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Abstract 

Mitochondria are epicentres of neuronal metabolic and signalling 

pathways. Unsurprisingly, mitochondrial dysfunction, commonly 

presented as a reduction in OXPHOS, is a feature accompanying almost 

all neurodegenerative diseases. Mitochondrial diseases are a group of 

clinically, genetically, and biochemically heterogeneous disorders, 

arising from the dysfunctional respiratory chain. In most cases, 

mitochondrial diseases deteriorate life quality severely and are 

associated with high mortality. The tremendous progress made in the 

understanding of the genetic basis of mitochondrial diseases, however, is 

not matched by a breakthrough in therapeutic strategies. 

Disappointingly, conventional therapy for mitochondrial diseases offers 

only a modest curative effect. Patients are often treated with vitamin 

cocktails, intended to merely curb symptoms, or subjected to palliative 

care, emphasising the demand of novel therapeutic approaches. 

Intriguingly, we have previously discovered that devastating 

cardiomyopathy symptoms caused by the mitochondrial aspartyl-t-RNA 

synthetase (DARS2) deficiency can be ameliorated by the concomitant 

loss of mitochondrial matrix CLP protease proteolytic subunit (CLPP). 

In this study, we aimed to explore a possibility of CLPP targeting to 

alleviate neurodegeneration in two distinct models of mitochondrial 

encephalopathy. To this end, we employed newly generated Purkinje-cell 

specific DARS2-deficient mice and previously described forebrain-

neurons specific DARS2 knockout mice. To tackle the potential bias of 

targeting only one neuronal population, we generated double KOs for 

both models.  



 

 
xviii 

 

Here, we showed that the loss of CLPP is beneficial in both models of 

mitochondrial encephalopathy, driven by Dars2-deficiency. Importantly, 

we demonstrated that CLPP ablation delays neurodegeneration in several 

brain regions, including Purkinje cell layer, retrosplenial cortex and 

hippocampus. The reduced neuroinflammation and neurodegeneration 

significantly improved motor performance of mice highlighting the 

therapeutic potential of the CLPP targeting. 
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1 Introduction 

1.1 Neuronal mitochondria: Pleiotropy of functions 

The evolutionary advantage of the mammalian brain, namely the 

development of highly elaborated and enlarged neocortex came at the 

price of its metabolic costs. Even though Homo sapiens brain makes up 

just 2 % of total body weight, it is classically viewed to be one of the most 

energy-consuming organs, accounting for 20 % of the total individual’s 

energy expenditure (Camandola and Mattson, 2017; Isler and van Schaik, 

2006; Mink et al., 1981; Rangaraju et al., 2019).  As the brain comprises two 

major cell types – neurons and glial cells (astrocytes, oligodendrocytes, 

microglia), the brain’s metabolic homeostasis is tightly regulated and 

depends on intricated functioning of both cell types. Neurons, by far, are 

the most energy-consuming cells of the brain, estimated to expend 70-

80 % of the total energy (Camandola and Mattson, 2017; Hyder et al., 
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2013). A growing number of gene expression and metabolomic studies in 

mammals, including primates, shows a uniform upregulation of genes 

and metabolites involved in oxidative metabolism underlying the 

essential role of mitochondria for neuronal survival and function 

(Camandola and Mattson, 2017; Cáceres et al., 2003; Grossman et al., 

2001; Jöbsis and Rosenthal, 1978; Uddin et al., 2004). Classically viewed 

as cells’ “powerhouses” for generating adenosine-5’-triphosphate (ATP) 

via the oxidative phosphorylation (OXPHOS) reaction at electron 

transport chain (ETC), mitochondria reside in the epicentre of numerous 

fundamental metabolic and signalling pathways. Lipid biogenesis, Ca2+ 

homeostasis, redox signalling, regulation of apoptosis, emphasise 

pleiotropic roles for mitochondria (Spinelli and Haigis, 2018).  

1.1.1 Mitochondria as neuronal “powerhouses” 

Neuronal bioenergetics relies foremost on the OXPHOS (Jang et al., 2016; 

Rangaraju et al., 2019).  Although the utilisation of ketone bodies during 

brain development and prolonged fasting periods was reported, neurons 

in the adult brain rely predominantly on glucose as an energy source 

(Camandola and Mattson, 2017; Nehlig and Pereira de Vasconcelos, 1993; 

Owen et al., 1967).  The reliance of neurons on glucose is further 

confirmed by the expression of a specialised, insulin-independent 

“neuronal” glucose transporter 3 (GLUT3). GLUT3 was shown to exhibit 

higher glucose affinity and transport capacity, ensuring uninterrupted 

supply of glucose even when interstitial levels of glucose are low 

(Camandola and Mattson, 2017; Nagamatsu et al., 1992). The fate of 

glucose (Fig.1.1), entering a neuron via GLUT3 is a defined by the set of 

oxidising biochemical reactions via glycolysis, the pentose phosphate 

pathway (PPP), the tricarboxylic acid (TCA) cycle and the OXPHOS, which 

culminates in the production of carbon dioxide, water and, can yield 

maximum 38 molecules of ATP (Camandola & Mattson, 2017) altogether. 
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Notably, after the irreversible phosphorylation of glucose by hexokinase 

(HK) to glucose-6-phosphate (G6P), neurons preferentially utilise PPP to 

convert G6P into 5-carbon sugars used for the generation of reduced 

nicotinamide adenine dinucleotide phosphate (NADPH). Intriguingly, the 

neuronal reliance on PPP, a low rate of glycolysis in neurons, and their 

limited ability to upregulate glycolysis even under the stress conditions 

are tightly coupled to the NADPH generation (Camandola and Mattson, 

2017; Herrero-Mendez et al., 2009).  NADPH production is highly relevant 

for neurons, for the maintenance of redox homeostasis. Quantitatively, 

the most NADPH-consuming process is replenishing of the reduced state 

of the antioxidant glutathione (GSH), which is highly important for the 

detoxification of peroxides and free radicals (Dringen, 2000).  The 

presence in neurons of the low-pyruvate-affinity isoform of lactate 

dehydrogenase 1 (LDH1) facilitates pyruvate entrance into the TCA cycle 

while preventing its conversion to lactate (Camandola and Mattson, 

2017). Remarkably, the metabolic bias towards TCA in neurons is 

emphasised further by low expression levels of pyruvate dehydrogenase 

kinase 4 (PDK4), which generally localised to mitochondrial matrix 

inhibiting the decarboxylation of pyruvate to acetyl coenzyme A (acetyl-

CoA) (Halim et al., 2010). The largest energy reserve in the brain is 

comprised of glycogen; however, its amount in the brain is negligible 

compared to the liver and skeletal muscles (Camandola and Mattson, 

2017). Although neurons are capable of mobilising glycogen and utilise it 

to match increased energy requirements, glycogen is synthesised and 

stored almost exclusively in astrocytes (Swanson et al., 1992).  

Interestingly, neurons express the key enzyme for glycogen synthesis, 

glycogen synthetase (GS); however, its activity is shut down. Constitutive 

hyperphosphorylation of GS by GS kinase 3 (GSK3), and subsequent 

proteasomal degradation, mediated by malin-laforin complex maintain 
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GS in the inactive state, thus preventing the glycogen accumulation in 

neurons that otherwise might be damaging (Vilchez et al., 2007). 

 

Figure.1.1: Metabolic pathways of neuronal glucose utilisation. Glucose enters 

neurons via glucose transporter 3 (GLUT3) and is phosphorylated by hexokinase (HK) 

to glucose‐6‐phosphate (G6P), which is subsequently rerouted predominantly to the 
pentose phosphate pathway (PPP). In the PPP, G6P is converted to 6‐

phosphogluconate (6PG) that is transformed in ribulose‐5‐phosphate (R5P), with the 

concomitant production of reduced nicotinamide adenine dinucleotide phosphate 

(NADPH). NADPH used to regenerate oxidised antioxidants such as glutathione (GSH) 

and thioredoxin. The end product of glycolysis is pyruvate that enters the 

mitochondria where it is metabolised through the tricarboxylic acid (TCA) cycle and 

oxidative phosphorylation in the electron transport chain (ETC), generating 
adenosine‐5′‐triphosphate (ATP) and carbon dioxide (CO2) while consuming oxygen 

(O2). Neurons do not synthesise glycogen due to constitutive degradation of glycogen 

synthase (GS) via glycogen synthase kinase 3 (GSK3) phosphorylation, and 
subsequent ubiquitin‐dependent proteasomal digestion mediated by the malin–
laforin complex modified from (Camandola and Mattson, 2017). 
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In addition to supplying neurons with copious amounts of ATP, the 

bioenergetic function of neuronal mitochondria is tightly interconnected 

with the generation of TCA intermediates that are used to synthesise 

acetylcholine, γ-aminobutyric acid (GABA) and glutamate 

neurotransmitters (Guo et al., 2017; Sibson et al., 1998; Waagepetersen et 

al., 2001). Moreover, mitochondria are major players in the synthesis of 

haem – the key component of cytochromes and haemoglobin, which 

regulate signalling processes in the brain (Devine and Kittler, 2018). Haem 

deficiency was demonstrated to result in neurite degeneration, caused by 

the inhibition of N-methyl-D-aspartate (NMDA) receptor (Chernova et al., 

2007). 

Hence, mitochondrial dysfunction may compromise not only ATP levels 

per se, but also alter neurotransmitter levels, rendering neurons, and 

therefore, brain uniquely vulnerable to impairment of the oxidative 

metabolism (Nunnari and Suomalainen, 2012).  

 

1.1.2 Mitochondria as neuronal signalling hubs 

The large amounts of ATP produced by neurons are required to perform a 

wide range of functions.  Maintenance of resting membrane potential, 

control over synaptic vesicles (SV), restoration of ion balance after the 

depolarisation underscore the high energy demanding functions of 

neuronal activity (Harris et al., 2012; Pathak et al., 2015; Seager et al., 

2020).  Ca2+ predominantly mediates the intracellular signalling 

underlying diverse functions.  During an action potential, a 

neurotransmitter release occurs after the opening of voltage-gated Ca2+ 

channels that allow the Ca2+ influx into the presynaptic terminal (Fig.1.2). 

The proton pumping activity of the ETC generates the mitochondrial 

membrane potential that favours cations, including Ca2+ sequestration 
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within the matrix (Billups and Forsythe, 2002; Levy et al., 2003). However, 

mitochondria are far from being just passive players, operating as Ca2+ 

dump sink. In fact, they are actively recruited to the presynaptic 

compartment and can tune the synaptic activity over time (Devine and 

Kittler, 2018; Vaccaro et al., 2017). In vitro studies in primary neuronal 

cultures have shown that the increase in Ca2+ sequestration within the 

mitochondrial matrix activates TCA cycle and OXPHOS enzymes, leading 

ultimately to an increase in ATP production (Duchen, 1992; Llorente-Folch 

et al., 2015).   

 

Figure.1.2: Roles of mitochondria ATP production and calcium Ca2+ sequestration 

during action potential. An influx of Ca2+ rapidly enters mitochondria, stimulating 

OXPHOS activity and increased ATP generation. The enhanced ATP generation powers 

energy-demanding processes such as SV recycling and neurotransmitter release. 
Local mitochondria stop trafficking and are stabilised by the action of syntaphilin 

(anchoring protein) and rearrangements of the Miro-TRAK complex modified from 

(Seager et al., 2020) 
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Thereby, neuronal synaptic activity is controlled by the powerful 

homeostatic mechanism: enduring prolonged synaptic activity is linked 

to appropriate energy supply; however, the Ca2+ buffering tempers the 

excess of the activity  (Devine and Kittler, 2018). Mitochondria are also 

able to integrate and respond to other signals, potentially impacting 

presynaptic function. To date, it is largely recognised that mitochondria-

derived reactive oxygen species (ROS) are not mere inducers of the 

oxidative damage. In fact, the conventional view of “damaging” ROS has 

been broadened to encompass their versatility as signalling molecules to 

govern physiological processes of hypoxia adaptation, immune response, 

longevity, and autophagy (Devine and Kittler, 2018; Sena and Chandel, 

2012). In line with this, it has been shown that ROS activate hippocampal 

long-term potentiation (LTP). Generally, LTP is a long-lasting increase in 

the synaptic activity, guiding important processes of mammalian memory 

and learning (Klann et al., 1998). The activation of protein kinase C (PKC) 

is one of the crucial steps for the LTP induction, as its selective inhibition 

abolishes the LTP induction (Malinow et al., 1989). Importantly, 

superoxide has been shown to increase PKC activity (Klann et al., 1998; 

Knapp and Klann, 2002), and the overexpression of a ROS-scavenger 

superoxide dismutase 1 (SOD1) dramatically impairs mouse spatial 

learning and memory (Levin et al., 1998). 

Furthermore, a recent study has provided evidence that mitochondria-

derived ROS regulate the strength of GABA type A receptors at inhibitory 

synapses of cerebellar stellate cells (Accardi et al., 2014).  Another 

evidence of the central role of mitochondria in neuronal intracellular 

signalling comes from studies of the cannabinoid receptor 1 (CB1R). The 

direct stimulation of CB1R has been demonstrated to reduce presynaptic 

mitochondria respiration, contributing to the hippocampal short-term 

synaptic plasticity, and underlying the memory impairment effect 
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produced by cannabinoids (Bénard et al., 2012; Devine and Kittler, 2018; 

Hebert-Chatelain et al., 2016). Although many molecular mechanisms 

remain elusive, bioenergetics of mitochondria is tightly coupled with the 

crucial role they play in integrating cellular signalling. Thus, 

mitochondrial functioning and homeostasis are critical for neuronal 

survival, synaptic activity, and integrity of neuronal circuits.   

