untreated samples.

Sonlicromanol reverses changes in gene expression in high m.3243A>G heteroplasmy iNeurons in a patient-specific manner
To determine the effect of sonlicromanol treatment on gene expression level, we
isolated RNA directly from MEA wells with a representative neuronal phenotype, and
performed DE analysis comparing sonlicromanol treated versus untreated samples.
Since HH1 showed the clearest functional improvement on MEA following sonlicromanol
treatment, and HH2 did not, we expected patient-specific drug responses on gene
expression level as well, therefore comparisons were made for each isogenic set
separately. PCA showed HH1+KH176 (sonlicromanol) samples clustered away from
untreated HH1 samples, towards the direction of LH1 samples, indicating sonlicromanol
had positive effects on gene expression (Fig. S2C). Differential expression analysis for
the first isogenic set (HH1 vs LH1) revealed 1715 significantly DE genes (adj. p < 0.05);
846 down-regulated and 869 up-regulated, in HH1 samples (Fig. 6A+C, Table S2).
Sonlicromanol treatment of the HH1 line (HH1+KH176) compared to untreated HH1
revealed 116 DE genes (adj. p < 0.05); 112 down-regulated and 4 up-regulated genes
(Fig. 6B, Table S2). Interestingly, there was a significant overlap of these 116 DE genes
with genes differentially expressed in HH1 compared to LH1, consisting of 113 genes
(OR = 454, p-val < 2.2 x 10 -16) (Fig. 6D+E). Hierarchical clustering of samples on HH1 vs
LH1 DE genes reveals sonlicromanol treated HH1 samples clearly cluster together with
LH1 (Fig. 6C), showing sonlicromanol treatment directed the expression of genes in
HH1 towards control level.

5

We performed GSEA to investigate what processes are influenced by sonlicromanol
treatment in HH1 and identified significant enrichment of DE genes in 1439 GO terms
and 243 Reactome pathways (adj. p < 0.05) (Table S2). We performed GSEA on DE results
from HH1 compared to LH1 as well, to investigate whether sonlicromanol is able to
reverse processes affected in HH1 (Table S2). We calculated the overlap between gene
sets up-regulated in HH1 and down-regulated by sonlicromanol treatment, and vice
versa. Interestingly, there was a high overlap (OR = 129 and OR = 94, respectively, p-val
< 2.2 x 10 -16), indicating sonlicromanol is able to (partly) reverse processes affected in
HH1 iNeurons (Fig. 6E). Strongest enrichment of up-regulated genes in HH1 iNeurons
treatment with sonlicromanol was observed for gene sets representing mitochondrial
respiration and (pre)synaptic function (Fig. 6F), and enrichment of down-regulated
genes in gene sets representing i.e. chromatid segregation and embryonic organ
development (Fig. 6G), which were all shown to be affected in HH lines (Fig. 3D+E).
Among top up-regulated genes involved in mitochondrial function were genes encoding
for members of the electron transport chain, with most significant effects on MT-CO1,
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MT-CO2, MT-CYB, and COX5A (p-val < 0.1) (Fig. 6H). In addition, we identified many
genes important for synaptic vesicle release that were up-regulated and showed a
trend effect (p-val < 0.05), including SNAP25, SYT4, VAMP1, VAMP2, STXBP1, SCNA, and
SYN1 (Fig. 6I). Overall, these results show sonlicromanol treatment is able to increase
expression of several important mitochondrial genes, which are directly affected by
the m.3243A>G pathogenic variant. In addition, sonlicromanol has a positive effect on
expression of synaptic genes, which is likely a result of improved mitochondrial function,
and likely contribute to the increased neuronal activity observed for HH1 iNeurons
treated with sonlicromanol.
Intriguingly, sonlicromanol treatment resulted in significant enrichment of upregulated genes in the “detoxification of reactive oxygen species” Reactome pathway,
although it was not among the top gene sets. To confirm this, we compared the levels
of oxidative stress by quantifying relative 8-OXO-dg fluorescence in LH1- as well as
treated HH1 iNeurons (Fig. S4A). This showed significantly increased ROS-induced
DNA damage in HH1 iNeurons, compared to their LH1 isogenic controls (Fig. S4B),
however we did not observe significant reductions in 8-OXO-dg levels in the 1000nm
or 3000nm sonlicromanol treated iNeurons. This is in line with previous work that
showed sonlicromanol can decrease ROS levels in other models36,38, however at an
approximately 10-fold higher concentration.
Next, we analyzed the RNA-seq data for the second isogenic set, for which we showed
sonlicromanol treatment did not significantly improve neuronal network activity of
HH2. We first compared gene expression profiles from HH2 to LH2 and identified 857
DE genes (adj. p < 0.05), of which 197 were up-regulated and 660 were down-regulated
(Fig. S4C+D, Fig. S2D, Table S2). Interestingly, no significant DE genes were identified
when comparing sonlicromanol treated to untreated HH2 samples. A heatmap of HH2
vs LH2 DE genes show HH2 samples treated with sonlicromanol cluster together with
HH2, whereas LH2 samples cluster away, confirming the compound has minor to no
effects on expression of genes affected in HH2 (Fig. S4D), in line with our results from
neuronal network activity measurements.
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Figure 6. Effects of sonlicromanol (KH176) treatment on gene expression of m.3243A>G high heteroplasmy
iNeurons of isogenic set 1 (HH1). (A-B) Volcano plot showing DE genes in (A) HH1 compared to LH1 iNeurons
or (B) HH1+KH176 compared to untreated HH1 iNeurons (adj. p < 0.05), with up-regulated genes in red and
down-regulated genes in blue. (C) Heatmap showing expression of DE genes in HH1 vs LH1, for LH1, HH1 and
HH1+KH176 samples. Voom-transformed and batch-corrected counts per million (log2 scale) were scaled per
gene. (D) Venn diagram showing overlap between DE genes in HH1 vs LH1, and DE genes in HH1+KH176 vs
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HH1. (E) Odds ratios (log scale) shown for overlap in DE genes between HH1 vs LH1 and HH1+KH176 vs HH1,
and for overlap between gene sets enriched for up-regulated genes in HH1 vs LH1 and gene sets enriched
for down-regulated in HH1+KH176 vs LH1, and vice versa. Error bars represent the 95% confidence interval.
(F-G) Bar plot showing 10 gene sets that are among the top gene sets enriched for (F) up-regulated or (G)
down-regulated genes in HH1+KH176 vs HH1 iNeurons. The -log10(p-value) (x-axis) and the normalized enrichment score (NES) (color-coded: red for positive NES, blue for negative NES) for Reactome pathways and
GO terms representing biological processes (BP) are shown. (H-I) Heatmap showing top 20 leading edge genes
in HH1+KH176 vs HH1 for the gene sets (H) oxidative phosphorylation and (I) neurotransmitter secretion, for
LH1, HH1 and HH1+KH176 samples. Voom-transformed and batch-corrected counts were scaled per gene.

DISCUSSION
In this study, we integrated neuronal network phenotyping with transcriptomics data
to provide novel insight into potential mechanisms underlying changes in neuronal
network activity linked to high levels (60%) of m.3243A>G heteroplasmy. Specifically,
we observed down-regulation of both mitochondrial- and nuclear genes involved in
mitochondrial ATP production, matching the reduced mitochondrial function previously
observed in human neurons with m.3243A>G heteroplasmy40. Furthermore, genes
involved in (pre)synaptic processes were down-regulated, in line with decreased
neuronal network activity, and previously observed single cell presynaptic deficits40.
Finally, we provide encouraging data for sonlicromanol as a potential novel treatment
for MELAS. Specifically, sonlicromanol treatment starting from an early point in neuronal
network development resulted in the up-regulation of genes involved in mitochondrial
respiration and (pre)synaptic function, and improved neuronal network activity in two
patient-derived lines.
Consistent synaptic function depends in part on mitochondrial ATP production49. The
presynaptic vesicle cycle requires most presynaptic ATP, and is negatively affected
by dysfunctional ATP synthesis 49. We previously found less mitochondrial oxygen
consumption and increased glycolysis in HH iNeurons, with less Synapsin 1/2 puncta
and less mitochondria at presynaptic sites40. Here, we found down-regulation of mtDNA
genes encoding for subunits of OXPHOS complexes I, III, IV, and V, and several nuclear
genes coding for Complex I (Table S1). Expression of genes encoding for Complex
II subunits were unaffected, as were most nuclear genes encoding for Complex III,
IV, and V. We did observe down regulation of other genes linked to mitochondrial
disease32,50, involved in OXPHOS, pyruvate transport, ketone body catabolism,
mitochondrial trafficking, cleavage of membrane phospholipids, and other functions
(Table S1). Furthermore, we also observed reduced expression of SYN1 and SYN2
(Synapsin 1/2), as well as other synaptic genes such as GRIA4, GRIN1/3A, or VAMP1/2
(Table S1), in which pathogenic variants have been linked to for instance Alzheimer’s
disease51. Down regulation of SYT1/4/5/6/7, which encode for the presynaptic Ca2+
sensor Synaptotagmins, point to distorted presynaptic Ca2+ homeostasis, which affects
synaptic release probabilities52, and could partially explain synaptic deficits we observed
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here, and previously40. Reduced PINK1 expression also stands out, as PINK1 pathogenic
variants are linked to reduced dendritic growth53, reduced Complex I- and synaptic
function54, irregular Parkin-mediated mitophagy 55, and Parkinson’s disease56–58. Epilepsy
is a frequent presentation of MELAS. Although epilepsy is more often linked to inhibitory
neuron dysfunction59–61, here we did observe down-regulation of genes directly linked to
epilepsy, in excitatory neurons62, such as STXBP1 (Table S1). Interestingly, loss of function
pathogenic variants in STXBP1 are linked to infantile epileptic encephalopathy and nonsyndromic epilepsy63. STXBP1 knock-down also reduces sEPSC frequency (not amplitude)
in human iNeurons64, similar to what we observed previously in HH iNeurons40. Future
work will have to show how the m.3243A>G heteroplasmy and bioenergetic deficit incur
these gene expression changes, perhaps by metabolism-controlled DNA methylation65.
We report that sonlicromanol, a compound targeting mitochondrial function, can
improve both neuronal network function as well as changes in gene expression,
representing mitochondrial respiration and synaptic function. Sonlicromanol has
not yet been tested in a large-scale clinical trial, but the phase II clinical trial has
already shown improvements in mood and alertness, often found in patients suffering
from m.3243A>G related- and other mitochondrial diseases35. Our findings provide
molecular and functional evidence for potential positive effects of sonlicromanol on
these neuronal specific deficits. Specifically, genes that were affected by m.3243A>G
heteroplasmy, were reversely affected by sonlicromanol treatment in patient HH1.
The improved neuronal function seen on MEA for HH1 and HH3 was reflected by upregulation of genes involved in presynaptic function. We noted no improvements in HH2
following sonlicromanol treatment. The improvements we observe, both on a functional
level (MEA) as well as on a transcriptome level, suggest that personalized testing like
“N=1” clinical trials66, might be more suited for MELAS and mitochondrial disease, where
average performance scores could blur promising findings. Additionally, whereas both
have similar heteroplasmy levels, it is unclear whether there might be other nuclear
factors involved, and whether the same processes affected in HH1 are affected in HH2. It
is unclear why only HH1 and HH3 responded to the sonlicromanol treatment, however,
it could represent the large phenotypic variability in patients with m.3243A>G related
mitochondrial disease. Future work using MELAS iPSC lines generated from responders
and non-responders, could predict treatment response.