1.1.3 Mitochondria as determinants of neuronal differentiation 

Neurons are highly polarised cells, possessing unique cytoarchitecture 

(Cáceres et al., 1986; Dotti et al., 1988). This unique cytoarchitecture is 

acquired during neurogenesis and subsequent morphogenetic processes 

and accompanied by profound metabolic remodelling (Rangaraju et al., 

2019). Given their central place in cellular metabolism, it is unsurprising 

that mitochondria play a pivotal role in neurogenesis and neuronal 

differentiation (Fig 1.3).  A metabolic switch from glycolysis and fatty acid 

oxidation pathways to OXPHOS is crucial for the commitment of neuronal 

stem cells (NSCs) to neuronal progenitor cells (NPCs) and finally to 

neuronal lineage (Beckervordersandforth et al., 2017; Khacho et al., 2019; 

Llorens-Bobadilla et al., 2015; Maffezzini et al., 2020). Notably, the 

OXPHOS metabolic switch is accompanied by dynamic changes in 

mitochondrial content and morphology (Mattson et al., 2008). First, the 

number of mitochondria per cell rises rapidly during neurogenesis. This is 

accompanied by the increase in mitochondrial DNA (mtDNA) levels, and 

activity, governed by the increase of mitochondrial gene expression (Chen 

et al., 2010; Erecinska et al., 2004; Maffezzini et al., 2020; O'Brien et al., 

2015). Moreover, the increase in the mitochondrial content is preceded by 

the upregulation of the peroxisome proliferator-activated receptor 

gamma co-activator 1-alpha (PGC1α) and the oestrogen-related receptor 

gamma (ERRγ), confirming further the role of mitochondrial biogenesis in 

the neuronal fate determination (O'Brien et al., 2015; Zheng et al., 2016).   
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Second, mitochondria have been reported to change their morphology 

during neurogenesis. The commitment of NSCs coincides with the 

morphological changes of mitochondria from rounded and small to 

becoming steadily more elongated. The precise regulatory mechanism is 

remained to be elucidated, but several studies suggest that the reactive 

oxygen species (ROS)-signalling plays a major role (Bhaskar et al., 2020; 

Khacho et al., 2016; La Rosa et al., 2019).  

 

Figure 1.3: Neurogenesis, metabolic switch. During neuronal differentiation, 

neuronal stem cells (NSCs) proliferate into neuronal progenitor cells (NPCs) and 

subsequently to neurons this progression is accompanied by several shifts, including 
the proliferation and morphological changes of mitochondria, a transition from 

glycolysis to OXPHOS for ATP synthesis. Additionally, fatty acid metabolism shifts to 

de novo lipogenesis. The increased metabolic activity of the cells is accompanied by 

ROS, which is countered by the activation of oxidative stress response genes to reduce 
overall ROS levels unmodified from (Maffezzini et al., 2020).  

Once neurons are differentiated from NSCs, several radial neurites 

extend, one of which starts growing fast, acquiring morphological, 

molecular, and functional characteristics of an axon, while other neurites 

become dendrites. Interestingly, mitochondria are critical determinants 
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of axogenesis (Mattson et al., 2008). Mitochondria concentrate at the base 

of the dendrite that eventually becomes the axon and show increased 

entry into the axon during its development.  Conversely, the mitochondria 

abundance in dendrites decreases  (Ruthel and Hollenbeck, 2003).  

Furthermore, the treatment of primary hippocampal neurons with 

ethidium bromide to deplete mtDNA impairs axogenesis, while not 

affecting dendrites outgrowth (Mattson and Partin, 1999).  
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1.2 Neurodegenerative diseases: Implications of 

mitochondrial dysfunction  

Mitochondria are sites that integrate numerous neuronal signalling and 

metabolic pathways. Given that fact, it is unsurprising that mitochondrial 

dysfunction, commonly addressed as a reduction in OXPHOS, has been 

reported for virtually all neurodegenerative diseases. Classically, 

mitochondrial diseases are divided into primary and secondary (Murphy 

and Hartley, 2018). The former group includes diseases caused by 

mutations in mtDNA or nuclear DNA (nDNA) that directly affect OXPHOS 

complexes assembly and function. The latter group includes diseases 

exhibiting “mitochondrial” clinical manifestation and phenotype, without 

attributable pathogenic mutations in mtDNA or nDNA that would impair 

OXPHOS machinery (Niyazov et al., 2016).     

1.2.1 Alzheimer’s disease  

Alzheimer’s disease (AD, OMIM 104300) is the most prevalent 

neurodegenerative disorder, and clinically characterised by the 

progressive synaptic dysfunction, neuronal loss in brain regions crucial 

for memory processing and learning — predominantly in neocortex and 

hippocampus (Goedert and Spillantini, 2006; Mattson et al., 2008). The 

histopathological findings reveal the accumulation of extracellular 

plaques, consisting of amyloid β-peptide (Aβ) and intracellular 

aggregated neurofibrillary tangles composed of the microtubule-

associated protein tau (Mattson et al., 2008; TERRY et al., 1964). Even 

though it is still debatable, whether primary mitochondrial dysfunctions 

on their own cause AD, the neurodegeneration downstream of Aβ involves 

impaired energy metabolism, alterations in Ca2+ homeostasis, excessive 

oxidative stress and potentially apoptosis, suggesting roles for 

mitochondrial impairment in the AD progress (Mattson et al., 2008). The 
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reduced cytochrome C oxidase activity was documented in platelets 

isolated from AD patients (Parker et al., 1990). Furthermore, in vitro 

cellular models have reduced activities of OXPHOS enzymes in the 

presence of Aβ, and cells eventually commit to death, if they are exposed 

to Aβ for prolonged time (Pereira et al., 1998). Intriguingly, ρ0 cells 

depleted of mtDNA are resistant to cytotoxic effects of Aβ (Cardoso et al., 

2001). Remarkably, not only RC enzymes were demonstrated to have their 

activity reduced in brains of AD patients, but also enzymes of TCA cycle, 

for instance, pyruvate dehydrogenase complex, mitochondrial isocitrate 

dehydrogenase and α-ketoglutarate dehydrogenase were found to be 

decreased, further emphasising bioenergetic deficiency in AD brains 

(Cenini and Voos, 2019). Perturbed Ca2+ homeostasis is another 

pathological hallmark of Aβ aggregation (Supnet and Bezprozvanny, 

2010). Aβ interaction with mitochondrial membrane and mutations in 

ApoE4 (cause of familial AD)   shown to result in elevated cytoplasmic Ca2+ 

concentrations rendering neurons susceptible to excitotoxicity (Corder et 

al., 1993; Mattson et al., 1992; Tolar et al., 1999).  

1.2.2 Parkinson’s disease 

Parkinson’s disease (PD, OMIM 168600) is the second most common 

neurodegenerative disease after AD (Nussbaum and Ellis, 2003).  The 

clinical picture features a loss of midbrain dopaminergic neurons (DNs), 

leading to the classical triad of symptoms: bradykinesia, tremor and 

rigidity (Devine and Kittler, 2018). Mitochondrial dysfunction was first 

implicated in PD aetiology when a severe reduction in CI activity was 

observed in the post-mortem examination of PD patients’ substantia 

nigra (Schapira et al., 1989).  Interestingly, CI deficiency is not confined to 

substantia nigra, but in fact, was also observed in the frontal cortex 

(Parker et al., 2008). Intriguingly, numerous epidemiological studies have 

strengthened further the link between PD and CI deficiency.  Agricultural 
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workers and farmers were found to be at higher risk of developing 

sporadic PD (Hancock et al., 2008; Pouchieu et al., 2018; Van Maele-Fabry 

et al., 2012). Inhibitors of CI, paraquat and rotenone which have a long 

history of application in agriculture as a herbicide and an insecticide, 

respectively, are potent neurotoxic agents, causing DNs loss in vivo and in 

vitro (Höglinger et al., 2003; Sherer et al., 2003; Smeyne et al., 2016). 

Cohort studies in farmers and agricultural workers, conducted in different 

countries showed a positive correlation between occupational exposure 

to CI inhibitors and emerging PD cases (Pouchieu et al., 2018).   

The genetic cause of PD has remained elusive for long time, and PD has 

been thought to be predominantly sporadic, until mutations in SNCA 

gene, encoding α-synuclein were discovered in families with PD 

(Polymeropoulos et al., 1997).  Although, α-synuclein is a principal 

component of the pathological hallmark of PD – Lewy’s bodies, the 

precise mechanism underlying adverse effects of aggregated α-synuclein 

remains poorly understood (Devine and Kittler, 2018; Nussbaum and Ellis, 

2003). Indirect clues imply that α-synuclein aggregation leads to 

presynaptic mitochondrial dysfunction. Studies in transgenic mice, 

overexpressing human mutant α-synuclein show progressive 

neurodegeneration, with axonal swelling with altered mitochondrial 

morphology and defects in mitochondrial trafficking (Devine and Kittler, 

2018; Martin et al., 2006). Furthermore, the overexpression of mutant α-

synuclein was demonstrated to impair neurotransmitter release (Devine 

and Kittler, 2018; Nemani et al., 2010).  

The discovery of mutations in PARK2, which encodes ubiquitin E3 ligase 

Parkin (Kitada et al., 1998) and the follow-up identification of mutations 

in PINK1 (Valente et al., 2004), which encodes mitochondrial 

serine/threonine protein kinase PINK1 provided the most compelling 
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evidence for the mitochondria involvement in PD pathogenesis  (Mouton-

Liger et al., 2017).  

1.2.3 Leber’s Hereditary Optic Neuropathy  

The first patient having Leber’s Hereditary Optic Neuropathy (LHON, 

OMIM 535000) was described in the middle of the nineteenth century; 

however, it took about 20 years until the disease was recognised as a 

distinct clinical entity by the German ophthalmologist Theodor Leber. The 

early studies of LHON highlighted the characteristic pattern of bilateral 

visual loss, associated with the almost exclusive involvement of the optic 

nerve and its preponderance in young males, which made physicians 

consider it to be X-linked for the long time (Kirches, 2011; Yu-Wai-Man et 

al., 2002). The genetic transmission had remained puzzling for more than 

hundred years, until 1988 when Douglas C. Wallace and colleagues 

reported the first LHON-associated mutation in mtDNA ND4 gene, 

encoding a subunit of CI of the RC (Wallace et al., 1988). By now several 

points mutations exclusively in mtDNA CI genes ND1, ND4 and ND6 were 

discovered and are accounted to be responsible for 90-95% LHON cases 

(Hudson et al., 2007; Yu-Wai-Man et al., 2002). LHON typically has an onset 

in early adulthood, starting with dyschromatopsia. Unlike most other 

optic neuropathies and glaucoma that progress slowly, the 

dyschromatopsia is very rapidly followed by the acute loss of vision in one 

eye with symptoms developing within months in another eye (Hudson et 

al., 2007; Huoponen, 2001; Wallace et al., 1988; Yu et al., 2018).  On the 

cellular level, LHON manifests as a rapid non-inflammatory death of 

retinal ganglion cells (RGCs). The mechanism underlying selective 

vulnerability of RGCs is not well understood, but several studies indicate 

that disturbed OXPHOS and increased formation of ROS are implicated in 

the rapid decline of RGCs (Jun et al., 1996; Kirches, 2011; Lin et al., 2012). 
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1.2.4 Leigh Syndrome 

Unlike LHON that arises from mutations exclusively in mtDNA encoded CI 

subunits, mutations in more than 75 genes in mtDNA and nDNA were 

identified in the connection to Leigh syndrome (LS, OMIM 256000) 

(Gorman et al., 2016; Gorman et al., 2015). First described by Dennis Leigh 

in 1951 as “infantile subacute necrotising encephalomyelopathy” (LEIGH, 

1951), LS nowadays is considered to be the most common pediatric 

mitochondrial disorder affecting 1 in 40,000 live births (Rahman et al., 

1996). LS is a highly debilitating progressive neurodegenerative disorder 

that leads to a premature death within the first years from the perinatal 

onset. The clinical symptoms are diverse and multisystemic (Quintana et 

al., 2012). They often include not only neurological manifestations, such 

as developmental retardation, ataxia, dystonia, deafness, and acute 

respiratory failure, but also non-neurological manifestations, like 

lactacidosis, endocrine abnormalities and cardiomyopathy (Chol et al., 

2003; Finsterer, 2008). The most common characteristic is the presence of 

necrotic bilateral symmetric hyperintense lesions in T2 magnetic-

resonance images (MRI) that might affect various brain regions  (Finsterer, 

2008; Greenberg et al., 1990). Genetically, mutations in CI subunits are the 

most frequent cause of LS and account for almost 30% of LS cases (Nesbitt 

et al., 2012; Ng et al., 2019). However, the genetic spectrum is not limited 

to CI genes. In fact, mutations affecting subunits of every complex of RC, 

or complexes assembly factors, or genes that are involved in additional 

steps of energy metabolism, such as pyruvate dehydrogenase complex or 

coenzyme Q10 might cause LS (DiMauro and Schon, 2008; Finsterer, 

2008). Certain success in the understanding pathophysiological 

mechanism of LS was achieved with the generation of NDUFS4 whole-

body knock-out (NDUFS4 KO) mice. These mice resemble human LS: 

develop fatal encephalopathy with characteristic T2 lesions, growth 
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deficiency, ataxia and respiratory abnormalities (Kruse et al., 2008). 

Following experiments using pan-neuron specific recombination strategy 

and targeted ablation of Ndufs4 in certain neuronal populations 

confirmed the predominant role of the central nervous system (CNS) in LS 

disease progression and raised questions of differential susceptibility of 

various neuronal populations to CI deficiency (Bolea et al., 2019; Quintana 

et al., 2010).   