5

As a final note, we found astrocyte gene expression was affected by the presence of
iNeurons with high m.3243A>G heteroplasmy levels. Genes involved in metabolism and
tubulin formation were downregulated in astrocytes co-cultured with HH iNeurons.
Neuronal activity facilitates astrocyte maturation and expression of astrocyte genes
with a role for Notch signaling67. Both neuronal Notch ligands and astrocyte Notch-1/2
receptors are needed for astrocyte glutamate uptake67, and whilst Notch1/2 expression
is unaffected in astrocytes co-cultured with HH iNeurons, the HH iNeurons do show
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reduced expression of Notch ligands JAG2 and DLK2. This impaired balance could further
add to the observed synaptic phenotype and could represent a novel treatment target.
The integration of phenomics and transcriptomics data have disentangled several
neuronal features of MELAS, advancing the understanding of the impact of m.3243A>G
heteroplasmy on the human nervous system. Our findings on neuronal responses to
sonlicromanol treatment confirm the heterogeneity and individualized nature of patient
response to treatment, as well as the need for treatments tailored to the needs of the
individual mitochondrial disease.

EXPERIMENTAL PROCEDURES
iPSC generation and culture
These methods have been described in detail previously40. In short, fibroblasts of
a MELAS subject with the pathogenic variant m.3243A>G in MT-TL1 (tRNALeu(UUR))
were reprogrammed through retroviral transduction of the Yamanaka transcription
factors Oct4, c-Myc, Sox2 and Klf468. Normal karyotypes were confirmed for one iPSC
clone with 0% m.3243A>G heteroplasmy (“Low heteroplasmy 1”; LH1), and one iPSC
clone with 65% m.3243A>G heteroplasmy (“High heteroplasmy 1”; HH1). Lines LH2+3
and HH2+3 were generous gifts from Ester Perales-Clemente and Timothy Nelson,
previously characterized and tested for heteroplasmy levels (Table S1), and with normal
karyotypes69. iPSCs for subject #2 (LH2 and HH2) and 3 (LH3 and HH3) were originally
reprogrammed from fibroblasts using CytoTune-iPS 2.0 Sendai Reprogramming
(Invitrogen A16517). All iPSCs were kept under 15 passages after initial heteroplasmy
measurement, to ensure heteroplasmy levels are as previously measured, with medium
changes every 2-3 days and passaging 1-2 times per week.
Neuronal differentiation
iPSCs were derived into upper-layer, excitatory cortical neurons by overexpressing
Neurogenin 2 (Ngn2), as described previously. rtTA/Ngn2-positive iPSCs were plated
as single cells at DIV0 onto 24-well multi-electrode arrays (Multichannel Systems, MCS
GmbH, Reutlingen, Germany), coated with 50µg/mL poly-L-ornithine hydrobromide
(PLO; Sigma-Aldrich #P3655-10MG) and 5 µg/mL human recombinant laminin 521
(BioLamina #LN521-02) in E8 basal medium (Gibco #A1517001) supplemented with
1% Penicillin/Streptomycin (Pen/Strep; Sigma-Aldrich P4333), 1% RevitaCell (ThermoFisher #A2644501), and 4 µg/mL doxycycline (Sigma-Aldrich #D9891-5G) to drive Ngn2
expression, at 20,000 cells per well for LH1+2, and 30,000 cells per well for HH1+2, to
ensure similar mature neuron cell density. At DIV1, medium was changed to DMEM/
F12 (Gibco #11320-074) supplemented with 1% Pen/Strep, 4 µg/mL doxycycline, 1% N-2
supplement (Gibco #17502-048), 1% MEM non-essential amino acid solution (NEAA;
Sigma-Aldrich #M7145), 10 ng/mL human recombinant BDNF (Promokine #C66212), 10
ng/mL human recombinant NT-3 (Promokine #C66425). To support the neuronal culture,
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freshly prepared primary cortical rat astrocytes (isolated as previously described41) were
added on DIV2, in a 1:1 ratio. At DIV3, the medium was changed to Neurobasal (Gibco
#21103-049), supplemented with 20 μg/mL B-27 (Gibco #0080085SA), 1% GlutaMAX
(Gibco), 1% Pen/Strep, 4 µg/mL doxycycline, 10 ng/mL human recombinant NT3, 10
ng/mL human recombinant BDNF. At DIV3 only, 2 µM Cytosine β-D-arabinofuranoside
(Ara-C; Sigma-Aldrich C1768-100MG) was added to remove any proliferating cells. From
DIV5-DIV43 50% of the medium was refreshed every 2 days, supplemented with 2.5%
Fetal Bovine Serum (FBS; Sigma-Aldrich #F2442-500ML) from DIV9 onwards.
Micro-electrode array recordings
Recordings of the spontaneous activity of neuronal networks derived from six iPSC lines
(LH1-3, HH1-3) were performed at DIV 30, 37, and 43. All recordings were performed
using the 24-well MEA system (Multichannel Systems, MCS GmbH, Reutlingen,
Germany). After a 10-minute acclimatization period (37°C; 5% CO2), spontaneous
neuronal network activity was recorded for a subsequent 10 minutes. The signal was
sampled at 10 KHz, filtered with a high-pass filter (i.e. Butterworth, 100 Hz cut-off
frequency) and the noise threshold was set at ± 4.5 standard deviations. Data analysis
was performed off-line by using Multiwell Analyzer (i.e. software from the 24-well MEA
system that allows the extraction of the spike trains) and a custom software package
named SPYCODE developed in MATLAB (The Mathworks, Natick, MA, USA) that allows
the extraction of parameters describing the network activity70, as previously described40.
Thresholds to determine the mean firing rate (MFR), the mean burst rate (MBR), and the
mean network burst rate were set as previously described40. Sonlicromanol (KH176), full
name (S)-6-hydroxy- 2,5,7,8-tetramethyl-N-((R)-piperidin-3-yl)chroman-2-carboxamide
hydrochloride, was provided by Khondrion as a powder for reconstitution in dimethyl
sulfoxide (DMSO)36,37. DMSO was used as vehicle. Sonlicromanol was added at 100 nM,
300 nM, 500 nM, 1µM, 3 µM, or 5 µM, from either DIV3 (early in development), or from
DIV29 (mature neuronal network), up to DIV43. To maintain drug levels in the culture
medium, it was added during every medium change.

5

RNA sequencing
RNA-seq was performed on iPSC-derived neurons from subject #1 and #2, including low
heteroplasmy (LH) samples, high heteroplasmy (HH) samples, and HH samples treated
with sonlicromanol. RNA was isolated after measuring network activity of the neurons
on MEAs at DIV43, from 2-3 biological replicates per condition. LH and HH samples
were distributed across two MEA batches. HH samples treated with sonlicromanol were
included only in the second batch. RNA was isolated with the Quick-RNA Microprep
kit (Zymo Research, R1051) according to manufacturer’s instructions. RNA quality
was checked using Agilent’s Tapestation system (RNA High Sensitivity ScreenTape and
Reagents, 5067-5579/80). RIN values ranged between 6.4 – 9.1. Library preparation was
performed using a published single-cell RNA-seq protocol71, adapted for bulk RNA-seq
experiments.
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For each sample 25 ng total RNA was used as input for RNA-seq library preparation.
In short, an anchored oligo-dT primer was used for reverse transcription, followed by
second strand synthesis and subsequent removal of excess primers using Exonuclease
I (NEB, M0293). cDNA samples were pooled per sets of 8, randomized across three
pools, and a 1.2x Ampure XP Beads clean-up was performed (Beckman Coulter, A63881).
Next, tagmentation was performed using TDE1 Enzyme (Illumina, 15027865), followed
by a 2.0x beads clean-up. PCR amplification was performed for 15 cycli using the
NEBNext High-Fidelity 2X PCR Master Mix (NEB, M0541), followed by a 0.8x beads
clean-up. Gel extraction was performed to select for products between 200-1000 bp.
cDNA concentrations of the final libraries were measured by Qubit dsDNA HS Assay
kit (Invitrogen, Q32854). Product size distributions were visualized using Agilent’s
Tapestation system (D5000 ScreenTape and Reagents, 5067-5588/9). Libraries were
sequenced on the NextSeq 500 platform (Illumina) using a V2 75 cycle kit (Read 1: 18
cycles, Read 2: 52 cycles, Index 1: 10 cycles). A full description of the RNA-seq library
preparation can be found in the Supplemental Material.
Pre-processing of RNA-seq data
Base calls were converted to fastq format and demultiplexed using Illumina’s bcl2fastq
conversion software (v2.16.0.10) tolerating one mismatch per library barcode. Reads
were filtered for valid unique molecular identifier (UMI) and sample barcode, tolerating
one mismatch per barcode. Trimming of adapter sequences and over-represented
sequences was performed using Trimmomatic (version 0.33)72. Trimmed reads were
mapped to a combined human (GRCh38.p12) and rat (Rnor_6.0) reference genome
to separate reads belonging to the human iNeurons from reads originating from the
rat astrocytes. Mapping was performed using STAR73 (version 2.5.1b) with default
settings (--runThreadN 1, --outReadsUnmapped None, --outFilterType Normal,
--outFilterScoreMin 0, --outFilterMultimapNmax 10, --outFilterMismatchNmax 10,
--alignIntronMin 21, --alignIntronMax 0, --alignMatesGapMax 0, --alignSJoverhangMin
5, --alignSJDBoverhangMin 3, --sjdbOverhang 100). Uniquely mapped reads (mapping
quality of 255) were extracted and read duplicates were removed using the UMI-tools
software package74. Raw reads from BAM files were further processed to generate count
matrices with HTSeq75 (version 0.9.1) using a combined Gencode GRCh38.p12 (release
29, Ensembl 94) and rat (Rnor_6.0) reference transcriptome to count reads mapping
to the human and rat genome, belonging to human iNeurons and rat astrocytes,
respectively.
RNA-seq data analysis
Raw counts from count tables were transformed to counts per million (cpm) using
edgeR version 3.26.8 (R package)76. Transcripts with a cpm > 2 in at least two samples
were included. Counts were voom-transformed (log2-transformation on cpm values),
and corrected for MEA batch effect and genetic background for differential expression
(DE) analysis using limma version 3.40.6 (R package)77. A linear regression model was
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fit, in which the voom-transformed expression values were modelled as a function of
the condition (LH untreated, HH untreated, HH treated), the isogenic set (set#1, set#2),
and MEA batch (plate 1, plate 2). For DE analysis between HH and LH lines, a contrast
was defined comparing HH untreated with LH untreated samples using the following
design formula: model.matrix(~0+condition+set+MEA). DE analysis on RNA-seq data
from astrocytes co-cultured with HH and LH iNeurons was performed using the same
approach. For DE analysis between HH treated and HH untreated samples, pairwise
comparisons were made within each isogenic set, using the following design formula:
model.matrix(~0+condition+MEA). Genes with a Benjamini-Hochberg (BH)-corrected
p-value < 0.05 were considered to be significantly differentially expressed between
two conditions.
Gene set enrichment analysis (GSEA) was performed using fgsea version 1.10.1 (R
package)78. Genes were ranked based on the t-statistic from the DE analysis. Enrichment
of genes was tested in Gene Ontology (GO) terms (C5 collection), Reactome pathways
(C2 canonical pathways sub-collection) and in NRF2 transcription factor target (TFT)
gene sets (C3 TFT sub-collection) from the Molecular Signatures Database (MSigDB)
using msigdbr version 7.1.1 (R package)79. Gene sets were loaded for the correct species
(Homo Sapiens or Rattus Norvegicus) per enrichment analysis (iNeuron or rat astrocyte
samples, respectively). Gene symbols corresponding to transcripts not part of the final
gene list were removed from the selected gene sets. Subsequently, gene sets with
remaining gene set size > 5 and < 500 were used for GSEA. Gene symbols (Ensembl
version 94) from the final gene list were converted to gene symbols from Ensembl
version 97, corresponding to the version of gene symbols used in MSigDB. Gene sets
with a Benjamini-Hochberg (BH)-corrected p-value < 0.05 were considered to be
significantly enriched for up- or down-regulated genes.

5

RNA-seq data visualization
Principal component analysis (PCA) was performed on the voom-transformed and
batch corrected counts using the prcomp function from stats version 3.6.1 (R package).
Volcano plots were generated by plotting the logFC against the -log10 p-values from
DE analysis results. Heatmaps were generated using voom-transformed and batch
corrected counts scaled per gene, with hierarchical clustering performed on rows and
columns. Results from GSEA were visualized by plotting the normalized enrichment
scores (NES), gene set size and gene ratio for the top 10-20 gene sets based on highest
NES, for either up- or down-regulated genes. The gene ratio is calculated by dividing
the number of leading edge genes by gene set size. Also, a Circos plot was generated
using the GOCluster function from GOplot version 1.0.2 (R package), which shows the
logFC for the leading edge genes per gene set. Enrichment plots were generated using
the plot Enrichment function using Rcpp version 1.0.2 (R package)80.
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Statistical analysis
Analysis was done using unpaired t-tests, one-way analysis of variance with Bonferroni
post hoc correction, or one-way repeated measures ANOVA with sequential post
hoc Bonferroni corrections, or Kolmogorov-Smirnov test, where appropriate, using
GraphPad Prism 6 (GraphPad Software). p-values of p<0.05 and smaller, were deemed
significant. Sample sizes were based on our previous experiences in the calculation of
experimental variability. The output of all analyses is grouped per figure and combined
in supplementary table S1.
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SUPPLEMENTARY ITEMS
Supplementary methods
Figure S1 – Density images + MEA parameters of the LH1-3 + HH1-3 timeline.
Figure S2 – PCA plots and additional RNA quality / quantity data.
Figure S3 – MEA parameters for the sonlicromanol treatment at DIV29, for HH1 and
HH3.
Figure S4 – 8-OXO-dg levels for LH1, HH1, and sonlicromanol treated HH1 samples,
and comparing differential expression and GSEA for isogenic set #2, LH2, HH2, and
HH2+KH176 (sonlicromanol).
Table S1. DE + GSEA analysis of iNeurons HH1+2 vs LH1+2; Table of various genes of
interest; DE + GSEA analysis of Astrocyte genes HH1+2 vs LH1+2 (Excel file)
Table S2. DE + GSEA analysis of iNeurons HH1 vs LH1, including KH176 treatment;
DE + GSEA analysis of iNeurons HH2 vs LH2, including KH176 treatment (Excel file).

SUPPLEMENTARY METHODS
RNA-seq library preparation
For each sample, 25 ng total RNA (in 0.65 µL) was mixed with 0.1 µL dNTP mix (10
mM each) (Invitrogen, 10297018), 0.3 µL nuclease-free water (NF H2O) and 0.4 µL
anchored oligo-dT (2.5 µM) primer (5ʹ-ACGACGCTCTTCCGATCTNNNNNNNN[10bp index]
TTTTTTTTTTTTTTTTTTTTTTTTTTTTTTVN-3ʹ, where “N” is any base and “V” is either
“A”, “C” or “G”; IDT) in a tube containing 7 µL Vapor-Lock (Qiagen, 981611). Each sample
was incubated for 5 min at 65°C and directly placed on ice. First strand reaction mix
was added, consisting of 0.4 µL Maxima RT buffer (5X) (Thermo Scientific, EP0751), 0.05
µL RNasin Plus (Promega, N2611) and 0.1 µL Maxima H Minus Reverse Transcriptase
(Thermo Scientific, EP0751). Reverse transcription was performed by incubation at 50°C
for 30 min and terminated by heating at 85°C for 5 min. 2 µL RT product was mixed with
7.7 µL NF H2O, 2.5 µL Second Strand Buffer (Invitrogen, 10812014), 0.25 µL dNTP mix
(10 mM each), 0.35 µL DNA polymerase I (E. coli) (NEB, M0209), 0.09 µL DNA ligase (E.
coli) (NEB, M0205) and 0.09 µL Ambion RNase H (E. coli) (Invitrogen, AM2293). Second
strand synthesis was performed by incubation at 16°C for 150 min, followed by 75°C
for 20 min. 0.5 µL Exonuclease I (NEB, M0293) was added per sample and incubated
at 37°C for 60 min. cDNA samples were pooled per sets of 8, randomized across three
pools. Vapor-Lock was removed, and samples were added up with NF H2O to a total
volume of 107.6 µL. Each pool of samples was purified using 79 µL beads buffer (20%
PEG-8000 in 2.5 M NaCL, final concentrations) and 50 µL Ampure XP Beads (Beckman
Coulter, A63881), and eluted in 7 µL NF H2O.
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Tagmentation was performed per pool by adding 5.5 µL double-stranded cDNA sample
to 5.0 µL Nextera TD buffer (Illumina, 15027866), and 1.5 µL TDE1 Enzyme (Illumina,
15027865), incubated at 55°C for 5 min. Samples were directly placed on ice for at least
3 min. The reaction was terminated by adding 12 µL Buffer PB (QiaQuick, 19066) and
incubating for 5 min at room temperature. Samples were purified using 48 µL Ampure
XP beads and eluted in 10 µL NF H2O. Next, each sample was mixed with 2 µL P5 primer
(10 µM), (5ʹ-AATGATACGGCGACCACCGAGATCTACAC[i5]ACACTCTTTCCCTACACGACGCT
CTTCCGATCT-3ʹ; IDT), 2 µL P7 primer (10 µM) (5ʹ-CAAGCAGAAGACGGCATACGAGAT[i7]
GTCTCGTGGGCTCGG-3ʹ; IDT), 6 µL NF H2O, and 20 µL NEBNext High-Fidelity 2X PCR
Master Mix (NEB, M0541). Amplification was performed using the following program:
72°C for 5 min, 98°C for 30 sec, 15 cycles of (98°C for 10 sec, 66°C for 30 sec, 72°C for
1 min) and a final step at 72°C for 5 min. Samples were purified using 32 µL Ampure
XP beads and eluted in 14 µL NF H2O. Libraries were visualized by electrophoresis
on a 1% agarose and 1X TAE gel containing 0.3 µg/mL ethidium bromide (Invitrogen,
15585011). Gel extraction was performed to select products between 200 – 1000 bp
using the Nucleospin Gel and PCR Clean-up kit (Macherey-Nagel, 740609). Samples
were eluted in 15 µL NF H2O. cDNA concentrations were measured by Qubit dsDNA HS
Assay kit (Invitrogen, Q32854). Product size distributions were visualized using Agilent’s
Tapestation system (D5000 ScreenTape and Reagents, 5067-5588/9). Libraries were
sequenced on the NextSeq 500 platform (Illumina) using a V2 75 cycle kit (Read 1: 18
cycles, Read 2: 52 cycles, Index 1: 10 cycles).
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Figure S1. Density images and MEA data from the DIV30-43 developmental timeline, for lines LH1-3 and HH1-3.
(A) Light fluorescence image showing density images for LH1-3 and HH1-3 (scale bar = 100 um). MEA networks
were quantified based on (B) the mean number of bursts per minute (Mean burst rate), (C) the mean burst
duration (msec), (D) the mean spike rate within bursts (Hz), (D) the mean network burst duration, and (F) the
mean inter network burst interval (msec). Data represents means ± SEM. *P<0.05, **P<0.01, ***P<0.001,
****P<0.001, using restricted maximum likelihood model, with Holm-Sidak’s correction for multiple comparisons between treated and untreated samples.
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Figure S2. Principle component analysis on the neuronal- and astrocyte RNA samples. (A) Principal component analysis (PCA) plots displaying PC1 and PC2 for (A) the LH and HH neuronal samples, (B) the astrocyte
samples co-cultured with LH or HH, (C) the LH1, HH1 and HH1+KH176 neuronal samples, and (D) the LH2, HH2
and HH2+KH176 neuronal samples.
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Figure S3. MEA data for sonlicromanol (KH176) treatment at mature network age (DIV29). HH1 and HH3 cultures were treated from DIV29 onwards with either 500nm or 1000nm KH176 and recorded for 10 minutes of
neuronal network activity on MEA; LH1 (n = 6), HH1 (n = 12), HH1 + 500nm KH176 (n = 4), HH1 + 1000nm KH176
(n = 4). We quantified the mean firing rate (Hz), the mean percentage of random activity (%), the mean number
of bursts per minute (burst rate), and the mean number of network bursts per minute for (A) HH1 and (B) HH3.
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Data represents means ± SEM. *P<0.05, **P<0.01, ***P<0.001, ****P<0.001, using restricted maximum likelihood model, with Holm-Sidak’s correction for multiple comparisons between treated and untreated samples.
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Figure S4. Oxidative stress levels in the neuronal soma, quantified by relative 8-OXO-dg levels, and comparing differential expression and GSEA for isogenic set #2, LH2, HH2, and HH2+KH176. (A) iNeurons at 30 days
in vitro were stained for 8-OXO-dg, a measure of local oxidative stress, after which relative fluorescence in the
neuronal soma was measured and compared for LH1 (n=27), HH1 (n=27), HH1-veh (n=29), HH1 + 1.0 µM KH176
(n=24), and HH1 + 3.0 µM KH176 (n=34). (B) Data represent means ± SEM. *P<0.05, **P<0.01, ***P<0.001,
****P<0.001, using one-way ANOVA using Bonferroni correction for multiple testing. (C) Volcano plot showing 857 differentially expressed (DE) genes (adj. p < 0.05) in HH2 compared to LH2 samples, with down-regulated genes in blue (log-fold change (LogFC) < 0) and up-regulated genes in red (LogFC > 0); 660 down-regulated and 197 up-regulated. (D) Heatmap showing expression of significant DE genes in HH2 vs LH2, for LH2,
HH2 and HH2+KH176 samples. Voom-transformed counts corrected for batch effect were called per gene.
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Chapter 6

A MELAS diagnosis constitutes a progressively negative impact on a patient’s life, with
an unpredictable disease progression and no curative treatment options. Due to its
location in the mitochondrial DNA, the underlying m.3243A>G pathogenic variant is
difficult to study using conventional (in vitro) models. Post-mortem patient tissue and in
vitro human skin- and muscle tissue have provided valuable insights, however difficulties
in acquiring living human neurons have made it difficult to correlate tissue heteroplasmy
levels with disease mechanisms and -burden1.
Throughout this thesis, I combined inducible pluripotent stem cell technology with
respirometry, in depth morphological and electrophysiological phenotyping, as well
as RNA sequencing, to 1) generate a novel in vitro neuronal model, and use this to 2)
show how various levels of m.3243A>G heteroplasmy affect mitochondrial function and
morphology, 3) how this affects human neuronal development and function, and to 4)
study how pathology could be reversed. As well as summarizing our findings and putting
these into a broader scientific context, I will discuss the experimental limitations and
how future studies might address these limitations and build upon this work.