1.2.4 Aminoacyl-tRNA synthetases-associated diseases 

Aminoacyl-tRNA synthetases (ARSs) are crucial components of protein 

synthesis. Their canonical, evolutionary conserved function is to catalyse 

the first step of protein translation, which is often called charging or 

aminoacylation. It involves a specific attachment of an amino acid (AA) to 

its cognate tRNA. All ARSs comprise a catalytic and an anticodon binding 

domains (Diodato et al., 2014a; Schimmel, 1987). The aminoacylation of 

tRNA is a two-step reaction (Fig. 1.4). First, an AA and an ATP molecule 

bind an ARS via its anticodon binding domain to form an aminoacyl-

adenylate (AA-AMP) intermediate, releasing a pyrophosphate molecule 

(PPi). In the second step, the cognate tRNA molecule attaches to the ARS 

at the anticodon binding site, and the AA is transferred to the tRNA, 

releasing AMP (Antonellis and Green, 2008; Nie et al., 2019). Additionally, 

some ARSs have also developed an editing domain to maintain 

translational fidelity. Those ARSs hydrolyse and deacylate mischarged 

amino acids during protein synthesis (Schimmel, 2008; Yao and Fox, 

2013).  Based on their site of action, all ARS can be divided into three 

groups: 1) cytoplasmic ARS 2) mitochondrial ARS (ARS2), encoded by the 

distinct set of nuclear genes. 3) two bifunctional, which charge tRNA 

molecules in both locations (KARS and GARS). According to the standard 

nomenclature for ARS genes and proteins, the cytoplasmic forms are 

abbreviated as the single-letter amino acid code followed by ‘ARS’ (e.g. 
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DARS —aspartyl-tRNA synthetase). For mitochondrial ARS genes, a ‘2’ is 

appended (e.g. DARS2 — mitochondrial aspartyl-tRNA synthetase).  

 

Figure 1.4: Aminoacylation of a tRNA. Two-step catalytic reaction of aminoacyl-tRNA 

synthetases (ARSs). ARSs use an amino acid (aa), ATP and tRNA as substrates to 

produce aa-tRNA (lower part). The upper part shows the secondary (left) and tertiary 
(right) structures of tRNA. The secondary tRNA structure consists of an anticodon loop, 

D and TψC arms, a variable arm and an acceptor stem to which the aa is ligated 
modified from (Kwon et al., 2019). 

ARS2 gained an interest of researchers in the last decade, due to rapidly 

emerging new mutations and associated with them disease phenotypes 

(Fine et al., 2019). To date, pathological mutations in each of 19 ARS2 

genes were reported (Sissler et al., 2017). The onset of the disease is 

predominantly right after birth or within the first months of life (Table 1.1).  

The prognosis is usually worse for individuals with the perinatal onset: 

lack of developmental progress, psychomotor delay, and aberrant 

metabolism frequently result in premature death within first months 

(Diodato et al., 2014a).  

Although ARS2 diseases are phenotypically different and can be 

multisystemic, DARS2-associated disease seems to be an exception 

(Rumyantseva et al., 2020). Interestingly, all reported DARS2 patients, 
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following the first described case (Scheper et al., 2007), were diagnosed 

with leukoencephalopathy with brain stem and spinal cord involvement 

and lactate elevation disease (LBSL, OMIM 611105). A distinctive MRI 

pattern, showing differences from the other defined 

leukoencephalopathies, gives a diagnostic tool for the disease. LBSL is a 

postnatal or juvenile-onset disorder, clinically characterised by cerebellar 

ataxia and spasticity (van Berge et al., 2014; van Berge et al., 2013). 

Progressive decline of motor skills usually commences in childhood or 

adolescence and is accompanied by dysarthria. Occasional findings 

include epilepsy; learning problems; cognitive decline and neurologic 

deterioration (van Berge et al., 2013). 
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Table 1.1: Pathologies associated with ARS2 genes      
modified from Rumyantseva A. Master Thesis (unpublished) 

Gene Clinical 

manifestation 

Age of onset 

AARS2 

• Hypertrophic cardiomyopathy (Götz et al., 2011) Infancy 

• Leukoencephalopathy, ovarian failure (Dallabona et al., 2014) Infancy-

adulthood 

CARS2 

• Myoclonic epilepsy and progressive cognitive decline (Hallmann et 

al., 2014) 

Childhood 

• Epileptic encephalopathy (Coughlin et al., 2015) Infancy 

DARS2 
Leukoencephalopathy with brainstem and spinal cord involvement and 

lactate elevation (LBSL) (Scheper et al., 2007) 

Infancy-

adulthood 

EARS2 
Leukoencephalopathy with thalamus and brainstem involvement, and 

high lactate (LTBL) (Steenweg et al., 2012) 

Perinatal 

FARS2 

• Encephalopathy and hepatic failure (Alpers-Huttenlocher 

syndrome) (Elo et al., 2012) 

Perinatal 

• Myoclonic epilepsy without cerebral atrophy (Almalki et al., 2014) Infancy 

• Hereditary spastic paraplegia (HSP) (Yang et al., 2016) Infancy-

adulthood 

HARS2 
Ovarian failure and progressive hearing loss  (Pierce et al., 2011) 

(Perrault syndrome) 

Childhood-

adulthood 

IARS2 

Cataracts, growth hormone deficiency, sensory neuropathy, 

sensorineural hearing loss, and skeletal dysplasia (CAGSSS) 

(Schwartzentruber et al., 2014) 

Infancy 

MARS2 

• Autosomal recessive spastic ataxia with leukoencephalopathy 

(ARSAL) (Bayat et al., 2012) 

Infancy-

adulthood 

• Growth failure, sensorineural hearing loss, developmental delay, 

pectus carinatum (Webb et al., 2015) 

Perinatal 

LARS2 

• Ovarian failure and progressive hearing loss (Perrault syndrome) 

(Pierce et al., 2013) 

Adolescence-

adulthood 

• Lactic acidosis and sideroblastic anemia (Riley et al., 2015) Infancy 

NARS2 

• Epilepsy, myopathy (Vanlander et al., 2015) Childhood 

• Nonsyndromic hearing loss and Leigh syndrome (Simon et al., 

2015) 

Infancy 

• Diffuse degeneration of grey matter, renal dysfunction (Sofou et 

al., 2015) 

Infancy 

PARS2 
Progressive cerebral cortical atrophy, hypertrophic cardiomyopathy 

(Sofou et al., 2015) 

Infancy 

RARS2 
• Pontocerebellar hypoplasia type 6 (PCH6) (Edvardson et al., 2007) Perinatal 

• Epileptic encephalopathy without PCH (Nishri et al., 2016) Infancy 

SARS2 

• Hyperuricemia, pulmonary hypertension, renal failure, and 

alkalosis (HUPRA) (Belostotsky et al., 2011) 

Perinatal 

• Spastic paresis (Linnankivi et al., 2016) Infancy 

TARS2 Axial hypotonia, severe psychomotor delay (Diodato et al., 2014b) Perinatal-infancy 

VARS2 Microcephaly and epilepsy (Diodato et al., 2014b) Infancy 

WARS2 
Leukoencephalopathy (Theisen et al., 2017) 

Parkinsonism (Burke et al., 2018) 

Infancy 

Infancy 

YARS2 
Myopathy, lactic acidosis, and sideroblastic anemia (MLASA)  (Riley et 

al., 2010) 

Infancy-

childhood 

GARS 
Charcot-Marie-Tooth disease (CMT) dominant (Antonellis et al., 2003) Childhood-

adulthood 

KARS 
Charcot-Marie-Tooth disease (CMT), recessive and dominant 

(McLaughlin et al., 2010) 

Childhood-

adulthood 
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1.3 Mitochondrial diseases: Search for a cure   

The heterogeneity in clinical manifestations of mitochondrial diseases 

underlies difficulties in diagnostic and therapeutic approaches. The 

situation for patients is even more complicated, as mitochondrial 

diseases are associated with high morbidity and mortality and deteriorate 

severely the life quality (McFarland et al., 2010). To date, the most 

common therapeutic strategies are aimed to curb symptoms to prevent 

organ-specific complications, to reduce mortality, or simply limited to 

palliative care (Gorman et al., 2016). Contrasting an astounding 

breakthrough, achieved with the whole-exome sequencing (WES) in 

understanding genetical bases of mitochondrial disease, we are still 

constrained in our ability to treat them.  Mitochondrial diseases are 

extraordinary heterogeneous on genetic, biochemical, and clinical levels, 

impeding establishing homogeneous patients’ cohorts to analyse the 

efficacy of a treatment. 

1.3.1 Conventional therapeutic strategies 

The common therapeutic approaches to treat mitochondrial diseases are 

the nutritional supplementation with various vitamins, cofactors, 

antioxidants, and lifestyle changes, including diet and exercises (Gorman 

et al., 2016).  

The limited effectiveness of diet-supplements frequently used to treat 

mitochondrial diseases is illustrated by the administration of coenzyme 

Q10 (CoQ10, ubiquinone) and riboflavin (vitamin B2), which are two most 

widely used medications in a so-called “mitochondrial treatment 

cocktail” (Parikh et al., 2009). For example, the clinical presentation of 

CoQ10 primary deficiency varies from isolated myopathy, 

encephalomyopathy, nephrotic syndrome, severe infantile multisystemic 

disease, and cerebellar ataxia (López et al., 2014; Ogasahara et al., 1989; 
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Viscomi et al., 2015). As the CoQ10 is ultimately diagnosed by the 

detection of its lowered levels in muscle biopsies, the compelling 

approach for the CoQ10 deficiency treatment would be a diet 

supplementation with CoQ10 (Yubero et al., 2018). However, for unknown 

reasons, only a small number of patients have responded to CoQ10 

deficiency (Viscomi et al., 2015). Similarly, the diet-supplementation with 

flavoprotein precursor riboflavin, which is a critical component of some 

subunits of complexes I and II and a catalytic cofactor of mitochondrial 

acyl-CoA dehydrogenase family (ACADs), has been only modestly 

beneficial (Ghezzi et al., 2012; Nouws et al., 2014; Viscomi et al., 2015).  

More promising results come from studies of aerobic endurance exercise 

training and a ketogenic diet (Gorman et al., 2016; Gorman et al., 2015). 

The exercise training was shown to be beneficial and safe for patients with 

mtDNA mutations. In particular, the endurance training has led to an 

increase of mitochondrial mass, achieved by the stimulation of 

mitochondrial biogenesis, and an upregulation of mitochondrial enzyme 

activities (Hirano et al., 2018; Taivassalo et al., 2001). Notably, patients 

with mtDNA mutations who had participated in trials reported improved 

quality of life, beneficial physiological adaptations, and an increase in the 

exercise capacity (Gorman et al., 2015; Taivassalo et al., 2006). The 

ketogenic diet (KD) consisting of high fat, low protein and low 

carbohydrates regimen has been in used as a treatment for refractory 

epilepsy for a century (Bough and Rho, 2007). Intriguingly, the KD has 

demonstrated beneficial effects in mitochondrial diseases patient, who 

have epilepsy as a symptomatic manifestation like MELAS and LS (Lee, 

2012; Steriade et al., 2014; Wijburg et al., 1992). Moreover, the promising 

results come from a study that combined endurance exercise training 

with the KD, hinting at the beneficial synergic effect (Miller et al., 2020). 

However, further work is still needed to explore mitochondrial disease 
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spectrum responding to the KD and whether the benefits of the KD are 

preserved on a long-term run. 

1.3.2 Innovative therapeutic approaches 

The modest curative effect of conventional therapy for the mitochondrial 

diseases emphasises the need for novel therapeutic approaches. 

Fortunately, innovative methods and strategies are being developed and 

showing promising results in pre-clinical studies. 

Following the pioneering work of Johnson et al. in 2013, which described 

the ameliorating effect of rapamycin administration in NDUFS4_KO mice, 

a model of LS (Johnson et al., 2013), mTORC1 inhibition has emerged as a 

potential therapeutic strategy. On the one hand, the rapamycin treatment 

showed a beneficial effect in several mouse models. The improvement in 

a disease progression was ascertained in mitochondrial myopathy 

models, caused by COX15 deficiency (Civiletto et al., 2018) and “deletor” 

mice that carry a mutation in mitochondrial helicase Twinkle (Khan et al., 

2017). On the other hand, the rapamycin administration was reported to 

exacerbate the disease progression in mice with CoQ10 deficiency 

(Barriocanal-Casado et al., 2019) and in mice, mimicking neuropathology 

of Alpers syndrome (Ignatenko et al., 2020). Although rapamycin clinical 

trials have been started in patients with LS, the clinical transferability is 

debatable. The precise mechanism underlying the beneficial effect of 

rapamycin remains to be resolved and evaluated in each specific model 

(Barriocanal-Casado et al., 2019). Additional concerns arise from the 

rapamycin administration in mice at supramaximal doses that potentially 

cause adverse side-effects, especially in paediatric use (Felici et al., 2017).  

Another unanticipated, but potentially propitious therapeutic approach 

has emerged from a high-throughput CRISPR-Cas9-mediated whole-

genome KO screen (Jain et al., 2016). The screen substantiated that the 
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inhibition of the Von Hippel-Landau (VHL) factor leading to the 

constitutively activated hypoxia response pathway, is a genetically 

effective strategy to ameliorate mitochondrial RC defects  (Gorman et al., 

2016; Gorman et al., 2015; Jain et al., 2016). Notably, the subsequent 

animal trials demonstrated the efficacy of this approach in NDUFS4_KO 

mice. Placing NDUFS4_KO mice in the mildly hypoxic environment of 11 % 

O2 significantly increased lifespan, prevented the appearance of bilateral 

T2 brain lesions, and dramatically improved locomotor function (Ferrari 

et al., 2017; Jain et al., 2016). Future studies should aim to validate 

whether hypoxia approach can be used to ameliorate mitochondrial 

diseases in human patients. Again, clinical transferability remains 

uncertain as chronic hypoxia was shown to be detrimental and have 

widespread adverse effects, impairing kidney and pulmonary function 

that can culminate in heart failure (Brusselmans et al., 2003; Fine and 

Norman, 2008).  

The gene therapy field is developing rapidly, offering exciting therapeutic 

opportunities to previously incurable diseases. Unsurprisingly, several 

approaches of the gene therapy for mitochondrial diseases are currently 

under investigation.  The introduction of adeno-associated viral vectors 

(AAV) has created novel opportunities for the safe delivery and expression 

of missing/mutated gene. AAVs possesses key features that are of high 

importance for the clinical application. Firstly, they remain episomal in 

host cells for prolonged time, not integrating into the genome and thus 

reducing the risk of the insertional mutagenesis (Duan et al., 1998; 

Gorman et al., 2016; Gorman et al., 2015). Secondly, they are not 

associated with human or animal disease (Flotte and Berns, 2005). Lastly, 

several serotypes of AAVs were selected, enabling tissue/organ specificity 

(Gao et al., 2005; Gorman et al., 2016; Gorman et al., 2015).   The major 

constraint of AAV application is their limited ability to cross blood-brain 



1 Introduction 

 

 
42 

 

barrier (BBB), which makes AAV-targeting of brain challenging (Silva-

Pinheiro et al., 2020). To date, the partial amelioration of deleterious 

phenotype in a mouse model was reported for AAV-mediated delivery of 

Ndufs4 (Di Meo et al., 2017). Recently, the promising data has been 

obtained using a novel derivative of AAV9 serotype – AAV-PHP.B that 

shows an enhanced capacity to cross BBB and raises great expectations 

for the gene therapy for neurodegenerative diseases (Reynaud-Dulaurier 

et al., 2020; Silva-Pinheiro et al., 2020). 

Mitochondrial diseases caused by mutations in mtDNA classically present 

an additional challenge, as a result of co-existence of mutated DNA and 

wild-type (WT) mtDNA. The favourable way to prevent the severity of the 

clinical phenotype would be the reduction of the mutational load of 

mtDNA below the disease threshold level (Hashimoto et al., 2015). To 

date, two studies have demonstrated in vivo the effectiveness of 

mitochondrial-targeted DNA editing enzymes. The selective elimination 

of mutant mtDNA with either mitochondrially targeted zinc-finger 

nucleases (mtZFNs) or transcription activator-like effector nucleases 

(mito-TALENs) in a mouse model with a heteroplasmic pathogenic mtDNA 

have rescued the phenotype without apparent toxicity. (Bacman et al., 

2018; Gammage et al., 2018).  Perhaps, even more promising, and 

effective way to prevent mitochondrial diseases arising from mtDNA 

mutations is mitochondrial replacement therapy (MRT). In this approach, 

a mother’s nuclear material is isolated and transferred into enucleated 

donor’s oocytes, excluding the transmission of mutated mtDNA to 

offspring (Zhang et al., 2017). 
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1.3 Objectives 

Neurodegeneration is a typical feature of mitochondrial diseases. 

Currently, no specific treatment has been developed to prevent it, and 

patient care is palliative and focused on symptoms management. Our 

laboratory has previously demonstrated that by removing mitochondrial 

matrix protease proteolytic subunit (CLPP), we could alleviate symptoms 

of mitochondrial cardiomyopathy, caused by DARS2 deficiency (Seiferling 

et al., 2016). The concomitant loss of CLPP in DARS2-deficient heart-

specific background ameliorates COX-deficiency, decreases 

cardiomyopathy markers levels, leading to partial rescue of the lifespan 

of mice (Seiferling et al., 2016). The open question now is whether effects 

observed in heart reflect tissue specificity.  

Therefore, the overarching goal of this study was to ascertain the 

therapeutic potential of CLPP ablation in mouse models of mitochondrial 

encephalopathy driven by DARS2 deficiency. To this end, we employed 

two different conditional knock-out (KO) models: forebrain-neuron-

specific Dars2 KO  (Dars2_KOFbNe) (Aradjanski et al., 2017) and newly 

developed Purkinje cell-specific Dars2 KO (Dars2_KOPC)  mice. Generation 

of double KOs (DKOs) for both models allowed us to avoid the bias of 

targeting only one specific neuronal population. Moreover, it enabled 

simultaneous analysis of the effect exerted by the CLPP loss in two distinct 

models of mitochondrial encephalopathy. 
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2 Materials and Methods 

2.1 Animal care and experiments 

2.1.1 Mouse models, housing, and care 

Dars2loxP/loxP mice, described previously (Dogan et al., 2014) were crossed 

to L7-Cre mice (Barski et al., 2000). The resulting double heterozygous 

animals were crossed to Dars2loxP/loxP mice to generate Purkinje cell-

specific knock-outs (Dars2_KOPC). Forebrain-specific Dars2_KO was 

mediated by CamkIIα promoter and has been described previously  

(Aradjanski et al., 2017)  Double knock-out animals under control of L7 

and CamkIIα promoters were generated by mating with double floxed 

animals Dars2loxP/loxP ClpploxP/loxP, described previously (Seiferling et al., 

2016). All mice used in experiments were of C57BL/6N genetic 

background. 

All mice were kept in individually ventilated cages, with an enriched 

environment at ambient room temperature of 22-24 oC in the CECAD in 

vivo research facility. All mice had ad libitum access to food (normal chow 

diet for breeding and standard keeping ssniff cat. number V1154-7331 and 

V1554-7331) and water and were maintained in a specific pathogen-free 

facility with 12 h:12 h light:dark cycle. Mating of mice was performed once 

they reached eight weeks of age and one male was simultaneously 

housed with maximum two females. Upon weaning, mice of the same sex 

were housed 2-5 animals per cage. If Dars2_KOFbNe and DKOFbNe mice 

started to scratch themselves, they were placed alone in a cage. Mouse 

housing, breeding and all experiments were approved by the Landesamt 

für Natur, Umwelt, Verbraucherschutz (LANUV), Nordrhein-Westfalen, 

Germany. All procedures were conducted in accordance with university, 
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national, European recommendations and followed the guidelines of the 

Federation of European Laboratory Animals Associations (FELASA). 

2.1.2 Isolation of genomic DNA and genotyping 

Isolation of crude genomic DNA (gDNA) for genotyping purposes was done 

from mouse ear biopsies. The ear biopsies were lysed in 500 µL lysis buffer 

(100 mM Tris-HCl, 200 mM NaCl, 5 mM EDTA, 0.2 % w:v SDS, 0.2 mg/mL 

Proteinase K) at 55 oC under shaking for minimum 4 h. Afterwards, the 

precipitation of gDNA was achieved with 500 µL of 2-propanol at 

20,000  x g  for 20 min at RT. The precipitated gDNA was washed once with 

70 % (v:v) ethanol at 20,000 x g  for 20 min at RT. gDNA pellet was dried at 

RT and dissolved in 90 µL ddH2O and stored at 4 oC until use. The correct 

genotype of animals was determined by genotyping PCR, followed by 

electrophoresis in 2 % agarose gel with ethidium bromide, allowing to 

resolve wild-type (WT) alleles and alleles possessing loxP sites and 

presence of Cre transgene. Primer sequences are given in the table 2.1 

Dars2 PCR mix: 

1 µL gDNA template 

0.8 µL Each primer (10 µM) 

2 µL DreamTaq™ buffer (10x) 

1 µL dNTP mix (1.25 mM each) 

0.1 µL DreamTaq™ polymerase (5 u/µL) 

14.3 µL ddH2O 
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Clpp PCR mix: 

1 µL gDNA template 

0.8 µL Each primer (10 µM) 

4 µL GoTaq® buffer (5x) 

2 µL MgCl2 (25 mM) 

1 µL dNTP mix (1.25 mM each) 

0.05 µL GoTaq® polymerase (5 u/µL) 

10.35 µL ddH2O 

Cre PCR mix: 

1 µL gDNA template 

0.6 µL Each primer (10 µM) 

4 µL GoTaq® buffer (5x) 

2 µL MgCl2 (25 mM) 

3.2 µL dNTP mix (1.25 mM each) 

0.1 µL GoTaq® polymerase (5 u/µL) 

8.5 µL ddH2O 

PCR cycling conditions for Dars2 and Clpp: 

Initiation  5 min  95 oC 
 

Denaturation 30 sec 95 oC 
 

Annealing  30 sec   60 oC        30 cycles 

Extension 45 sec (Dars2) 1 min (Clpp) 72 oC 
 

Final extension  7 min (Dars2) 10 min (Clpp) 72 oC 
 

PCR cycling conditions for Cre: 

Initiation  5 min  95 oC 
 

Denaturation 30 sec 95 oC 
 

Annealing  30 sec   53 oC        35 cycles 

Extension 30 sec 72 oC 
 

Final extension  7 min  72 oC 
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Table 2.1: Primer sequences for genotyping PCRs 

 

2.1.3 Simple Composite Phenotype Scoring 

The simple composite phenotype scoring system, described previously 

(Guyenet et al., 2010) consisting of separate tests: Ledge Test, Hind Limb 

Test, Gait Test and Kyphosis Test was used to evaluate mice behaviour. 

Each test utilised a scale of 0-3, with 0 corresponding to “unimpaired 

performance” and 3 — “severely impaired”. Below, a brief description of 

each test is given, each test was repeated three times. 

Ledge Test: a mouse was placed on the ledge of the cage. 0 = a mouse was 

walking along the ledge, not losing balance and was able to descent 

smoothly back into the cage. 1 = a mouse was losing balance, slipping 

occasionally. 2 = a mouse was not effectively using its hind limbs and was 

not landing gracefully on its paws when descending. 3 = a mouse was not 

able to walk and stay on the ledge, falling from it.  

Hind Limb Test: a mouse was griped and lifted by its tail for 10 sec. 0 = hind 

limbs were spread wide and away from its abdomen. 1 = one hind limb 

was retracted to the abdomen and stayed there for more than 5 sec. 2 = a 

mouse repeatedly pulled both hind limbs towards the abdomen. 3 = both 

hind limbs were retracted to the abdomen and stayed there for more than 

5 sec.  

Gait Test in open field: a mouse was placed on a flat surface facing away 

from the researcher. 0 = a mouse was walking normally, no limping, 

abdomen was not touching the surface. 1 = a mouse appeared to limp or 

PCR Primer Fw [5'-3'] Primer Rv [5'-3'] 

Dars2 ATGAATTCTAGGCCAGCCAC TGGCAATCTCTTAGGACTAAG 

Clpp GTGGATGATGGTCAGTAGAATCC CCCAGACATGATTCCTAGCAC 

Cre CACGACCAAGTGACAGCAAT AGAGACGGAAATCCATCGCT 
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have tremor during walking. 2 = a mouse was limping or tremoring 

severely, exhibited lowered pelvis, or feet was pointing away from the 

body. 3 = a mouse had severe difficulties in moving, dragged its abdomen 

along the surface, and, in case of Dars2_KOPC, exhibited difficulties of 

keeping balance on the surface. 

Kyphosis Test: a mouse was placed on a flat surface, and its dorsal 

curvature was monitored. 0 = a mouse was able to straighten its spine 

while walking. 1 = a mild kyphosis was present, but it was not persistent. 

2 = a persistent mild kyphosis was present, and a mouse was not able to 

completely straighten its spine. 3 = a pronounce, persistent kyphosis was 

observed, as a mouse was walking or sitting.      

2.1.4 Euthanasia 

For tissue harvest intended for protein lysis, mitochondria isolation and 

cryosectioning mice (male and female) were sacrificed by cervical 

dislocation.  

For immunohistochemistry (IHC), mice (male and female) were 

anaesthetized intraperitoneally with ketamine (100 mg/kg body weight) 

and xylazine (20 mg/kg body weight) and perfused transcardially with 

0.01 M PBS followed by 4 % paraformaldehyde (PFA) in 0.01 M PBS. 

Cerebella or forebrains were dissected, post-fixed overnight at 4 oC in 4 % 

PFA in 0.01 M PBS and stored until use at 4 oC in 0.01 M PBS. 
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2.2 Biochemistry  

2.2.1 Isolation of protein from brain 

Following the cervical dislocation, cerebella, cortices, hippocampi, or 

alternatively, the whole forebrain were rapidly dissected, snap-frozen on 

dry ice, and stored at -80 oC until use. The lysis of tissues was performed 

in RIPA buffer (50 mM Tris/HCl pH = 7.4, 150 mM NaCl, 5 mM EDTA, 1 % w:v 

sodium deoxycholate, 1 % v:v Triton-X, 1 % w:v SDS supplemented with 

protease inhibitor SIGMAFast). First, tissues were homogenised with 

ceramic bead CK14 (Precellys, Bertin Instruments) in a benchtop tissue 

homogeniser (Precellys 24, Bertin Instruments) twice at 6000 rpm 20 sec.  

Subsequently, samples were incubated on ice for 10 min and spun down 

at 20,000 x g for 30 min at 4 oC. Cleared supernatants containing protein 

fraction were transferred into fresh 1.5 mL microcentrifuge tubes and 

either stored at -80 oC until use or immediately used for the protein 

quantification. The protein concentration was determined by the 

Bradford assay against a series of bovine-serum albumin (BSA) standard, 

using SpectraMax® Paradigm® (Molecular Devices). 