MODELING THE M.3243A>G HETEROPLASMY IN HUMAN NEURONAL CELLS
Mitochondrial diseases such as MELAS and Leigh syndrome, can present with various
neurological symptoms, including stroke-like episodes, dementia, generalized- and focal
epilepsy, headaches and migraines, cortical hearing- and vision deficits, neuropathy,
intellectual disability, as well as various psychiatric illnesses such as depression,
anxiety, and psychoses2–5. MELAS patients specifically develop stroke-like episodes
before the age of 40, encephalopathy including seizures and/or cognitive regression,
myopathy presenting with lactic acidosis and/or ragged red muscle fibers, even though
early psychomotor development is often normal2. Classical findings on underlying
mechanisms of for instance epilepsy or dementia resulting from specific pathogenic
variants, do not necessarily translate to MELAS, where common symptoms can be
present in different forms. For instance, stroke-like episodes do not follow vascular
distributions observed in classical strokes and can involve only certain (sub)cortical
areas2,6, and epileptic seizures can occur both focal and generalized7. These and other
symptoms, such as progressive cortical vision and hearing loss, migraines, or impaired
memory and consciousness, severely impact a patient’s daily life.
It is unclear how m.3243A>G and other mtDNA pathogenic variants lead to these
neurological symptoms. The m.3243A>G pathogenic variant affects mitochondrial
protein synthesis8,9, potentially via reduced mRNA and ribosome association10 and/or
less efficient amino acid incorporation11. The reduced OXPHOS subunit protein levels
likely distort neuronal mitochondrial OXPHOS balance, increasing ROS and lactate levels.
Studies in patients or post-mortem patient brains have shown high levels (>60%+) of
m.3243A>G heteroplasmy can be accompanied for instance by lactic acidosis and
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decreased cortical myelination12, neuron loss13 and loss of (sub)cortical volume12,
multifocal infarct-like- 4 and hyperintense white matter lesions14, cortical laminar
necrosis15, vascular sclerosis13,16 and decreased perfusion17; contributing to varied- and
widespread neuronal damage and involvement of the cortical vasculature. Others
recently observed altered spontaneous brain activity18, and topological reorganization
of functional brain networks19 in MELAS patients, suggesting the m.3243A>G pathogenic
variant affects neuronal network organization. How the m.3243A>G pathogenic variant
specifically affects early neuronal development and function is unclear, making the
development of targeted treatments difficult.
The reason for this knowledge gap is simple: while nuclear gene pathogenic variants can
be modeled using animal models, or can be efficiently artificially introduced in healthy
cells using tools like CRISPR-Cas920, precision mtDNA editing platforms and approaches
to introduce controlled levels of mtDNA heteroplasmy in healthy cells remain absent
or challenging. Recently, cytosine base editor that catalyze CG-to-TA conversions in
human mtDNA with high target specificity and product purity has been described21.
We turned to induced pluripotent stem cells (iPSCs) to acquire living, human neurons
with the m.3243A>G pathogenic variant. iPSCs can show divergent, but stable,
mtDNA heteroplasmy levels22–26, whilst maintaining their nuclear DNA background.
Furthermore, the isogenic 0% heteroplasmy clones that naturally occur during iPSC
reprogramming24,26,27 serve as isogenic controls. We generated excitatory, glutamatergic
neurons28 with matching heteroplasmy levels, from three MELAS patient-derived
isogenic sets of iPSCs (LH with 0%, HH with 60% m.3243A>G) (chapter 3). We found
that the iPSCs, neural progenitor cells (NPCs), and glutamatergic neurons (iNeurons) all
exhibited bioenergetic profiles resembling those found in vivo (chapter 2); with neurons
preferring OXPHOS29,30, where stem-, and neural progenitor cells preferred glycolysis31.

6

It was known that the m.3243A>G pathogenic variant affects mitochondrial gene
expression and protein synthesis8,9, leading to Complex I, III, and IV deficiencies in
other models6,24,32–35. We show that m.3243A>G heteroplasmy leads to cell type specific
bioenergetic effects, in “High heteroplasmy” (60%) iPSCs and -iNeurons (chapter 3).
The HH iPSCs’ respiratory reserve capacity was reduced, slowing their growth rate
without affecting pluripotency (chapter 3), where others found Complex I deficiency36
or increased Complex II expression27. HH iNeurons however, consumed less oxygen at
baseline, had a smaller respiratory reserve, increased their use of glycolysis, and survived
neuronal differentiation less often (chapter 3). We did not measure metabolism- or
the ETC complex efficiency directly, others found Complex I deficiency in iPSC-derived
neurons with high levels of m.3243A>G heteroplasmy27, or severely affected neuronal
differentiation due to Complex I deficiency and hyperactive Notch signaling37. We expect
our iNeurons show similar Complex I, III, IV and/or V deficiencies, since our transcriptomic
analysis (chapter 5) revealed down-regulation of mtDNA- (MT-ATP6, MT-CO1/2/3, MT185
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CYB, and MT-ND2/4) nuclear genes (COX5A, IDH3A, NDUFA4, and NDUFAF4), coding for
different Complex I, III, IV, and V subunits38 (Table S1; chapter 5). The increased oxidative
stress levels we observed in HH1 iNeurons (chapter 5) point to increased ROS levels,
further corroborating potential mitochondrial oxidative phosphorylation imbalance.
Overall, it is clear that 60% m.3243A>G heteroplasmy induces a significant neuronal
bioenergetic crisis, strong enough to elicit a compensatory, glycolytic shift. This was
accompanied by reduced expression of other genes linked to various mitochondrial
diseases39,40 (chapter 5), including TMEM65, MPC1, OXCT1, DNM1, TRAK1, PNPLA8, and
GDAP1. This raises the question, does the symptomatic overlap between MELAS and
for instance fatal encephalopathy (TRAK141), mitochondrial myopathy (TMEM6542), or
SCOT-deficiency (OXCT143), originate from concomitant changes in expression of nuclear
genes that, when mutated, induce only a subset of symptoms?
The notion of a neuronal bioenergetic crisis was further corroborated by fragmented
mitochondria in the neuronal soma (chapter 4), as well as smaller- and less abundantaxonal mitochondria especially at presynaptic sites (chapter 3) (Fig 1). Approximately
20-30% of mitochondria are transported through the axon44,45, modulating the
formation of branchpoints 46, and locally maintaining presynaptic ATP levels 47,48 at
30-50% of synapses 49,50, allowing prolonged and/or high frequency activity47,50,51.
Recent work52 showed that mitochondria are recruited to active synapses by AMPK-PAK
signaling and Syntaphilin mediated anchoring. Our transcriptome analysis showed the
morphological changes coincided with down regulation of genes involved specifically in
anterograde mitochondrial transport, including several Kinesin motor proteins, KIF1A/B,
KIFC2, KIF3A, and the adapter protein TRAK1, as well as SNPH, the gene coding for
Syntaphilin (chapter 5). Combined, this suggests the level of m.3243A>G heteroplasmy
affects axonal mitochondrial transport and anchoring, potentially contributing to the
reduced synaptic density, and potential axonal malformation. Preliminary mitochondrial
mobility data indeed pointed to decreased transport speed, decreased anterograde-,
and increased retrograde mitochondrial transport through the axon (not shown in
this thesis). It is unclear, however, if the affected transport reduces synapse formation
or the potential causal relationship is reversed. Recent work in Aplysia showed
synapse formation can further stimulate antero- and retrograde transport of axonal
mitochondria53. This suggests the reduction in synapse formation we observed could
not just be caused by, but in itself contribute to, the reduced axonal mitochondrial
abundance. Future studies will have to elucidate if there is indeed a causal relationship,
and if so, which is the chicken and which is the egg.
The combination of increased mitochondrial fragmentation in the neuronal soma
(chapter 4) with a glycolytic metabolic shift (chapter 3) and increased levels of
oxidative stress that point towards increased ROS (chapter 5), was previously observed
in fibroblasts of MELAS- and Leigh syndrome patients54. Mitochondrial dynamics go
hand in hand with metabolism, and together mediate for instance neural stem fate55,56
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and -tumor formation57, T Cell state58, or a cell’s response to excess nutrients59,60. The
glycolytic shift reduces use of OXPHOS and subsequently ROS production59,60, and in this
case is likely intended to protect the cell from excess ROS commonly found in models
for m.3243A>G heteroplasmy and mitochondrial disease61,62. However, the increased
ROS could also be due to the changes in mitochondrial morphology, and could in turn
be the first step towards cell death63, in line with the increased cell death we observed
during the initial week of differentiation (chapter 1). Future work, for instance using
genetic knockdown of fission mediators and monitoring ROS levels, could elucidate the
exact role mitochondrial fission plays here.

NEURONAL MORPHOLOGY AND FUNCTION
Dysfunctional mitochondria severely affect human neuronal development as well as
function. HH iNeurons grew shorter dendrites with fewer branches, that covered a
smaller surface area and contained fewer synapses (chapter 3). This coincided with
reduced expression of genes involved in different aspects of pre-and postsynaptic
function (SYN1/2, GRIN1/3A, GRIA4, and VAMP1/2) as well as general neuronal
development (chapter 5). These synaptic and dendritic deficits (chapter 3) mimic
the cortical neurodegeneration, and synaptic and dendritic atrophy that can occur in
mitochondrial disease patients64–69, and in vitro models of mitochondrial dysfunction70–73.
The transcriptome changes we observed raise another interesting question; which of
these effects are due to the bioenergetic crisis, and which potentially occur due to
altered nDNA-mtDNA interplay and subsequent differential gene expression, for instance
in developmental signaling pathways? Unfortunately, as the iNeuron protocol skips early
developmental stages, it is not the most ideal model to study these early developmental
processes. Organoids generated from iPSCs with m.3243A>G heteroplasmy37, however,
showed severely affected motor neuron differentiation and Complex I deficiency linked
to hyperactive Notch signaling, which has previously been shown to maintain progenitor
states74. Our transcriptome data for the high heteroplasmy neurons showed trends
for up regulation of certain Notch signaling genes (JAG1, DLL1, HES1), and significant
up regulation of CDKN1A expression, an important Notch target, further indicating
that Complex I deficiency and Notch signaling could play an essential role in the
neurodevelopmental consequences of MELAS.
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Figure 1. Effects of m.3243A>G heteroplasmy on mitochondrial and neuronal morphology. 60% m.3243A>G
heteroplasmy induces a bioenergetic crisis characterized by reduced mitochondrial oxygen consumption,
and increased glycolysis. This is accompanied by more fragmented mitochondria in the neuronal soma, a less
complex dendritic network that show less presynaptic Synapsin puncta. The axons contain less-, and smaller,
mitochondria, which are transported more retrogradely and less anterogradely, and which show fewer en
passant synaptic sites that colocalize less with mitochondria. This likely leads to less mitochondrial ATP production at the presynapse, and changes in neuronal (network) activity we observed.
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iNeurons with 60% m.3243A>G heteroplasmy are less active and, as a network,
functionally less organized. Interestingly, the morphological changes induced by the
heteroplasmy had no effects on the iNeurons’ passive intrinsic electrophysiological
properties, such as capacitance and resting membrane potential, nor their active intrinsic
properties, such as rheobase, action potential threshold and -amplitude (chapter 3).
Spontaneously, however, they fired significantly less action potentials, quantified by
the spontaneous excitatory post synaptic currents (sEPSCs) (chapter 3). This shows that
while their functional capacity to fire action potentials is unaffected, their propensity
to do so is reduced. Others showed that mitochondrial presence at the synapse affects
release probabilities, for instance by synaptic calcium clearance75,76, however we did
not record miniature excitatory post synaptic currents (mEPSCs) and/or paired-pulse
ration’s, which would have allowed us to make any statements in this regard. The general
reduction in activity we observe is likely due to the bioenergetic deficit combined with
the reduced synaptic density. The reduced mitochondrial presence at the synapse likely
leads to a limited synaptic fuel supply and reduced capacity to maintain activity47,77.
Furthermore, as we mentioned previously, the bioenergetic deficit likely reduces axonal
transport, necessary for maintaining functional presynaptic terminals78. These functional
changes are accompanied by down regulation of presynaptic function genes (chapter
5), including calcium sensors like Synaptotagmins (SYT1/4/5/6/7), presynaptic proteins
like Synapsin (SYN1/2), NMDA- and Glutamate receptors (GRIN1/3A; GRIA4), to synaptic
vesicle cycle proteins (DNM1, VAMP1/2), showing the synaptic dysfunction is likely
more complex than merely a synaptic density reduction. Future selective up- or down
regulation of these genes could provide more information on whether these expression
changes are due to stunted neuronal development due to the bioenergetic crisis; due
to cellular adaptation, such as mitochondrial retrograde response (MRR) mediated by
mitochondria-nucleus contact that can accompany mitochondrial dysfunction79, and
whether selective up/down regulation might present potential treatment targets.

6

Neuronal networks of human glutamatergic, neurons m.3243A>G heteroplasmy
are less active, generate less synchronous network bursts, and fire more random
action potentials (chapter 3). We tested three separate patient lines and observed
this basic phenotype in all three lines. This suggests that phenotypes are most
probably independent of the nuclear genetic background80. These changes are also
in line with studies that showed metabolic deficiencies can affect the formation of a
proper neuronal network81, mean firing rate homeostasis82, and potentially even the
maintenance of gamma oscillations83,84. Our observed reductions in neuronal network
activity and organization likely contribute to reduced spontaneous activity and distorted
cortical networks recently observed in MELAS patient brains using resting-state
fMRI18,19, particularly in areas associated with the Default Mode Network (DMN), such
as the precuneus (PCUN), or areas linked to vision and language. Our model allowed
us to go one step further, and study how populations with intermediate heteroplasmy
levels (30%), or mixed populations of healthy and diseased neurons, perform on MEA.
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This presented a nonlinear phenotype; where networks with 60% heteroplasmy could
fire little or no synchronous network bursts, networks with 30% heteroplasmy and
co-cultures with 60-80% HH iNeurons merely had difficulties in maintaining a stable
network burst pattern (Fig. 2A). This suggests 1) there are (stepwise) heteroplasmy
thresholds above which patients start presenting with mild to more severe neuronal
symptoms, and 2) healthy neurons fulfill a supporting role, in maintaining a functional
network. A high enough percentage of healthy neurons might sustain neuronal function,
but a high local density of neurons with 60+% heteroplasmy, or a high overall average
heteroplasmy level, could lead to local symptoms such as focal seizures and cortical
vision loss (at 30%), or general neurodegeneration and stroke-like episodes (over 60+%),
or the topological reorganization and reduced spontaneous activity recently observed
in various brain areas of MELAS patients using resting-state fMRI18,19 (Fig 2B). The
nonlinear nature of the glutamatergic, neuronal network phenotype makes it difficult to
determine where this “healthy” heteroplasmy threshold is located. 30% heteroplasmy
might not affect neuronal survival as the 60% did, the increased random activity and
reduced network burst regularity could directly contribute to the epileptic seizures
suffered by MELAS patients. Future work including smaller heteroplasmy steps, of 10%,
from 0-100% for instance, could provide a more accurate threshold for pathology that
could be used as a target for mtDNA pathogenic variant correction therapies such as
TALEN therapies85. Furthermore, iPSCs with DcCBE-induced heteroplasmy levels21, or
inhibited mtDNA transcription using small-molecule inhibitors86, could provide further
clarity on the exact nature of the functional phenotype.
It is tempting to link the observed changes in network activity to (epileptic) seizure-like
activity, commonly seen in MELAS patients. A study using in vitro primary rat cortical
neurons on MEA, treated with various “seizurogenic” (seizure inducing) compounds,
showed two distinct activity patterns87. The compounds either increased overall
activity and organization87, or they caused a decrease in overall activity and network
organization, in the form of increased random activity (spikes outside of bursts), longer
inter-burst intervals, and fewer spikes per bursts. This second pattern, caused by
seizurogenic compounds such as NMDA, SNC80, strychnine, linopirdine, amoxapine, and
thioridazine87, resembles the 60% m.3243A>G network phenotype we observed, with
decrease in activity and burst length, and increased random activity. Interestingly, they
used primary rat neuronal cultures consisting of glia and both excitatory- and inhibitory
neurons, whereas we observed seizure-like network activity at 60% m.3243A>G
heteroplasmy in excitatory-only cultures, indicating the excitatory neurons likely play
an important role in the pathobiology of seizures.
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Figure 2. The apparent M.3242A>G heteroplasmy thresholds that regulate local and general cortical symptoms. (A) Our findings suggest the existence of at least two m.3243A>G heteroplasmy threshold, one between
0-30% and one between 30-60%, determining whether patients show mild or severe neuronal symptoms,
and that potentially lead to the cortical heterogeneity and stepwise symptomatic snowballing seen in MELAS
patients. (B) This heterogeneity could very well be caused by local changes in heteroplasmy levels, with
some local areas that contain high density of “high heteroplasmy” neurons showing reductions in activity
and network organization, or an overall high heteroplasmy level leading to more general cortical symptoms,
stroke-like episodes, or neurodegeneration.
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Epilepsy was classically seen as a disbalance between excitatory and inhibitory
neuronal activity, but is increasingly linked to mitochondrial dysfunction88–91, due
to e.g. pathogenic variants in mitochondrial genes 92, and to mitochondrial damage
resulting from seizures93. Seizures and other network activity changes, seen in
for instance Parkinson’s- and Huntington’s disease94 patients, are often linked to
mitochondrial dysfunction in interneurons82,84. Inhibitory, GABAergic interneurons
keep excessive excitation in check and play important roles in the organization and
maintenance of the brain’s activity84. Where the human brain contains numerous types
of neurons95 and glia, our cultures only contain excitatory neurons and astrocytes.
Fast-spiking, parvalbumin-expressing interneurons have a higher energy need then
cortical glutamatergic neurons, resulting in relatively larger mitochondrial volume96,
and increased vulnerability to mitochondrial dysfunction83. The inclusion of inhibitory
neurons in our model, as recently shown in our lab (Mossink et al, BioRxiv) could result
in different neuronal network phenotypes in the presence of 0-100% heteroplasmy.
Co-cultures of excitatory and inhibitory iNeurons could likely show increased random,
or even seizure-like, activity between 0-60% heteroplasmy, as the network’s inhibition
distorts due to the bioenergetic deficit. However, considering the resemblance of our
findings with those in primary rat cultures, the phenotypic characteristics we observed,
such as network-burst irregularities (seen at 30% heteroplasmy) and loss of network
bursts and activity in general (seen at >60% heteroplasmy), might still occur at similar
heteroplasmy levels in an excitatory-inhibitory iNeuron co-culture. Regardless of the
absence of the inhibitory neurons in our in vitro model, the changes in network activity
and down-regulation of genes linked to epilepsy (chapter 5), show the bioenergetic
deficit does not solely affect interneurons, and we have to consider the role of the
glutamatergic neuronal population in the pathobiology of epilepsy. Could treatments
designed for epilepsy types induced by pathogenic variants in genes that are down
regulated in HH iNeurons, be an option for MELAS patients?
We furthermore showed the presence of HH iNeurons is sufficient to affect gene
expression in co-cultured astrocytes (chapter 5), including down regulation of genes
involved in mitochondrial ATP synthesis and gluconeogenesis. Future studies will
have to show if this is due to the high level of neuronal m.3243A>G heteroplasmy,
the reduced synaptic density and smaller neuronal size97, the reduction in neuronal
activity 97, or perhaps the neuronal increased use of glycolysis and oxidative stress
levels. Astrocytes mainly use glycolysis to generate ATP from glucose, which they store
as glycogen, part of which is processed into lactate and excreted to the extracellular
environment. Neurons consume the vast majority of brain’s energy98, but their ATP
production is fueled by this lactate transported in from adjacent astrocytes via the
astrocyte-neuron lactate shuttle (ANLS99,100). The ANLS not only fuels glutamatergic
synaptic activity101,102, it modulates synaptic excitability103, and the astrocytic lactate
can further be processed into neurotransmitter precursors which maintain synaptic
neurotransmitter levels103,104. Synaptic activity, and the glutamate, nitric oxide (NO),
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K+ and NH+ ions that are released, in turn increase the astrocytic glucose uptake, and
lactate release105,106. This relationship translates to, for instance, a higher frequency
of evoked- and spontaneous excitatory post synaptic currents in primary rodent
hippocampal neurons when the relative astrocytic-to-neuron density increases107.
Neurons are as essential for astrocyte maturation, which requires neuronal Notch
ligands to bind astrocytic Notch-1/2 receptors97; Notch ligands (JAG2 and DLK2) which
were down regulated in the HH iNeurons (chapter 5). As Notch signaling regulates
metabolism in cancer cells108, and suppresses gluconeogenesis in liver cells109, the
observed astrocytic gene expression changes could be due to affected expression of
Notch ligands in the HH iNeurons (chapter 5), and subsequent reduced astrocytic Notch
signaling. Interestingly, a recent study using spinal cord organoids with high levels of
m.3243A>G heteroplasmy observed hyperactive Notch signaling37. Future work will have
to elucidate the exact relationship between the Notch pathway and the m.3243A>G
pathogenic variant. Finally, the increased neuronal oxidative stress (chapter 5) could
affect astrocyte function, perhaps inducing the gene expression changes we observed in
the astrocytes, as was previously seen in human astrocytes110. Astrocytes and oxidative
stress are increasingly linked to Parkinson’s-111,112 and Alzheimer’s Disease113, as well as
other neurological diseases114. What complicates this relationship is that astrocytes
can have a neuroprotective effect when neurons are faced with oxidative stress115,
astrocytes can induce neuronal oxidative stress116, and the oxidative stress in turn
can trigger astrocyte activation117 or induce senescence110. Unfortunately, we did not
characterize the HH iNeurons’ effects on the co-cultured astrocytes in further detail,
however they present an intriguing target for future work.

6

It is becoming increasingly clear astrocyte function and gene expression are affected not
only by aging118–120, but play an important role in neurodegenerative diseases121,122. Any
novel 2D/3D in vitro neuronal model for mitochondrial disease will require the inclusion of
astrocytes and will need to place an additional focus on the exact role played by astrocytes
in central nervous system pathology due to high levels of the m.3243A>G heteroplasmy.
Co-cultures of excitatory and inhibitory neurons, combined with different glial cell
types (astrocytes, microglia, and/or oligodendrocytes) could provide further evidence
of these potential cell type specific roles, and more importantly, treatment targets.