 

2.2.2 SDS polyacrylamide gel electrophoresis and western blot 

Proteins were separated according to their molecular size with sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Gels for 

SDS-PAGE consist of two parts. The upper part, a ‘stacking gel’ possesses 

larger pores, thus allowing protein samples to gather uniformly before 

entering the resolving (separation) part of the gel. The recipes for the 

resolving and stacking gels are given in the table 2.2. Gels were cast 

between glass plates and assembled into the Mini-PROTEAN® 

Tetrasystem (Biorad, Munich, Germany). The chamber was filled with 
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running buffer (25 mM Tris/HCl pH= 8.3, 250 mM glycine, 0.1 % w:v SDS). 

30 μg of protein sample was mixed with Laemmli buffer (50 mM Tris/HCl, 

pH=6.8, 2 % SDS w:v, 10 % glycerol v:v, 1 % 2-mercaptoethanol v:v , 

12.5 mM EDTA, 0.02 % w:v bromophenol blue) boiled at 95 oC for 5 min, 

centrifuged at 20,000 x g  (5430R centrifuge) for 1 min and directly loaded 

onto a gel. After the loading of the protein samples was completed, gels 

were run at 80 V for 20 min and then at 150 V for 50 min. The molecular 

weight of proteins was approximated with Prestained Page-ruler™ Plus 

protein ladder (Thermo Fischer Scientific). After the SDS-PAGE was 

completed, proteins were immobilised onto a nitrocellulose membrane 

(Amersham™ Protran™ 0.45 μm NC GE Healthcare) by wet transfer. SDS-

PAGE electrophoresis chamber was disassembled, and gels were 

incubated shortly in a transfer buffer (25 mM Tris, 192 mM glycine, 0.1 % 

SDS, 20 % methanol). Subsequently, a gel holder wet transfer cassette, in 

which a gel and nitrocellulose membrane were pressed together between 

two fibre pads and Whatmann filter paper sheets (GE Healthcare), was 

placed into a Criterion™ (Biorad) tank filled with the transfer buffer and 

run at 400 mA, at 4 oC for 2 h, or at 80 mA, overnight, at 4 oC. To check if the 

transfer was successful, a nitrocellulose membrane was transiently 

incubated with Ponceau S solution (0.1 % w:v in 5 % acetic acid) to reveal 

proteins. To eliminate unspecific antibody (AB) binding, WB membranes 

were incubated, under constant agitation in a blocking solution (5 % w:v 

dried non-fat milk powder in 0.01 M PBS supplemented with 1 % Tween®-

20, PBST) or alternatively in 2 % fish skin gelatine in Tris-buffered saline 

(TBS: 20 mM Tris, 150 mM NaCl) supplemented with 1 % Tween®-20 (TBST) 

for 40 min, RT, under constant agitation. Next, the membranes were 

incubated in primary AB (table 2.3) in 5 % non-fat milk in PBST or 2 % fish 

skin gelatine in TBST under constant agitation, overnight, at +4 oC. Next 

day, the membranes were washed three times in PBST or TBST, 5 min 
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each wash, at RT and subsequently incubated with secondary AB (table 

2.4) conjugated to horseradish-peroxidase (HRP) diluted in PBST or TBST. 

Subsequently, the membranes were washed in PBST or TBST three times 

and dipped briefly in ddH2O to eliminate traces of the detergent. 

Afterwards, the membrane was immersed into the enhanced 

chemiluminescent substrate (ECL, Detection Reagent Amersham™) for 1 

min. Finally, membranes were exposed to Super RX films (Fujifilm) and 

developed with an automatic film processor (Kodak). 

Table 2.2: Composition of polyacrylamide gels for SDS-PAGE  

Separating gel Stacking gel 

10-12 % Acrylamide/bis-acrylamide 
40(29:1) 

4 % Acrylamide/bis-acrylamide 
 40(29:1) 

375 mM Tris/HCl pH=8.8 125 mM Tris/HCl pH=6.8 

0.1 % SDS 0.1 % SDS 

1.25 % APS 1.25 % APS 

0.125 % TEMED 0.125 % TEMED 

2.2.3 Isolation of mitochondria from forebrain 

Freshly dissected forebrains were washed on ice-cold 0.01 M PBS and cut 

into small pieces. The pieces were transferred to an isolation buffer 

(220 mM mannitol, 70.1 mM sucrose, 104 mM HEPES, 0.2 % w:v BSA, 

pH = 7.7) and homogenised with 10 strokes at 1000 rpm (Potter S, 

Sartorius). Homogenates were spun down at 1000 x g for 10 min at 4 oC, 

supernatant containing mitochondria fraction was distributed equally 

into several 1.5 mL microcentrifuge tubes, while pellet was homogenised 

again with 10 strokes at 1000 rpm (Potter S, Sartorius). The centrifugation 

step was repeated (1000 x g for 10 min at 4 oC) and supernatant was 

distributed into several 1.5 mL microcentrifuge tubes, as before. All 1.5 mL 

microcentrifuge tubes were spun down at 8000 x g, 10 min at 4 oC to pellet 

mitochondria fraction. Next, mitochondria containing pellets were 

washed in a “freezing” buffer (500 mM sucrose, 10 mM HEPES pH = 7.7) 
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combining fractions corresponding to the same forebrain, spun down at 

8000 x g, 10 min at 4 oC. Finally, pelleted mitochondria were resuspended 

in the “freezing” buffer and either used immediately for in organello 

translation or frozen until use at -80 oC for BN-PAGE and in-gel activity 

assay. Isolation of mitochondria was done together with Mr Matthijs 

Hermeling.  

2.2.4 Blue native polyacrylamide gel electrophoresis and in-gel 

activities of CI and CIV 

Blue native polyacrylamide gel electrophoresis (BN-PAGE) was performed 

in NativePage Novex Bis-Tris Gel System (Life Technologies) according to 

the manufacturer’s instructions. Briefly, 10 µg mitochondria were lysed 

4 % digitonin. First, samples were incubated on ice for 15 min and 

subsequently spun down at 20,000 x g for 30 min at 4 oC. Supernatants 

were then loaded onto 4-16 % pre-cast Bis-Tris minigels (Novex, 

Invitrogen), run at 150 V for 30 min 4 oC, and at 250 V for 4 h, 4 oC. To reveal 

in-gel activity of CI, a BN-PAGE gel was incubated in NADH-

nitrotetrazolium blue solution (0.1 mg/mL NADH, 2.5 mg/mL 

nitrotetrazolium blue, 5 mM Tris/HCl pH=7.4) for 1 h, at 37 oC under 

constant agitation. Next, the BN-PAGE gel was destained for 2 h RT in a 

solution, containing 50 % v:v methanol, 10 % v:v acetic acid and 

rehydrated for 2 h in ddH2O. Next, the BN-PAGE gel was incubated 

overnight at 37 oC, in cytochrome C and 3, 3 diaminobenzidine 

tetrahydrochloride (DAB) solution (1 mg/mL cytochrome C, 1 mg/mL DAB, 

0.4 mg/mL catalase, 50 mM Tris/HCl pH=7.4) to reveal in-gel activity of CIV. 

Following the destaining and rehydration procedures, described above, 

wet transfer (see 2.2.2) was performed. The blotting of proteins onto a 

polyvinylidene difluoride (PVDF) membrane (Biorad) took place in 

western blot transfer buffer without methanol and SDS, the subsequent 
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blocking and AB detection was performed as described above (see 2.2.2). 

BN-PAGE and in-gel activity assay was done together with Ms. Milica 

Popovic. 

2.2.5 De novo mitochondrial protein synthesis 

In organello translation was evaluated in freshly isolated mitochondria by 

labelling de novo synthetised mitochondrial proteins with 35S-

methionine. For that, 1.5 mg of freshly isolated mitochondria were 

incubated for 1 h, 37 °C, on rotating wheel in 1 mL [35S]-translation buffer 

(100 mM mannitol, 10 mM sodium-succinate, 80 mM KCl, 5 mM MgCl2, 

1 mM KH2PO4, 25 mM HEPES pH=7.4, 5 mM ATP, 200 μM GTP, 6 mM 

creatine phosphate, 60 μg/mL creatine kinase, 60 μg/mL cysteine, 60 

μg/mL tyrosine, 60 μg/mL amino acids (Ala, Arg, Asp, Asn, Glu,Gln, Gly, His, 

Ile, Leu, Lys, Phe, Pro, Ser, Thr, Trp, Val), 7 μL/mL [35S]-methionine). 

Subsequently, mitochondria were pelleted at 12,000 x g for 2 min and 

resuspended in 1 mL non-radioactive translation buffer containing 

unlabelled methionine. Half of the sample ('pulse fraction') was pelleted 

again, resuspended in 100 μL Laemlli buffer, incubated for 30 min at RT 

and stored before loading onto a SDS-PAGE gel at -20 oC. The “chase 

fraction” which enables to estimate protein turnover, was incubated for 

3 h at 37 °C on a rotating wheel in a presence of unlabelled methionine. 

Subsequently, the 'chase fraction' was pelleted 12,000 x g for 2 min, 

resuspended in 100 μL Laemlli buffer, incubated for 30 min at RT. SDS-

PAGE was performed in a running buffer (composition given in 2.2.2) in 

SE600X Chroma Deluxe Dual Cooled Vertical Protein Electrophoresis Unit 

(Hoefer), overnight at 80 V at RT. On the next day, a gel was stained for 30 

min in Coomassie solution (1 % w:v Coomassie Brilliant Blue R-250, 50 % 

v:v methanol, 10 % v:v acetic acid), to reveal separated according size 

proteins. Afterwards, the gel was destained for approximately 5 h in a 

solution containing 45 % methanol, 10 % acetic acid, at RT, under 
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constant agitation. Subsequently, the gel was dried at 80 oC for 2 h in Gel 

Dryer (Model 583, Biorad). Finally, the gel was exposed following 5 days to 

a film (Amersham Hyperfilm, GE Healthcare) which was developed with 

an automatic film processor (Kodak).
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2.3 Histology 

2.3.1 Tissue Sectioning  

Following the transcardial perfusion (see 2.1.4), stored in 0.01 M PBS 

brains were cut using a vibratome (Leica Microsystems). Generally, 

cerebella of Dars2_KOPC and DKOPC were cut in the midsagittal plane, while 

forebrains of Dars2_KOFbNe and DKOFbNe in the coronal plane. For 

immunohistochemical staining sections of 50 µm were used. Free-floating 

sections were stored in 0.01 M PBS at 4 oC until use. Alternatively, for the 

long-term storage, free-floating sections were preserved in the 

cryoprotectant solution (30 % ethylene glycol, 30 % glycerol, 0.01 M PBS) 

at -20 oC. 

Cryosections were obtained with a cryostat (Leica CM1850). Following 

cervical dislocation (see 2.1.4) brains were immediately isolated and 

directly fresh-frozen in Tissue-Tek O.C.T (Sakura) embedding medium on 

dry ice and stored until further use at -80 oC. As for immunohistochemical 

procedures, cerebella of Dars2_KOPC and DKOPC were cut in the midsagittal 

plane, while forebrains of Dars2_KOFbNe and DKOFbNe in the coronal plane. 

Sections were obtained at -25 oC and transferred directly at poly-L-Lysine 

glass slides (VWR) and stored until use at -20 oC.  Thickness of cryosections 

was 10 µm. 

2.3.2 COX/SDH staining 

Double enzymatic COX/SDH staining was performed on 10 µm 

cryosections.  Briefly, cryosections were first incubated 37 oC with COX 

solution (0.8 mL of DAB, 0.2 mL of 500 µM cytochrome c, a few grains of 

catalase) 45 min, at 37 oC.  Next, cryosections were washed briefly in 

ddH2O, and incubated 90 min at 37 oC with SDH solution (0.8 mL of 

1.875 mM nitrotetrazolium blue, 0.1 mL of 1.3 M sodium succinate, 0.1 mL 

of 2 mM phenazine methosulphate, 0.01 mL of 100 mM sodium azide). 
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Subsequently, cryosections were shortly washed in ddH2O, dehydrated 

through graded alcohols, each immersion 2 min (70 % ethanol, 96 % 

ethanol, and 100 % ethanol), cleared in xylol and mounted with Entellan®.  

2.3.3 Haematoxylin and Eosin staining  

10 µm cryosections were incubated in Mayer’s haematoxylin solution for 

4 min, washed in tepid water for 30 sec, colour was fully developed during 

15 min incubation in cold tap water. Afterwards, cryosections were briefly 

immersed into ddH2O, and placed into eosin solution (Sigma-Aldrich) for 

1 min. Subsequently, cryosections were washed in cold tap running water, 

dehydrated through graded alcohols, each immersion 2 min (70 % 

ethanol, 96 % ethanol, and 100 % ethanol), cleared in xylol and mounted 

with Entellan®   

2.3.4 TUNEL assay  

10 µm cryosections were used for terminal deoxynucleotidyl transferase 

dUTP nick end labeling (TUNEL) assay. Apoptag Plus Peroxidase In Situ 

Apoptosis Detection Kit (Millipore) was used according the 

manufacturer’s protocol. Briefly, cryosections were postfixed in 1 % PFA 

in 0.01 M PBS solution for 10 min at RT. Subsequently, sections were 

washed twice in 0.01 M PBS, each time 5 min. Permeabilization of the 

tissues was done in pre-chilled ethanol:acetic acid 2:1 mixture for 5 min at 

-20 oC. Following the permeabilisation, sections were washed twice in 

0.01 M PBS, each time 5 min, and incubated in 3 % H2O2 in 0.01 M PBS 

solution to quench endogenous peroxidase activity. Next, sections were 

washed twice in 0.01 M PBS and covered with equilibration buffer (EB) for 

at least 15 sec. Subsequently, EB was gently tapped-off and sections were 

incubated with the working strength TdT enzyme for 1 h at 37 oC. The 

reaction was stopped following the immersion of sections into the 

washing buffer for 10 min at RT and subsequent three washes in 0.01 M 
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PBS, 1 min each. Next, sections were incubated with anti-digoxigenin 

peroxidase conjugate for 30 min at RT, washed four times in 0.01 M PBS, 

2 min each wash, briefly immersed in ddH2O and incubated in DAB 

Peroxidase substrate for 1.5-2 min. The colour development was 

monitored under the microscope. Next, sections were briefly washed in 

ddH2O and counter-stained in 0.5 % (w:v) methyl green. Afterwards, the 

sections were washed in tap running water and dehydrated through 

graded alcohols, each immersion 1 min (70 % ethanol, 96 % ethanol, and 

100 % ethanol), cleared in xylol and mounted with Entellan®.  

2.3.5 Immunohistochemistry procedures 

Free-floating midsagittal sections of cerebella and coronal sections of 

forebrain (50 µm thickness) were first permeabilized with 0.5 % Triton-X 

in 0.01 M PBS for 15 min at RT. For SHMT2 this step was exchange for heat-

induced antigen retrieval in Tris/EDTA pH=9 buffer for 25 min at 80 oC. 

Next, sections were incubated overnight at 4 oC, under agitation with 

primary AB in 3 % BSA in 0.01 M PBS. The list of primary AB and their 

respective dilutions is given in table 2.3.  The next day, sections were 

washed three times 10 min each wash under agitation in 3 % BSA in 0.01 

M PBS and incubated 2 h, RT under agitation with secondary fluorophore-

conjugated AB in 0.01 M PBS. The list of secondary AB and their respective 

dilutions is given in table 2.4. Finally, sections were washed in 0.01 M PBS, 

counterstained with 4',6-diamidino-2-phenylindole (DAPI) and mounted 

with AquaPolymount (Polysciences).  

2.3.6 Transmission electron microscopy 

For the transmission electron microscopy (TEM) freshly isolated cortices 

were minced into 5-10 tiny pieces and post-fixed in 2 % 

glutaraldehyde/2 % fomaladehyde in 0.1 M cacodylate buffer (pH=7.3).  
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Subsequent, sample processing, embedding, contrasting, and cutting 

were performed at the CECAD Imaging facility by Ms. Janine Klask.  
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2.4 Image Capture, Analysis and Processing 

2.4.1 Image capture 

Brightfield images of TUNEL assay, H&E, and COX/SDH stained sections 

were taken with a slidescanner (Leica SCN400) at 20x magnification. IHC 

stained sections were imaged with a confocal laser-scanning microscope 

(TCS SP8 Leica Microsystems). Z-stack images were acquired following 

the Nyquist sampling in sequential mode.TEM micrographs were acquired 

together with Ms. Janine Klask at a transmission electron microscope 

(JEM 2100 Plus, JEOL), equipped with a OneView 4K camera (Gatan) and 

DigitalMicrograph software at 80 kV at RT. Western blot films and in-gel 

activity gels were scanned with the Epson V800 transparency scanner at 

800 dpi.  

2.4.2 Image analysis 

Purkinje cell density was assessed by counting the number of PC and 

dividing it by the length of the cerebellar loop occupied by the counted 

cells. SHMT2 and ATPB expression in PC was evaluated at the single-cell 

level using Image Calculator plugin for Fiji (Fiji is Just ImageJ). Shortly, 

mitochondrial area showing immunoreactivity for SHMT2 in PC was found 

in a single-stack confocal images of the corresponding channel by using 

the equation: signal=min (ATPB, SHMT2). The pixel area in the resulting 

mask was quantified and subsequently normalized over the 

corresponding thresholded single-stack image of the ATPB channel, 

resulting in the fraction of mitochondria displaying SHMT2 expression.  

The number of neurons per mm2 of retrosplenial cortex was assessed by 

counting the number of NeuN positive cells in a ROI, defined in Fiji (Fiji is 

Just ImageJ) and dividing it by the area of ROI in mm2. 
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To quantify the area fraction occupied by IBA-1 positive (IBA-1+) microglia 

in cerebellum midsagittal sections of Dars2_KOPC, DKOPC and respective 

controls, 23-30 ROIs within 6-8 cerebellum loops were marked using Fiji 

(Fiji is Just ImageJ), thresholded, and automatic particle counting 

corresponding to IBA-1+ microglia was performed with Analyze Particles 

menu command. The sum of area occupied by IBA-1+ microglia in a 

cerebellum was divided by the total area of ROIs and normalised over the 

control. To quantify area fraction occupied by IBA-1+ microglia in RSC, 

motor cortex (2-3 ROIs) and dentate gyrus of hippocampus (1 ROI) were 

selected in Fiji (Fiji is Just ImageJ) and particle analysis was performed as 

described before.        

To measure protein expression levels, intensities of specific bands 

(dynamic range of grey scale per mm2 of a scanned film), corresponding 

to the proteins of interest were determined by Image J.  Densitometric 

values were normalised relative to control. 

2.4.3 Image processing 

Image J, Fiji (Fiji is Just ImageJ), Leica Application Suite X (version 

3.7.1.21655) and CorelDRAW 2018 (version 20.1.0.708) were used to set up 

uniformly contrast and brightness. Figure preparation was done with 

CorelDRAW 2018.  To create additional illustrations Biorender.com with 

Premium membership was used, figures created with Biorender.com are 

marked as such.   

2.5 Statistical Analysis 

All statistical analyses were performed using Graph Pad Prism 8.0.2 

software. Details of statistical tests can be found at corresponding figure 

legends. Unless stated otherwise, all data are present as mean ± SD. 
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2.6 Data Accessibility 

All data supporting the findings of this study are available within this 

dissertation. Experimental protocols, unprocessed images, and raw 

quantification data are deposited at nas9. uni-koeln.de — a storage of the 

University of Cologne, at the space allocated for the Prof. Aleksandra 

Trifunovic’s lab (AG-Trifunovic) and available upon request. No libraries 

and omics data were generated and deposited in the public repositories. 
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2.7 Key Resources 

2.7.1 Primary and Secondary Antibody 

Table 2.3: Primary AB   

Antibody Source Identifier 
Application, 
Concentration 

anti-ATPB Abcam cat.no ab5432 IHC 1:500 

anti-CALBINDIN D1I4Q Cell Signalling cat. no 13176 
IHC 1:1000   

WB 1:1000 

anti-CALBINDIN D-28 K SWANT cat. no 300 
IHC 1:1000   

WB 1:1000 

anti-CALNEXIN, C-
Terminal (575-593) 

Sigma-Aldrich cat. no 208880 WB 1:1000 

anti-COXI Invitrogen cat. no 459600 WB 1:2000 

anti-GFAP GA5  Cell Signalling cat. no 3670 
IHC 1:2000   

WB 1:20000 

anti-HSC70 Santa Cruz cat. no sc-7298  WB 1:4000 

anti-IBA-1 
Fujifilm Wako 

Chemicals 
cat. no 019-19741 

IHC 1:2000   

WB 1:500 

anti-NDUFA9 Invitrogen cat. no 459100 WB 1:5000 

anti-NeuN, clone A60 Sigma-Aldrich cat. no MAB377 IHC 1:1000 

anti-SHMT2 Sigma-Aldrich 
cat. no 

HPA020543  
IHC 1:100 
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Table 2.4: Secondary AB 

Antibody Source Identifier Application, 

Concentration 

goat anti-rabbit IgG (H+L)-Alexa fluor 546  Invitrogen cat. no A-

11035 

IHC 1:2000 

goat anti-mouse IgG (H+L)-Alexa fluor 488 Invitrogen cat. no A-
11001 

IHC 1:2000 

goat anti-mouse IgG-HRP Sigma-

Aldrich 

cat. no 

A4416 

WB 1:2000 

goat anti-rabbit IgG-HRP Sigma-

Aldrich 

cat. no 

A6154 

WB 1:2000 

*WB = western blot; IHC = immunohistochemistry 

2.7.2 Chemicals 

Name  Source 

[35S]-Methionine Hartmann Analytic 

2-Mercaptoethanol Sigma Aldrich 

2-Propanol Applichem 

Acetic Acid AppliChem 

Acetone AppliChem 

Adenosine-tri-phosphate ATP Sigma Aldrich 

ADP Adenosine 5’-diphosphate sodium Salt Sigma Aldrich 

Agarose NEEO Ultra-Quality Roth 

Alanine (L-) Sigma Aldrich 

Arginine mono-hydrochloride (L-) Sigma Aldrich 

Asparagine monohydrate (L-) Sigma Aldrich 

Aspartic Acid (L-) Sigma Aldrich 

Bradford Sigma Aldrich 

Bromophenol Blue MERCK 

BSA (Albumin from bovine serum) fatty acid free Sigma Aldrich 

Catalase, bovine liver Sigma Aldrich 

Coomassie Brilliant Blue R250 MERCK 

Creatine Phosphokinase Type III, bovine Sigma Aldrich 

Cysteine hydrochloride monohydrate (L-) Sigma Aldrich 

Cytochrome c, equine heart Sigma Aldrich 

DAB Vector 
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DAPI AppliChem 

DDM Dodecyl-β-maltosicyl Roth 

dNTPs Promega 

DreamTaq™ buffer (10x) ThermoFischer Scientific 

DreamTaq™ polymerase ThermoFischer Scientific 

EDTA Ethylenediaminetetraacetic acid Sigma Aldrich 

Entellan® Merck Millipore 

Eosin Sigma Aldrich 

Ethanol AppliChem 

Ethidium bromide Sigma Aldrich 

Gelantine, cold water fish skin Sigma Aldrich  

Glutamine (L-) Sigma Aldrich 

Glycerol Sigma Aldrich 

Glycine Molecular Biology grade AppliChem 

GoTaq® buffer (5x) Promega 

GoTaq® polymerase Promega 

GTP Guanosine 5’triphosphate sodium salt Sigma Aldrich 

H2O2 30%  Fluka 

HCl 37% VWR 

HEPES-Molecular biology grade AppliChem 

Histidine mono hydrochloride monohydrate (L-) Sigma Aldrich 

Isoleucine (L-) Sigma Aldrich 

Ketamin hydrochloride CIIIN Sigma Aldrich 

Leucine (L-) Sigma Aldrich 

Lysine mono-hydrochloride (L-) Sigma Aldrich 

Magnesium chloride hexahydrate Fluka Analytical 

Mannitol  AppliChem 

Mayer's haemotoxylin Sigma Aldrich 

Methionine (L-) Sigma Aldrich 

MgCl2 25 mM Promega 

Milk powder AppliChem 

Nitrotetrazolium Blue Sigma Aldrich 

NP-40 Nonidet P40  AppliChem 

Paraformaldehyde Powder 95% Sigma Aldrich 

PBS Buffer (10X Dulbecco's) Powder AppliChem 

Phenylalanine (L-) Sigma Aldrich 

PMS (Phenazine methosulfate) Sigma Aldrich 

Ponceau S Abcam 
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Potassium chloride AppliChem 

Potassium phosphate monobasic Sigma Aldrich 

Proline (L-) Sigma Aldrich 

Protease Inhibitor tablets EDTA free Roche 

Protein Standard Sigma Aldrich 

Proteinase K AppliChem 

SDS granules Sigma Aldrich 

Serine (L-) Sigma Aldrich 

Sodium azide AppliChem 

Sodium chloride for molecular biology Sigma Aldrich 

Sodium deoxycholate AppliChem 

Sodium hydroxide Sigma Aldrich 

Sodium phosphate dibasic Sigma Aldrich 

Sodium phosphate dibasic dihydrate Sigma Aldrich 

Sodium phosphate monobasic Sigma Aldrich 

Sodium succinate dibasic hexahydrate Sigma Aldrich 

Sucrose Sigma Aldrich 

TEMED Sigma Aldrich 

Threonine (L-) Sigma Aldrich 

Tri-sodium citrate dihydrate AppliChem 

Triton™ X 100  Sigma Aldrich 

Trizma® Base (Tris) Sigma Aldrich 

Tryptophan (L-) Sigma Aldrich 

Tween® 20 VWR 

Tyrosine (L-) Sigma Aldrich 

Valine (L-) Sigma Aldrich 

Xylazine Hydrochloride Sigma Aldrich 

Xylol Roth 
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3 Results 

3.1 DARS2 loss in Purkinje cells leads to progressive 

cerebellar ataxia and neuroinflammation  

3.1.1 Generation of Dars2 Purkinje cell-specific knockout mouse model 

To date, the vast majority of DARS2 patients suffering from LBSL was 

reported to have a compound heterozygous mutation, one of which was 

predominantly intron 2 mutation, leading to incorrect exon 3 splicing 

(Isohanni et al., 2010; Scheper et al., 2007). Intriguingly, neuronal cells 

were demonstrated to have lower wild-type DARS2 exon 3 inclusion (van 

Berge et al., 2012). The defect in splicing arising from the intron 2 

mutation exacerbated further the exon 3 skipping (van Berge et al., 2012), 

prompting us to speculate that neurons are most susceptible to DARS2 

mutations than the other cell types.     