SONLICROMANOL SHOWS PROMISE AS AN EARLY MELAS TREATMENT
We established the m.3243A>G heteroplasmy causes reduced Complex I, III, IV and V
subunit expression and reduced respiration, likely reflecting Complex deficiencies, and
mitochondrial dysfunction. This led to abnormal mitochondrial morphology, structural
changes to the dendrites and synapses, and abnormal neuronal activity. The MEAs
presented an ideal platform for testing pharmacological/chemical agents that might rescue
this phenotype and serve as potential treatments, and the aforementioned structural
changes suggested early compound supplementation would likely be most beneficial.
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We attempted to rescue the functional phenotype on MEA, using sonlicromanol, a
vitamin-E derivative currently undergoing clinical trials as a treatment for MELAS123.
Sonlicromanol, when it was added at DIV3- and DIV29, showed improvements in
neuronal network performance of HH1 on MEA, albeit in a patient-specific manner
(chapter 5) and only when added at an early developmental age (DIV3). Time constraints
prevented us from screening other compounds, such as rapamycin, which has shown
benefit in a Ndufs4-/- mouse model of Leigh’s syndrome124. Pre-clinical studies showed
that sonlicromanol modulates intracellular ROS and improves fibroblast viability125,126,
where phase I-IIA clinical trials showed improvements in mood and alertness123.
Sonlicromanol improved key hallmarks of the neuronal network phenotype, increased
expression of genes involved in synaptic activity and mitochondrial function, and
reduced expression of stem- and progenitor cell genes, pointing to improved neuronal
development and formation of a more functional neuronal network. Interestingly,
specific synaptic genes down regulated in HH iNeurons, were up regulated after
sonlicromanol treatment, including SYT4/5/7, SNAP25, SNCA, SNCG, STXBP1, SYN1,
and VAMP1/2 (chapter 5), indicating their expression is likely directly affected by
either the m.3243A>G heteroplasmy or the concomitant bioenergetic deficit, and
suggesting structural neuronal changes might be prevented or reduced should the
treatment be initiated early enough. As expected, these benefits required an early
start of the treatment, likely to preempt the structural changes present at 23 days in
vitro. From the patients’ perspective, however, a treatment that is effective at a later
age or developmental time point is preferential, as getting the diagnosis can occur at
a later age, when more severe (cortical) symptoms have already set in. However, since
a subset of patients is diagnosed at a young age, they might still benefit greatly from
early sonlicromanol treatment, which could prevent and/or slow the onset of severe
cortical damage, improve, or maintain the quality of life, and/or extend a patient’s life
expectancy. This variability in symptom onset and severity, between MELAS patients,
is often linked to differences in (m.3243A>G) heteroplasmy level127,128. Here, however,
I observed inter-individual heterogeneity at the in vitro, neuronal level between lines
with matching heteroplasmy levels. This could be due to additional (heritable) nuclear
factors affecting symptom severity and expression14,80,129, but we cannot exclude
epigenetic profiles, or other differences downstream to gene expression. These stress
the need for larger, more homogenous test cohorts both to identify potential shared
pathologies and validate novel treatment targets, as well as additional genomic testing
for each patient, and individualized treatment strategies or even “N-of-1” trials. Novel
disease models such as we describe here, including patient iPSC-derived neurons or
-cardiomyocytes, might provide an early indication of future symptom expression. And,
if validated using iPSC-derived neurons or -cardiomyocytes from responders and nonresponders to specific treatments, might help in designing more personalized treatment
plans earlier in the treatment process.
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Regardless, the use of isogenic lines demonstrates that even with the above highlighted
differences, we can identify phenotypic similarities. Although we did not quantify a
potential effect of the treatment on neuronal heteroplasmy levels, future work could
test whether (long term) treatment affects or slows the increase of heteroplasmy levels
in key tissues such as the brain, which might in turn slow disease progression.

THE FUTURE OF MITOCHONDRIAL DISEASE MODELING AND
TREATMENT DEVELOPMENT
Fortunately for individuals suffering from mitochondrial disease, the future does not look
as bleak as it did forty years ago. Where classical treatment strategies could only target
specific symptoms (anticonvulsants to treat the epileptic seizures), recent treatment
strategies include those that focus on the underlying mitochondrial pathogenic variant
or the mitochondrial functional impairment85.
Symptomatic treatments, including more recent variants, include countering/alleviating
the direct effects of the m.3243A>G pathogenic variant, such as restoring the redox
balance, or scavenging the excess ROS produced at Complex I, both of which were
targets of sonlicromanol125. Increasing the severely reduced NAD+ levels that accompany
Complex I deficiency is another such strategy, which has had success in skeletal muscle
of Ndusf4 KO mice130 and humans (ex vivo)131. NAD+ does not only serve as essential
protein substrate, it plays a role in mitochondrial biogenesis132. CRISPR-screens
suggested Complex I deficient cells benefit from either the metabolic reprogramming
that accompanies the blocking of Complex I133, or from ablation of BRD4 activity134.
Blocking BRD4, a bromo-domain containing protein, resulted in PGC1α up regulation,
increased mitophagy, partial metabolic reprogramming, improved survival of Complex I
deficient cells in galactose and promoting the use glutamine as metabolic substrate134,135.
An alternative entails the manipulation of either the mitochondrial mass or mtDNA copy
number, based on the presumption that an absolute number of WT mtDNA copies
could compensate or alleviate mitochondrial function, even in the presence of a high
number of mutated mtDNA copies1, and the observation that low mtDNA copy number
is associated with increased disease severity in some tissue types1. Manipulation of
the mitochondrial biogenesis mediator PPAR-gamma coactivator 1-alpha (PGC1α), to
increase mitochondrial mass, has been marginally successful in animal models85, but
less so in patients136. Specifically increasing PINK1:PARKIN-mediated mitophagy, and
subsequently increasing turnover of dysfunctional (mutated) mitochondria, reduced
heteroplasmy in human cells with a MTCO1 mtDNA pathogenic variant137, improved
muscle strength and mitochondrial function in mice85, and mimicked the effect of
regular exercise in human skeletal muscle, in vivo138. Even though these, and others,
have shown promising findings in in vitro human cells or animal models, few have
shown consistent improvements in patients in clinical trials or been approved by the
FDA specifically as mitochondrial disease treatments.
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A second important strategy is targeting the mutated mtDNA, and either ablating
mutated mtDNA copies or reducing overall heteroplasmy levels. Previously, editing
and/or degrading specific mtDNA copies using tools such as CRISPR-Cas9, transcription
activator-like effector nucleases (TALENs), and zinc-finger nucleases (ZFNs) was
difficult due to problems crossing the inner-mitochondrial membrane and targeting
and degrading only specific (mutated) mtDNA copies. Where modified ZFNs139
and (Mito)TALENs140,141 have been showing promise both in vitro141 and in mice142,
MitoTALENs delivered by AAV were not able to cross the blood-brain barrier143. The
recently developed mtDNA editing tool DcCBE21 allows more efficient, targeted
mtDNA gene editing, however it is limited to C and T bases and will require extensive
optimization before it can be used to correct human mtDNA pathogenic variants. To
prevent transmission of mutated mtDNA, parents can either attempt preimplantation
genetic diagnosis, thereby transplanting the mothers’ oocytes with no heteroplasmy,
or mitochondrial replacement therapy (MRT), in which mothers nuclear DNA is
transplanted to a healthy donor oocyte/zygote144; both however will need further future
validation in clinical trials, or in the case of the m.3243A>G pathogenic variant, further
genetic analysis to predict success80,145.
To improve the discovery and validation of these and other novel treatments/
compounds, and to better predict their effects in human neurological tissue carrying the
m.3243A>G pathogenic variant, we require more advanced, functional (in vitro) disease
models. The compounds should be able to (partially) rescue more relevant functional
phenotypes such as the neural network deficiency we observed. A recent example of
such a model used spinal cord neuronal organoids with m.3243A>G heteroplasmy found
hyperactive Notch signaling, reversal of which was able to rescue the neurogenesis- and
neural outgrowth phenotype37. Other developments, such as the DcCBE21 mtDNA editor,
or small molecule mtDNA transcription nhibitors86, will allow the creation of artificial
isogenic control- or patient lines, and more precise modification of mitochondrial gene
expression, serving as positive/negative controls. All of these will contribute to the
better understanding of the neurological effects of mtDNA pathogenic variants, and
to the establishment of more accurate mtDNA heteroplasmy threshold(s) associated
with pathology. Results from these efforts could not only serve as diagnostic- or clinical
outcome measures, but as therapeutic goals when one aims to decrease heteroplasmy
levels of mtDNA pathogenic variants. Most importantly, all of these will ultimately lead
to novel treatment strategies, and significant improvements in clinical care and patient
reported outcomes.
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Chapter 7

THESIS SUMMARY
The aim of my work was to shed a light on the molecular, morphological, and functional
changes that occur in human neurons in the presence of the m.3243A>G pathogenic
variant, by creating a novel human, in vitro neuronal model for mitochondrial diseases
such as MELAS and Leigh syndrome. Such a model would provide more information
on the changes occurring in human neurons with a significant heteroplasmy level,
and how these contribute to the various neurological symptoms seen in patients. I
determined that iPSC-derived glutamatergic neurons maintain their heteroplasmy level
and suffer a significant bioenergetic crisis and metabolic shift in the presence of high
levels of m.3243A>G heteroplasmy (60%). This has significantly hampered or affected
neurodevelopment, and led to smaller and less complex neurons, with fewer synapses,
distinct gene expression changes, and most importantly drastic differences in the level
and organization of neuronal activity. Interestingly, this neuronal network phenotype
did not scale linearly with the heteroplasmy level, suggesting there are potentially
specific heteroplasmic thresholds that are associated with symptom severity and onset.
These findings provided novel insight into potential underlying disease mechanisms,
potential treatment targets down the line.
In chapter 1 I provided an overview of the important role mitochondria, and metabolism,
have played through evolution and the development of complex, multicellular life. In
particular, their roles in human neurological function were discussed, as well as an
overview of mitochondrial disease in general and MELAS in particular, including classical
disease modeling and the development of cellular reprogramming.
In chapter 2 I described the different in vitro protocols we used throughout this thesis,
and characterized the metabolic profiles of iPSCs, iPSC-derived neurons (iNeurons), the
co-cultured WT rodent astrocytes, and iPSC-derived neural progenitor cells (NPCs). I
confirmed the iNeurons rely more on OXPHOS for their metabolic needs, whereas iPSCs,
astrocytes, and NPCs used more glycolysis to generate ATP. This provided encouraging
evidence the iPSCs would likely be mildly affected by a significant level of m.3243A>G
heteroplasmy, whereas the iNeurons would likely suffer a severe bioenergetic crisis,
culminating in a distinct and potentially fatal neuronal phenotype.
Chapter 3 covered the establishment of the in vitro, iPSC-derived neuronal
model of m.3243A>G heteroplasmy, and extensive morphological and functional
characterizations. A high level (60-65%) of m.3243A>G heteroplasmy induced a
significant bioenergetic crisis in the iNeurons as well as a metabolic shift, in the
form of less mitochondrial oxygen consumption and increased use of glycolysis.
This led to neurodevelopmental problems, and created neurons with a less complex
dendritic network, fewer synaptic connections, smaller and more fragmented axonal
mitochondria, a smaller mitochondrial presence at the presynapse, and distinct changes
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to spontaneous single-cell and neuronal network activity in multiple patient-derived
lines, that did not scale linearly with different heteroplasmy levels.
Chapter 4 described an adapted MATLAB protocol to allow the medium-to-high
throughput quantification of the 3D mitochondrial morphology in the soma of multiple
neurons with high (60%) or low (0%) m.3243A>G heteroplasmy. I observed a more
fragmented mitochondrial network in the neuronal somas, which could indicate
increased mitophagy, initiation of apoptosis, or could be linked to the observed
glycolytic metabolic shift. Furthermore, this provided an easy-to-use protocol to
automatically quantify 3D morphological changes to not only mitochondria, but any
tubular-shaped organelles and/or structures.
In chapter 5 I described the gene expression changes that occur in isogenic sets of
patient-derived lines with high m.3243A>G heteroplasmy, as well as those treated with
a novel MELAS treatment, sonlicromanol. iNeurons with high heteroplasmy showed
reduced expression of genes involved in mitochondrial respiration, synaptic function,
and neuronal development, as well as for instance genes linked to different forms
of epilepsy. Interestingly, the vitamin-E derivative sonlicromanol improved neuronal
network performance on MEA in two out of three patient lines, and specifically reversed
the expression of genes that were affected by the m.3243A>G pathogenic variant,
including those involved in mitochondrial respiration and synaptic function, without
reducing the increased levels of oxidative stress.