Previously, we have established that DARS2 deficiency cannot be 

recapitulated globally in mice: DARS2 is essential for embryonic 

development, and embryos lacking it die in utero before E8.5 (Dogan et 

al., 2014). Therefore, we turned to tissue-specific Dars2 knock-out (KO) 

mouse models.   
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Recently characterised forebrain neuron-specific Dars2_KO (henceforth 

referred to as Dars2_KOFbNe) mouse model (Aradjanski et al., 2017) is 

indispensable to study DARS2 depletion effect on forebrain neurons in a 

generalized manner but does not give insights on LBSL-associated 

neuronal cell type-specific vulnerability. To address this important 

question, a novel Purkinje cell (PC)-specific knockout mouse model was 

generated (henceforth referred as Dars2_KOPC) by breeding Dars2loxP/loxP 

mice to L7-Cre transgenic mice (Fig. 3.1). Cre-mediated recombination 

under control of L7 promoter starts at postnatal day 5-7 and is fully 

established at 2-3 weeks of age (Barski et al., 2000). The presence of the 

transgene and loxP sites were verified by PCR (Materials and Methods).  

Figure 3.1: Generation of PC-specific Dars2 knock-out mice (Dars2_KOPC). F1 and 

F2 breeding strategy.  

Dars2_KOPC mice were born at Mendelian ratio; animals of both sexes 

were viable and indistinguishable from control (CTRL) mice. However, at 

about 15 weeks of age, Dars2_KOPC mice showed visible motor 

impairment, manifested as loss of equilibrium, incoordination, and 

unsteady gait. Dars2_KOPC mice survived to 25-28 weeks of age, at which 

time they had to be sacrificed due to severe ataxia. To study dynamic 

changes imposed by DARS2 deficiency in PCs, we set a time-course 

analysis of PC morphology, starting from 6 weeks, when no behavioural 

manifestations were observed, to 15 weeks (Rumyantseva et al., 2020).  
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Analysis of the PC layer by haematoxylin-eosin (H&E) staining in 

Dars2_KOPC mice disclosed no apparent changes at 6 and 8 weeks of age 

(Fig. 3.2). In contrast, we observed a prominent loss of PC, resulting in the 

PC layer disruption in Dars2_KOPC mice at 15 weeks (Fig. 3.2).  

 

Figure 3.2: General cerebellar morphology of Dars2_KOPC. Representative images 

of H&E staining at the indicated time points, arrowheads indicate PC; GL: granular cell 

layer; ML: molecular cell layer; scale bar=100 µm. Unmodified from (Rumyantseva et 
al., 2020) 

As Dars2_KOF bNe mice were reported to have progressively decreased 

brain weight and body weight (Aradjanski et al., 2017), we evaluated these 

general parameters in Dars2_KOPC animals.  

The brain mass and the bodyweight of were not affected at any of the 

analysed time-points (Fig. 3.3A and B). Notably, despite the overt loss of 

PC in 15-weeks-old Dars2_KOPC mice, the cerebellar size was not different 

(Fig. 3.2C), indicating that postnatal DARS2 depletion in PCs did not affect 

cerebellar growth or induced massive atrophy (Rumyantseva et al., 2020). 
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Figure 3.3: General characteristics of Dars2_KOPC. (A) Brain weight of CTRL and 

Dars2_KO PC at 15 w of age data presented as mean ± SD. (B) Bodyweight gain from 6 
to 15 w of female and male mice CTRL vs Dars2_KOPC, data presented as mean ± SD 

(n=3-5 mice per genotype per time point). (C) Cerebellum weight in CTRL vs 

Dars2_KO PC at 15 w of age data presented as mean ± SD (n=3-4 mice per genotype and 
time point). Unmodified from (Rumyantseva et al., 2020) 

3.1.2. Massive PC loss leads to motor skill deterioration 

To analyse cytoarchitecture of cerebella, we took advantage of PC specific 

marker calbindin. Calbindin is expressed abundantly in the PC somata 

and dendrites, enabling to perform immunofluorescent (IF) staining on 

midsagittal cerebellar sections (Fig. 3.4A). In agreement with H&E 

staining, 8-weeks-old Dars2_KO PC mice did not exhibit either PC loss or 

changes in PC dendrite morphology. In sharp contrast, 15-weeks-old 



3 Results 

 

 
70 

 

Dars2_KOPC mice had PC numbers decreased significantly, making up only 

50 % of the CTRL animals (Fig. 3.4A and B).  

Figure 3.4: Massive PC loss in Dars2_KO P C by 15 w of age. (A) Representative 

confocal images of midsagittal sections of cerebellar vermis lobules II-III of CTRL and 

Dars2_KOPCat the indicated time points labelled immunofluorescently with an 

antibody against calbindin (grey, Purkinje-specific marker) and DAPI (blue, nuclei) 

scale bar=200 µm. (B) Quantification of PC density from (A), data presented as mean ± 

SD (One-way ANOVA, ***p < 0.001, n=5-7 lobules from three mice, per genotype and 
time point). Unmodified from (Rumyantseva et al., 2020) 

Furthermore, the organisation of dendritic arbours of the remaining PCs 

in Dars2_KOPC mice was highly impaired, displaying signs of severing and 

fragmentation that potentially affected cerebellar connectivity (Fig. 3.5A). 

Notably, cerebellar lobules displayed variable severity of PC loss. The 

most prominent PC loss was observed in the anterior (lobules I-V) and 

central zone (lobules VI-VII), whereas lobules IX and X had more Purkinje 

neurons preserved (Fig. 3.5B).  
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Figure 3.5: Spatial heterogeneity of PC loss in Dars2_KO P C at 15 w of age. (A) Close-

ups of PC layer in 15 w old CTRL and Dars2_KOPC mice (lobules VI-VII and VIII) labelled 

immunofluorescently with the antibody against calbindin (grey, Purkinje-specific 

marker) and DAPI (blue, nuclei) scale bar=100 µm. (B) Representative confocal images 

of lobules III, IV-V, VI-VII and X are shown. Scale bar=200 µm. Unmodified from 
(Rumyantseva et al., 2020) 

Predictably, this striking decrease in PC numbers impaired motor 

performance, evaluated by measurements of Ledge Test, Hind Limb Test, 

Gait Test, and occurrence of kyphosis. At 15 weeks of age, Dars2_KOPC 

mice were unable to keep their balance when walking on the ledge, 

receiving a significantly higher score than the age-matching CTRL mice 

(Fig. 3.6A). Consistently, lack of balance and coordination manifested in 

the Gait Test for Dars2_KOPC mice. At 15 weeks of age, they showed 

disturbed, unsteady gait while walking on a flat surface (Fig. 3.6B).  

However, the 15-week-old Dars2_KOPC mice did not show any difference 

in the hind limb clasping response (Fig. 3.6C). Similarly, kyphosis was 
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observed only in some animals of this age (Fig. 3.6D). Notably, Dars2_KOPC 

mice exhibited progressive deterioration of motor skills, confirmed by 

significantly higher scores in all tests, excepting kyphosis evaluation, at 22 

weeks of age (Fig. 3.6A-D). Together these results demonstrate that the 

defect in mitochondrial translation, caused by DARS2 deficiency triggers 

PC loss after 8 weeks of age and results in severe ataxic phenotype of 

Dars2_KOPC mice.  

Figure 3.6: Simple composite phenotype scoring. (A) Ledge Test (B) Gait Test (C) 

Hind Limb Test (D) Kyphosis Test of CTRL and Dars2_KOPC at the indicated time points, 

data presented as mean ± SD (One-way ANOVA,*p<0.05; ** p<0.01; ***p < 0.001; n=3-4 
per genotype and time point). Unmodified from (Rumyantseva et al., 2020) 
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3.1.3 Strong respiratory chain dysfunction coincides with massive PC 

loss in Dars2_KOP C mice  

The impaired function of the respiratory chain (RC) enzymes, following 

the loss of DARS2, has been previously shown in heart and skeletal 

muscle-specific Dars2_KO (Dogan et al., 2014) and in Dars2_KOFbNe mouse 

models (Aradjanski et al., 2017). To assess activities of RC enzymes, we 

took advantage of COX/SDH double staining. This histochemical 

technique allows sequential analysis of enzymatic activities of Complex IV 

(cytochrome c oxidase, COX) and Complex II (succinate dehydrogenase, 

SDH) in situ. While COX activity is highly dependent on the mitochondrial 

gene expression, as its core subunits are encoded by mtDNA, SDH is 

entirely encoded by nuclear DNA, and its activity is typically unaltered, or 

even upregulated, by impaired mitochondrial gene expression (Ross, 

2011).  As expected, cerebella of CTRL mice, including PC layer, displayed 

uniformly a saturate brown staining at all analysed time points, indicating 

functioning COX (Fig. 3.7 upper panel). Notably, first signs of COX 

deficiency (indicated by blue colour) in individual PC were detected 

already in 6 and 8-weeks old Dars2_KOPC mice, (Fig. 3.6A lower panel). 

Moreover, the elaborated dendrites of PCs, which are almost entirely 

occupied by mitochondria (Chen et al., 2007), occasionally had a 

characteristic blue colour, pinpointing RC dysfunction. Remarkably, at 15 

weeks of age, all remaining PCs of Dars2_KOPC mice had intense blue 

staining, implying exacerbation of RC function.  
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Figure 3.7: Strong respiratory chain dysfunction coincides with massive PC loss 
in Dars2_KOPC mice. (A) Representative images of midsagittal sections of cerebellar 

vermis stained for COX/SDH activity at the time points, PCs are marked by a dashed 

circle in CTRL mice, close-up of SDH-positive PCs in Dars2_KOPC in white squares, scale 

bar=100 µm. (B) Representative images of midsagittal sections of cerebellar vermis 
stained for COX/SDH activity showing PC (dashed circles), cerebellar molecular layer, 

and PC dendrites (double arrowheads), scale bar=100 µm. Unmodified from 
(Rumyantseva et al., 2020) 

To corroborate COX/SDH staining data and to further probe the 

mitochondrial function, we analysed the levels of ATP synthetase beta 

subunit (ATPB). No overt difference in immunoreactivity was observed in 

Dars2_KOP C mice at 8 weeks of age compared to age-matched controls 

(Fig. 3.8).  However, when we performed immunohistochemistry at a 15-

week-old, a decrease in PC numbers in Dars2_KOP C coincided with 

diminished ATPB levels in the remaining PC and apparent mitochondrial 

network fragmentation (Fig. 3.8). These results highlight the importance 
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of DARS2 for maintaining OXPHOS function in PCs, which otherwise leads 

to the neuronal loss (Rumyantseva et al., 2020). 

 

Figure 3.8: Diminished ATPB levels in Dars2_KOPC mice at 15 w of age. 

Representative confocal images of midsagittal sections of cerebellar vermis lobule VI-
VII of CTRL and Dars2_KOPC at the indicated time points labelled immunofluorescently 

with antibodies against calbindin (grey, Purkinje-specific marker) and ATPB (yellow, 
mitochondria) scale bar=25 µm. Unmodified from (Rumyantseva et al., 2020) 

3.1.4 Dars2 haploinsufficiency in PCs does not lead to aberrant 

phenotype  

Previous studies in Afg3l2 haploinsufficient mice showed a progressive 

decline in motor coordination, late-onset PC degeneration and cerebellar 

dysfunction correlating with the decreased assembly of RC complexes 

and altered mitochondria morphology (Maltecca et al., 2009).  

To test, if PCs are sensitive to the reduced Dars2 dosage, we followed PC-

specific Dars2 haploinsufficient mice (Dars2_HzPC) up to 38 weeks of age. 

Dars2_HzPC developed normally and were fertile up to 52 weeks of age. Not 

only PC layer was intact (Fig. 3.9A), but also no signs of decreased OXPHOS 

function were detected by COX/SDH double staining (Fig. 3.9B). 

Remarkably, Dars2_HzPC were indistinguishable from wildtype (WT) 

control littermates at 28 and 38 weeks of age (Fig. 3.9C) and did not 

display any behavioural signs associated with cerebellar impairment 
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(data not shown). These results indicate that one copy of Dars2 gene is 

sufficient to maintain RC function, and only entire postnatal deletion of it 

leads to severe mitochondrial dysfunction and dramatic loss of PCs.  

Figure 3.9: PC-specific Dars2 heterozygous mice (Dars2_HzPC) are not different 
from WT control littermates (CTRL). (A) Representative images of midsagittal 

sections of the cerebellar vermis of H&E staining at the indicated time points, 

arrowheads indicate PC; scale bar=100 µm. (B) Representative images of midsagittal 

sections of cerebellar vermis COX/SDH staining at the time points, PCs are marked by 
a dashed circle scale bar=100 µm (C) Body and brain weight of CTRL and Dars2_KOPC 

at indicated time points data presented as mean ± SD (n=2 mice per genotype and time 

point). Unmodified from (Rumyantseva et al., 2020) 

3.1.5 PC loss evokes neuroinflammation  

A growing body of evidence supports the notion that neuroinflammation 

not only accompanies the neurodegeneration but precedes massive 

neuronal loss, further abrogating neuron-glial communication and 

underlying the progression of neurodegeneration (Ransohoff, 2016). We 
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anticipated that impaired cerebellar homeostasis following OXPHOS 

dysfunction in PC would result in the hypertrophy of astrocytes 

(astrogliosis) and microglial cells (microgliosis).   

Interestingly, protein levels of glial fibrillary protein (GFAP), a marker of 

Bergmann glia, unipolar astrocytes around PC somata were unaltered in 

Dars2_KOPC mice at 6 weeks of age, despite commenced mitochondrial 

dysfunction (Fig. 3.10A and B).   