7

Chapter 6 provided a general discussion of the results of this thesis, its limitations and
potential follow-up studies, and puts these in a broader scientific context. The results
suggested the m.3243A>G impairs axonal mitochondrial transport and anchoring, which
both directly contribute to reduction in synapses and the lower mitochondrial presence
at the synapse. This likely made it difficult for neurons to maintain long term synaptic
activity, as we observed in the synchronous network activity we observe in healthy
neuronal networks. Finally, our work on sonlicromanol, combined with the development
of novel (in vitro) models such as those described here, novel treatment strategies and
mtDNA editing tools, provided a positive outlook for researchers and patients alike.
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NEDERLANDSE SAMENVATTING
Het doel van deze thesis was het creeren van een nieuw menselijk, in vitro neuronaal
ziektemodel voor de m.3243A>G mtDNA mutatie die verschillende mitochondriele
ziektes veroorzaakt, zoals MELAS and Leigh syndroom. Zo’n model zou een beter
beeld geven van de veranderingen die neuronen met een hoog heteroplasmie gehalte
ondergaan, en hoe dit bijdraagt aan de neurologische symptomen van MELAS patienten.
Ik bevestigde dat iPSCs met een hoog heteroplasmie gehalte (60%) hun heteroplasmie
behouden na differentiatie tot iPSC-deriveerde glutamaterge neuronen, en dat dit
een bioenergetische crisis induceert evenals een metabole schifting. Dit zorgde voor
ernstige problemen tijdens de neuronale ontwikkeling, en leide to neuronen met
een minder complex dendritisch netwerk, minder synaptische connecties, en sterke
veranderingen in neurale activiteit, een phenotype dat niet lineair schaalde op een
intermediair heteroplasmie niveau. Dit suggereerde dat er verschillende heteroplasmie
grenzen zijn waarbij verschillende, of zwaardere, symptomen ontstaan. Hopelijk heeft
mijn onderzoek een bijdrage geleverd aan de algemene kennis over hoe de m.3243A>G
mutatie neuronale onwtikkeling beinvloed, en leidt tot de zware neuronale symptomen
die we zien in MELAS and Leigh syndrome patienten.
In hoofdstuk 1 gaf ik een overzicht van de wetenschappelijke achtergrond, met een
focus op de rol van mitochondria in de ontwikkeling van het metabolisme en complexe
levensvormen, en specifiek hun rol in het functioneren van het menselijke brein. Daarnaast
beschreef ik de huidige kennis met betrekking tot mitochondriele ziektes, specifiek
MELAS, en de huidige ontwikkeling in ziekte modellen en cellulair herprogrammeren.
Hoofdstuk 2 beschreef de verschillende in vitro protocols die we gebruikten, en
de metabole profielen van de verschillende cel typen, onder andere geinduceerde
pluripotente stamcellen (iPSCs), iPSC-gederiveerde neuronen (iNeuronen), iPSCgederiveerde neurale progenitor cellen (NPCs), en rat astrocyten. Dit bevestigde dat onze in
vitro iNeuronen een voorkeur hebben voor oxidatieve phorphorylering (OXPHOS) om ATP
op te wekken, terwijl iPSCs, astrocyten, en NPCs meer glycolyse gebruiken als ATP bron.
Dit gaf aan dat de iPSCs waarschijnlijk minder last zouden hebben van hoge hoeveelheden
heteroplasmie, en de iNeuronen waarschijlijk een duidelijk phenotype zouden laten zien.
Hoofdstuk 3 beschreef het opzetten en karakteriseren van het in vitro neurale ziektemodel
voor de m.3243A>G mutatie. Ik liet zien dat iPSC-gederiveerde, glutamaterge neuronen
hun heteroplasmie niveau behouden, en dat een hoog gehalte (60-65%) m.3243A>G
heteroplasmie zorgt voor een significante bioenergetische crisis, gekwantificeerd in een
veel lagere mitochondriele zuurstof opname en een sterke schifting naar meer gebruik van
glycolyse. Dit creerde neuronen met een minder complex dendritisch netwerk, een lager
gehalte synaptische connecties met andere neuronen, kleinere en rondere mitochondria
in de axon, minder mitochondria die samenkomen bij de presynapse, en een lagere
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hoeveelheid spontane neuronale activiteit en gebrek aan neurale netwerk organisatie.
Wat interessant was, is dat dit fenotype niet lineair schaalde met een lager, intermediair
heteroplasmie niveau, wat suggereert dat er wellicht meerdere heteroplasmie niveaus
zijn waarbij verschillende mechanismen gebreken vertonen en symptomen opkomen.
In hoofdstuk 4 beschreven we een MATLAB protocol dat de automatische kwantificatie
van het 3D mitochondriele netwerk mogelijk maakt. Tijdens het onderzoek beschreven
in hoofdstuk 3 vonden we minder- en kleinere- mitochondria in de axon, echter hadden
we niet de mogelijkheid om dit te kwantificeren in het neuronale cel lichaam. In
samenwerking met dr. Paul Antony kwamen we tot een methode om dit te doen, en
vonden we dat het hoge heteroplasmie gehalte samen ging met meer gefragmenteerde
mitochondria in de neuronale soma. Dit was in lijn met de verhoogde hoeveelheid
glycolyse, echter kon ook een indicatie zijn van een hoger gebruik van mitophagy voor
het opruimen van kapote mitochondria, of uiteindelijke begin van apoptose.
In hoofdstuk 5 beschreven we de veranderingen in gen expressie die plaats vinden
in twee verschillende patient lijnen met hoog heteroplasmie (60%). iNeuronen met
hoge heteroplasmie lieten verlaagde expressie zien van genen die een rol speelden in
mitochondriele functie en respiratie, presynaptische processen zoals de neurotransmitter
vesicle cyclus, algemene neuronale ontwikkeling, en zagen we bijvoorbeeld verlaagde
expressie van genen die gelinkt zijn aan het ontwikkelen van verschillende vormen
van epilepsie. Sonlicromanol, een vitamine-E afgeleide, liet potentie zien om het MEA
fenotype te verbeteren. Subsequent testen, bij vroege en late neuronale leeftijd, liet
zien dat sonlicromanol het MEA fenotype van twee patient lijnen verbeterde wanneer
de behandling vroeg genoeg gestart werd. Een gen transcriptie analyse liet zelfs zien
dat vroege sonlicromanol behandeling zorgde voor verhoogde expressie van genen
waarvan de expressie verlaagd was door de m.3243A>G heteroplasmie, zoals genen
die een rol spelen in mitochondriele respiratie, en presynaptisch functioneren, zonder
een verlaging te zien van het verhoogde oxidatieve stress niveau.

7

In hoofdstuk 6 bediscussieerde ik de gecombineerde resultaten, evenals de gebreken
en mogelijk toekomstig vervolgonderzoek. De m.3243A>G heteroplasmie leek
tot een gebrekig axonaal mitochondrieel transport en verankering te zorgen, wat
hoogstwaarschijlijk bijdroeg aan de lagere hoeveelheid synapses en de mindere
hoeveelheid mitochondria bij de presynapse. Dit zou het erg moeilijk kunnen maken
om langdurige synaptische activiteit vol te houden, wat kon resulteren in het neuronale
netwerk fenotype. De resultaten beschreven in deze thesis gaven veel opties voor
vervolg onderzoek, evenals veelbelovende data voor de toekomstige toepassing
van sonlicromanol in de behandling van MELAS of andere mitochondriele ziektes.
Gecombineerd met de stormachtige ontwikkeling van nieuwe onderzoekstechnieken,
nieuwe behandel strategieen, en ziekte modellen, gaf dit hopelijk een beter vooruitzicht
voor patienten.
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0.5

2015

Education course on laboratory animal science (LAS) article 9

0.5

2015

MIC Image analysis using Fiji

0.5

2017

Scientific Integrity for PhD Candidates

1.0

2017

Donders special session on Scientific Integrity

0.5

2018

Basic introduction course to Linux operating system

0.5

2019

Basic introduction to R programming

0.5

2019

Conferences & meetings

Year

SFN meeting - Chicago - poster presentation

2015

EPFL Brain Mind Symposium - Lausanne - participant

2016

Dutch Neuroscience meeting - Lunteren - participant

2016

ISPN meeting - Miami - poster presentation

2016

MEET “patients meet researchers” symposium - Nijmegen - participant

2016

Nijmegen-Maastricht Science day - Maastricht - poster presentation

2016

Donders Discussions symposium - Nijmegen - poster presentation

2017

Euromit IMMP meeting - Cologne - poster presentation

2017

FENS regional meeting - Pecz - Oral presentation

2017

FENS meeting - Berlin - poster presentation

2018

SFN meeting - San Diego - poster presentation

2018

JSIMD meeting - Gifu - poster presentation

2018

Dutch Neurodevelopmental disorders day - Utrecht - Invited speaker

2019

Others

Year

Participation - Group meetings department of Anatomy

2015-2018

Participation - Literature discussion department of Anatomy

2015-2018

Participation - Group meetings Molecular Neurophysiology

2016-2020

Participation - Theme Discussion department of Human Genetics

2016-2020

Radboudumc open day

2015
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Supervision of student projects

Year

Bachelor student Life Science (Myrna Geesink)

2016-2017

Master student Neuroscience (Eline van Hugte)

2017

Master student Medical Biology (Gemma Sole Guardia)

2018

Prizes and grants

Year

International office travel grant - Radboud University Nijmegen

2015

International office travel grant - Radboud University Nijmegen

2017

Tjallingh Roorda Foundation Starting grant for junior researchers

2018

7
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DONDERS GRADUATE SCHOOL FOR COGNITIVE NEUROSCIENCE
For a successful research Institute, it is vital to train the next generation of young
scientists. To achieve this goal, the Donders Institute for Brain, Cognition and Behaviour
established the Donders Graduate School for Cognitive Neuroscience (DGCN), which
was officially recognized as a national graduate school in 2009. The Graduate School
covers training at both Master’s and PhD level and provides an excellent educational
context fully aligned with the research program of the Donders Institute.
The school successfully attracts highly talented national and international students in
biology, physics, psycholinguistics, psychology, behavioral science, medicine and related
disciplines. Selective admission and assessment centers guarantee the enrolment of
the best and most motivated students.
The DGCN tracks the career of PhD graduates carefully. More than 50% of PhD alumni
show a continuation in academia with postdoc positions at top institutes worldwide,
e.g. Stanford University, University of Oxford, University of Cambridge, UCL London,
MPI Leipzig, Hanyang University in South Korea, NTNU Norway, University of Illinois,
North Western University, Northeastern University in Boston, ETH Zürich, University of
Vienna etc. Positions outside academia spread among the following sectors: specialists
in a medical environment, mainly in genetics, geriatrics, psychiatry and neurology.
Specialists in a psychological environment, e.g. as specialist in neuropsychology,
psychological diagnostics or therapy. Positions in higher education as coordinators or
lecturers. A smaller percentage enters business as research consultants, analysts or
head of research and development. Fewer graduates stay in a research environment
as lab coordinators, technical support or policy advisors. Upcoming possibilities are
positions in the IT sector and management position in pharmaceutical industry. In
general, the PhDs graduates almost invariably continue with high-quality positions that
play an important role in our knowledge economy.
For more information on the DGCN as well as past and upcoming defenses please visit:
http://www.ru.nl/donders/graduate-school/phd/
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ACKNOWLEDGEMENTS / DANKWOORD
And that, is bloody well that. After six years filled with fun, new experiences, a ton of
experiments, fantastic trips and conferences, new friendships, as well as plenty of blood,
sweat, and tears, my PhD journey is over. Even though this process was more personal
than I imagined, I could not have finished it without the support of a ton of people, all
of which I want to thank.
First of all, I want to thank prof. dr. Tamas Kozicz. You gave me a chance, when I was
a junior scientist with a profound “deer-in-the-headlights” look and kept faith in me
even throughout my PhD. I remember giving a presentation during my job interview,
using a PowerPoint presentation that failed to load any data or figures, and still you
chose to give me chance. I always had the feeling you kept an eye on my progress and
mental wellbeing, and when things looked a bit bleak during my first year, you gave
me a choice as oposed to pushing me in a new direction. I could always approach you
with personal- and professional questions, and have always appreciated our inspiring
and enthusiastic talks, your never-ending optimism, and steady stream of experimental
ideas. I also especially enjoyed the conferences we visited together with Tim, like those
in Miami and San Diego, and your insistence on appreciating the locations as much as
the science. We always made sure to leave with new scientific ideas as well as great
memories. I was humbled you wanted me to come to the Mayo Clinic and continue our
work together, and happy you supported my decision to find a different path of my own.
With some luck, our professional careers will again cross in the future.

7

Second, I want to thank dr. Nael Nadif Kasri. I am grateful you accepted me in your
group after my first year, regardless of my lack of technical experience. You provide
some needed structure and continuously drove me to improve myself, from my
experimental design, academic writing (of which I definitely knew needed the work),
critical scientific outlook, to my presentation skills (of which I did not realize needed as
much work as they did). I learned to appreciate there is always room for improvement
and would not be the independent scientist I am today, without your supervision. I
thoroughly enjoyed the years I spent in the lab and serving as the designated “partyexpert” as you frequently and eloquently put it. As is the case with Tamas, I hope our
careers paths will cross again in the future.
I would love to thank the members of my manuscript committee, prof. dr. Clara
van Karnebeek, prof. dr. Dirk Lefeber, and dr. Alessandro Prigione, for reading and
evaluating my thesis at such short notice, and your generous evaluation.
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My paranymphs, Brooke Latour and Gemma Solé Guardia, I want to thank you both for
being part of this chaotic journey. You both contributed a big amount to both my work,
but more importantly to my mental wellbeing during my PhD. Brooke, I am happy our
scientific paths crossed a few years ago, we connected easily through a shared sense
of humor, and love for microscopy, climbing, and spending way too much money on
cappuccino (and beers). I am sure we spent more than half our paychecks in the coffee
corner at the RadboudUMC, all the while sharing plenty of stories and experiences
about science and life. I am sure we are going to keep that up for quite a while to come,
together with Ollie and Anouk. Gemma, aside from just being a great person to be
around, you really made me up my game as a supervisor; you had critical questions,
kept me from getting lazy, and even taught me some new tricks when it came to using
the Airyscan. I like that you took a PhD position at Anatomy, with some of the best
people and scientists I know and are doing incredibly well (as far as they are willing to
admit it; I feel they want to keep their junior PhD’s a little bit modest). We share some
scientific heritage. Tim Emmerzaal and Eline van Hugte, I consider you both my spiritual
paranymphs as well, with all the great shared experiences, trips, laughs, hardships, and
drinks. I want to thank you especially, Tim. It feels like we shared half our PhDs, both
under Tamas guidance, and had some amazing conference trips, afternoons/evening
beers at the Aesculaaf, a single consequential football practice session, and a ridiculous
road trip through Florida that included a fast car, adult cocktails, American “haute
cuisine”, and a lot of almost-Trump-sign-stealing. I am happy to have made such great
friends during the past six years.
There are various collaborators, all over the world, that played an important role
in writing this thesis. I want to thank my collaborators at KU Leuven and the Mayo
Clinic in Rochester, Minnesota. Eva Morava-Kozicz, David Cassiman, Timothy Nelson,
Ester Perales-Clemente, without your generous gifts of the MELAS patient cell lines,
I could not have done the majority of my work. Aside from the cell lines, Eva your
ideas, feedback, and clinical insight were invaluable. Dr. Richard Rodenburg and Daan
Panneman, at the Pediatrics department at the RadboudUMC, also played essential
roles in my initial experiments. I want to thank you Richard for helping us characterize
the bioenergetic profiles of our MELAS iPSCs and neurons. I want to thank Daan in
particular, for helping me run my seahorse mito stress tests. I appreciated your expertise
and might still be a bit hungover from the final party of the Euromit conference in
Cologne you, Tim, and me attended. I thank everybody at Khondrion as well, for the
sonlicromanol, as well as your feedback and assistance, especially Iris Pelgrim, Julien
Beyrath, Jan Smeitink, Eligio Iannetti, and Herma Renkema. Iris, I was proud you set
out to continue and build on our work, and that we got to keep working together when
you came to Nael’s group. Dr. Paul Antony, I want to thank you for helping me analyze
the 3D mitochondrial m and giving me a fantastic excuse to finally visit Luxembourg.

220

Binnenwerk Teun - V3.indd 220

10-05-21 13:47

Appendix

Eline, Gemma, and Myrna, I was lucky to supervise you during your scientific internships.
Eline, we really went through a harsh period those first few months trying to get our
MELAS cells to survive, but we just kept trying until it worked, and I feel we both came
out more patient scientists (with a renewed reverence for the “cell culture gods”). Eline
and Gemma, I am especially proud you both continued in science as well, indicating my
supervision did not completely destroy your interest in science. All jokes aside, I loved
working with you all, we had fun together, your questions kept me on my toes, and the
process taught me to relinquish control sometimes and trust my colleagues.
The majority of my time I spent at Nael’s group, at Human Genetics. More even than my
scientific training, I will remember the people that came through. Dirk, I appreciated
your neurobiophysics expertise, as well as your contagious enthusiasm, which inspired
me to try running through mud and obstacles, as well as copious amounts of German
gluhwein and pretzels. When I just started, Monica, Bas and Katrin, you both really
made me feel part of the group. I loved working with you guys and seeing all the
different research lines blossom. Katrin, we had a blast during our trip through Japan,
and I will never forget your expression when we discovered a German Oktoberfest in
a picturesque Japanese city, in the middle of May. Monica, thanks for teaching me
intricacies of stem cell culturing, as well as a large number of Italian swear words that I
later realized were not so casually exclaimed in Italy, as was done in our cell culture lab.
Il mio nome è Teun, ma puoi chiamarmi Toni! Astrid, Chantal, and Ka Man, I thank all
of you for all your help through the years, from advice, to ordering, and experiments,
as well as your patience with my endless questions. Jon Ruben, thanks for teaching me
the fine art of Patch Clamp recording and introducing me to some novel types of music.
Moritz, thank you for the inspiring talks; I always picked up something new, whether
that is some obscure paper I had not yet read, experiment we could try, or bizarre
Scandinavian death metal polka band I had to check out. Britt, I want to thank you for
all your help and advice, especially with the MEAs, or just having a chat about nothing in
particular. And I want to thank Ilse, Naoki, Shan, Xiuming, Elly, Marina, Rachel, Ummi,
Imke, Jori, Bas, Jason, Yan, Martijn, Marco, Wei, and all the interns that passed through
our lab; you guys really made my PhD an awesome experience.

7

Aside from my direct colleagues in the group, I had a lot of interactions and great
conversations with people from the Human Genetics department, from professors to
fellow PhD students, and always appreciated the informal and open atmosphere at
the department. I always enjoyed the talks, drinks at the Aesculaaf, or just chatter in
the “PhD office / garden / room / cage” on the fourth floor. I want to thank everybody,
from prof. dr. Han Brunner, dr. Bert De Vries, prof. Dr. Hans van Bokhoven, dr. Cristian
Gilissen, dr. Alexander Hoischen, to my fellow PhD students / postdocs / technicians,
Silvia, Tessa, Sara, Rosanne, Tess, Renee, Iris, Katie, Laurens, Zeinab, Jacob, Diya,
Ideke, and Machteld. I am probably leaving a few people out by accident, so even if
you do not read your name, thanks for the great time!
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Through the years, I was always running from a desk at Anatomy, to a desk at
Bioinformatics, and finally to a desk at Human Genetics. Even though I was able to
spend less time at Anatomy in the later stages of my PhD, I always felt included every
time I checked in. I want to thank my amazing colleagues at Anatomy for that, you
were always in for a laugh, for giving advice, and never stopped asking for me to join
in celebrations or making “PhD defense movies”. Prof. dr. Amanda Kiliaan, I want to
thank you for always being open for advice and a laugh. I always appreciated your
honest style and sense of humor and was really grateful you invited me to check out a
Chicago Bulls game during my first ever scientific conference in Chicago, and still fondly
(and vaguely) remember the pub crawl afterwards. Max, Ilse, Bram, Jeroen, Anouk,
Vivien, Jos, Bart, Annemieke, and the never-ending stream of interns at Anatomy, I
cannot thank you all enough for all the laughs, support, and overall great atmosphere
you guys created. I always enjoyed dropping by for a laugh and some poor jokes, even
with the occasional unwanted Phill Collins background music. Bram, I want to thank
you in particular for your help in our ongoing trans-Atlantic package train to the USA.
I also want to thank some people from our initial little group at Bioinformatics, under
Armaz Aschrafi, including Koen Kole, Amanda Jager, and especially Joanna Widomska.
I want to thank you for your help, advice, and patience during that initial phase, when
we were trying to organize and analyze our grand RNA sequencing experiment, even
though things changed drastically. I was happy to find out we all found a new spot
where we felt at home.
There are a few places in particular, I have to thank. From the RadboudUMC “coffee bar”,
to Piet Huisman, and the Aesculaaf, I know life as a junior scientist would have been a
lot less fun and interesting without all the cappuccino and beers. Also, I am glad Brooke
introduced me to GRIP in Nijmegen during my second year, where I met all my climbing
buddies. The time spent in there provided a ton of great new friends and climbing
sessions, all of which kept me mentally fit enough to finish my PhD.
Ik heb ook ontzettend veel te danken aan mijn familie en vrienden, en ben blij dat ik
nu eindelijk “dat boekje” kan showen. De laatste jaren waren niet altijd makkelijk, het
process kostte tijd en energie, maar ik had altijd het gevoel gehad dat jullie achter
me stonden. Paul en Jose, ik wil jullie bedanken dat jullie altijd achter me stonden,
wanneer dan ook, in welke situatie dan ook, en zorgden dat ik oog hield voor mezelf en
de mensen om me heen. Ik kan jullie niet genoeg bedanken voor de fantastische basis
die jullie me hebben gegeven. Marleen en Haico, jullie net zo bedankt voor alle steun;
die trips naar de achterhoek gaven me altijd een berg energie en lieten me zien dat er
meer is in het leven dan wetenschap. Oma Bennink, bedankt voor de inspiratie om door
te blijven gaan; het blijft me verbazen hoe goed u altijd op de hoogte was van wat ik
deed, en hoe trots het u maakte dat ik “dokter ging worden”. Paul, Marie-Jose, Tessa
en Jurriaan, ook jullie ontzettend bedankt voor alle steun en advies de laatste jaren.
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Ik wil m’n vrienden ontzettend bedanken, Luuk, Dean, Bas, Ezra, Jeroen, en Robin,
en alle aanhang, en vrienden van vrienden. De stap avonden, festivals en feestjes,
geimproviseerde kampvuurtjes en bijl-gooi sessies in Zweden zorgden ervoor dat ik
kon relaxen, alles kon relativeren, en de energie had om door te stomen. Thijs ook jij
bedankt, ik ben blij dat we na de jaren Psychologie studeren in Enschede en Nijmegen,
nog steeds op z’n tijd een biertje pakken en contact houden. Britt, bedankt voor alle
potjes squash en drankjes bij de Aesculaaf (ook al hielpen ze je niet om te winnen met
squash). Ook wil ik Jeffrey, Marlon, Jasper, Cas, Jeroen, Annemieke, Roel, Lian, Koen,
Marinde, Dico, Loes, Daan, Noris, Danique, Karlien, Justin, Dorien, Nikki, Anniek,
Bob, en de rest bedanken. Jullie zijn m’n oudste vrienden, en ook al was ik er minder
in Lichtenvoorde te vinden de laatste jaren, jullie waren altijd in voor een biertje en
stonden klaar als het nodig was.
Als laatste wil ik jou bedanken, Anouk, m’n “partner in crime”. Ik prijs mezelf ontzettend
gelukkig dat ik je ontmoet heb, en weet zeker dat onze gezamenlijke ervaringen ons
dichter bij elkaar hebben gebracht. Ik had mijn PhD niet af kunnen maken zonder je
steun, geduld, en gekkigheid, en ik heb onwijs veel zin om samen onze volgende stap
te zetten in Leuven.
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