Figure 3.10: PC loss causes upregulation of neuroinflammation markers on a 
protein level at 15 w of age. (A) Immunoblot of whole cerebellar lysates CTRL vs 

Dars2_KOPC 6 and 15 w for an astrocytes marker (GFAP) (B) Immunoblots of whole 

cerebellar lysates CTRL vs Dars2_KOPC at 6 and 15 w for a microglia marker (IBA-1), 

quantification presented as mean ± SEM, Student’s t-test, *p < 0.05 (n=3 mice per 

genotype and time point). Unmodified from (Rumyantseva et al., 2020) 
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Moreover, we did not detect increased levels of ionized calcium-binding 

adaptor protein-1 (IBA-1). Strikingly, the 2.5-fold increase in lBA-1, paired 

with the significant increase in GFAP levels, was observed in Dars2_KOPC 

mice at 15 weeks of age. Conversely, the previous study in Afg3l2 PC-

specific knockout mice reported the increase in hypertrophic Bergmann 

glial and microglia prior to the loss of PC and functional signs of 

neurodegeneration (Almajan et al., 2012).  To investigate, if 

neuroinflammatory changes and astrogliosis take place before the 

significant decrease in PC number, protein levels of GFAP and IBA-1 were 

checked at two additional time points: 9 and 13 weeks of age (Fig. 3.11A 

and B).  

Figure 3.11: Gradual increase of GFAP-positive Bergman glia cells in Dars2_KOPC 

at 9 and 13 w of age. (A) Immunoblots of whole cerebellar lysates CTRL vs Dars2_KOPC 
at 9 and 13 w for a microglia marker (IBA-1), astrocytes marker (GFAP), and PC marker 

(CALBINDIN) (B) Quantification of (A) presented as mean ± SEM, Student’s t-test, *p < 

0.05 (n=3 mice per genotype per time point). Unmodified from (Rumyantseva et al., 
2020) 
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The increase in neuroinflammation seems to be somewhat gradual, as we 

detected increased levels in the amount of Bergman glia at 9 and 13 weeks 

of age, but no significant changes in the amount of microglia, due to a high 

variation in individual animals (Fig. 3.11A and B). Remarkably, a marker of 

PC calbindin was not significantly different in Dars2_KOPC mice at 13 

weeks of age, comparing to control mice, suggesting that PC loss occurs 

very rapidly at 14-15 weeks of age.  

Robust morphology alterations in astrocyte and microglia cells highlight 

their switch from the resting to the activated state. To test, if Bergmann 

glia and microglia undergo morphological changes, IF staining was 

performed. Consistently, with the immunoblot data, the 

immunoreactivities of IBA-1 and GFAP were unchanged in Dars2_KOPC 

mice at 8 weeks of age. In both, Dars2_KOPC and control mice, IBA-1 

positive (IBA-1+) microglial cells were sparsely scattered across cerebellar 

vermis and had resting, ramified morphology (Fig. 3.12A, white square). 

Similarly, only the ubiquitous weak signal of Bergmann glial marker GFAP 

was present in Dars2_KOPC mice at 8 weeks of age (Fig. 3.12B).  However, 

when we turned to Dars2_KOPC 15 weeks old mice, the drastic changes in 

astrocyte and microglial morphology were evident.  Both cell types 

exhibited signs of hypertrophy (Fig. 3.12A and B). The morphology of IBA-

1+ cells in Dars2_KOPC 15 weeks old mice differed dramatically from the 

control mice. Most of the microglial cells, lost their long thin processes, a 

hallmark of the ramified state, and were ameboid (Fig. 3.12A, white 

squares). Similarly, GFAP-labelled Bergmann glia appeared hypertrophic 

in PC and molecular layers (Fig. 3.12B).  
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Figure 3.12: PC death leads to neuroinflammation. (A) Representative confocal 

images of midsagittal sections of the cerebellar vermis of CTRL and Dars2_KOPC at the 

indicated time points (lobule IV-V at 8 w; lobule VI-VII at 15 w) labelled 

immunofluorescently with antibodies against calbindin (grey, Purkinje-specific 
marker) and IBA-1 (red, microglia) scale bar=100 µm (B) Representative confocal 

images of midsagittal sections of the cerebellar vermis of CTRL and Dars2_KOPC at the 

indicated time points (lobule IV-V at 8 w; lobule VI-VII at 15 w) labelled 

immunofluorescently with antibodies against calbindin (grey, Purkinje-specific 
marker) and GFAP (yellow, astrocytes) scale bar=100 µm.  Unmodified from 
(Rumyantseva et al., 2020) 
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Collectively, these results demonstrate that early events of OXPHOS 

dysfunction in PCs are insufficient to trigger the immune response and 

induce astrogliosis at 6 and 8 weeks of age in Dars2_KOPC. However, the 

tendency of increased levels of GFAP-positive astrocytes was evident 

starting from 9 weeks of age, long before PC death takes place, suggesting 

that metabolic changes associated with the reduced mitochondrial 

function in PC stimulate astrogliosis.    

3.1.6 Early 1C metabolism upregulation in Dars2_KOPC mice 

Intrigued by mild and localized to individual PCs OXPHOS dysfunction, on 

the one hand (Fig. 3.7A and 3.8), and gradual increase in astrocytes marker 

GFAP on the other hand (Fig. 3.10A and B), we sought to identify a stress 

signal that leads to astrogliosis, prior to the widespread OXPHOS defect. 

A compelling number in vivo and in vitro studies, carried out in last years, 

has established the alterations of one-carbon (1C) metabolism, as an 

immediate effect of mitochondrial dysfunction (Bao et al., 2016; Celardo 

et al., 2017; Nikkanen et al., 2016). 1C metabolism comprises a large 

network of biosynthetic reactions, compartmentalized to cytoplasm and 

mitochondria, responsible for 1C (methyl) units production that are 

broadly utilized in various cellular processes (Bao et al., 2016).  

Previously, it has been demonstrated that enzymes controlling the 

mitochondrial branch of 1C flux exclusively are upregulated in cell 

models, the heart and skeletal muscles, and PCs of mouse models with 

mitochondrial dysfunction (Bao et al., 2016; Motori et al., 2020; Nikkanen 

et al., 2016).  

In accordance with that, PCs of Dars2_KOPC mice exhibited a strong IF 

signal for serine hydroxymethyltransferase 2 (SHMT2), a mitochondrial 

enzyme that catalyses the first step in mitochondrial 1C metabolism 

converting serine to glycine, accompanied by the production of 5,10-
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methylenetetrahydrofolate (THF). (Fig. 3.13A). Remarkably, confocal 

microscopy revealed that SHMT2 reactivity was markedly increased in 

PCs of Dars2_KOPC mice already at 8 weeks. Moreover, the intensity of 

SHMT2, when normalized over ATPB levels that were unaltered at 8 weeks 

of age (Fig. 3.8), was 9-fold higher in PCs of Dars2_KOPC mice, than in 

controls that displayed weak SHMT2 signal (Fig. 3.13B). Higher levels of 

SHMT2 persisted in the remaining PCs of Dars2_KOPC mice at 15 weeks of 

age (Fig. 3.13A).  

Figure 3.13: SHMT2 upregulation in Dars2_KOPC mice. (A) Representative confocal 

images of midsagittal sections of cerebellar vermis lobule IV-V of CTRL and Dars2_KOPC 

at the indicated time points labelled immunofluorescently with antibodies against 

calbindin (grey, Purkinje-specific marker) and SHMT2 (red) scale bar=25 µm. (B) 
Representative confocal images of sections of cerebellar vermis lobule III of CTRL and 

Dars2_KOPC at 8 w labelled immunofluorescently with antibodies against ATPB (yellow, 

mitochondria) and SHMT2 (red) scale bar=25 µm. A fraction of mitochondria 
displaying SHMT2 expression was quantified and normalised over ATPB (Student’s t-
test; n=20 PCs from 2 mice per genotype). Unmodified from (Rumyantseva et al., 2020) 
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These findings suggest that rather altered metabolism, in particularly 1C 

cycle, than locally impaired OXPHOS lead to astrocytic reactivity that 

progressively increases with time, culminating with widespread 

neuroinflammation detected in Dars2_KOPC mice at 15 weeks of age. 
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3.2 Effect of CLPP inhibition in mitochondrial 

encephalopathy models 

3.2.2 Concomitant loss of mitochondrial matrix protease Clpp in 

Dars2_KOPC mice delays cerebellar neurodegeneration  

3.2.2.2 Generation of Dars2/Clpp Purkinje cell-specific double knockout 

mouse model 

Intriguingly, we have recently demonstrated that strong mitochondrial 

cardiomyopathy and diminished respiration caused by the loss of DARS2 

can be alleviated by the loss of mitochondrial matrix protease CLPP 

(Seiferling et al., 2016). To investigate, whether the beneficial effect of 

CLPP ablation can be extended to DARS2-deficient neurons, double 

knockout Dars2/Clpp PC-specific mouse model was generated (DKOPC). 

Briefly, Dars2loxP/loxP ClpploxP/loxP mice were bred to L7-Cre transgenic mice 

(Fig. 3.14A). The genotypes were verified by PCR (Material and Methods).  

Figure 3.14: Generation and general characteristics of PC-specific Dars2/Clpp double 

knockout mice (DKOPC). (A) F1 and F2 breeding strategy (B) Body weight of CTRL, Dars2_KOPC, 
Dars2_KOPC Clpp_HzPC  and DKOPC mice at 15 w of age data presented as mean ± SD (n=3-10 mice 

per genotype). (C) Brain weight of CTRL, Dars2_KOPC, Dars2_KOPC Clpp_HzPC  and DKOPC mice at 
15 w of age data presented as mean ± SD. (n=5 mice per genotype).  
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DKOPC mice were born in Mendelian ratio, appeared normal at weaning 

and were indistinguishable from control animals. No significant changes, 

compared to control and Dars2_KOPC mice, in body weight of either sex 

and brain weight was detected (Fig. 3.14B and C).  

DKOPC mice did not display any behavioural phenotype at 8 weeks (data 

not shown); hence their motor skills were assessed at 15 weeks. At this 

age, Dars2_KOPC mice displayed significant impairment in their ability to 

keep balance and unsteady gait (Fig. 3.15A and B). Strikingly, DKOPC mice 

performed significantly better at the Ledge Test, receiving five times 

lower score comparing to Dars2_KOPC (Fig. 3.15A). Interestingly, 

Dars2_KOPC animals that were additionally haploinsufficient for Clpp 

(Dars2_KOPC Clpp_HzPC) displayed a moderate alleviation of distorted 

equilibrium comparing to Dars2_KOPC (Fig.  3.15A).  Accordingly, we 

observed a striking improvement of gait in mice with one or both Clpp 

alleles ablated. Importantly, no signs of unsteadiness and ataxia were 

noticeable at 15 weeks of age in DKOPC mice. Although Dars2_KOPC 

Clpp_HzPC animals showed a tendency to have a reduced score, it did not 

differ significantly from Dars2_KOPC, due to the variation between 

individual animals (Fig. 3.15B). All three observed genotypes did not 

exhibit hind limb clasping response (Fig. 3.15C) and only mild kyphosis in 

individual Dars2_KOPC, and Dars2_KOPC Clpp_HzPC mice was detected. 

Notably, no signs of kyphosis were observed in DKOPC mice at 15 weeks of 

age (Fig. 3.15D). The dramatic deterioration of motor skills, and in 

particular the sense of equilibrium in 15-weeks-old Dars2_KOPC was a 

result of marked PC loss (Fig. 3.4). Thereby, the improvement of motor 

skills in DKOPC suggests a milder reduction in PC numbers and might 

indicate alleviation of neurodegeneration.   
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Figure 3.15: Simple composite phenotype scoring. (A) Ledge Test (B) Gait Test (C) 

Hind Limb Test (D) Kyphosis Test of CTRL, Dars2_KOPC, Dars2_KOPC Clpp_HzPC and DKOPC 

at 15 w of age, data presented as mean ± SD (One-way ANOVA,*p<0.05; ** p<0.01; ***p 
< 0.001; n=5 per genotype). 

3.2.2.3 PC loss and neuroinflammation are delayed in DKOPC 

Intrigued by the improved performance of DKOPC at behavioural testing, 

we performed IF staining for PC specific marker calbindin. DKOPC 

displayed a striking amelioration of PC loss (Fig. 3.16 A-C). At the age of 15 

weeks, DKOPC mice had 25 % more PCs than age-matching Dars2_KOPC 

animals (Fig. 3.16C). In sharp contrast to Dars2_KOPC mice that displayed 

a uniform PC loss, except for lobules IX and X, DKOPC animals showed 

heterogeneous and patterned PC degeneration. The notable reduction of 

PC numbers occurred in a clustered manner in lobules III-VIII, while the 

most anterior (I-II) and posterior (IX-X) lobules appeared to be more 

protected against degeneration. Contrary to Dars2_KOPC animals whose 
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survived PC displayed highly distorted and fragmented dendritic arbours, 

PCs in DKOPC mice had a dense dendritic network, which appeared to be 

preserved at this age (Fig. 3.16B).  

 

Figure 3.16: Delayed PC loss in DKOPC mice at 15 w of age. (A) Representative 

confocal images of midsagittal sections of cerebellar vermis Dars2_KOPC and DKOPC at 
15 w of age labelled immunofluorescently with the antibody against calbindin (grey, 

Purkinje-specific marker) and DAPI (blue, nuclei) scale bar=200 µm. (B) Close-ups of 

PC layer in 15 w old Dars2_KOPC and DKOPC mice labelled immunofluorescently with the 

antibody against calbindin (grey, Purkinje-specific marker) and DAPI (blue, nuclei) 
scale bar=50 µm (C) Quantification of PC density from (A), data presented as mean ± 
SD (One-way ANOVA, ***p < 0.001, n=5-7 lobules from three mice, per genotype). 

To test, if partially prevented PC loss affects the degree of 

neuroinflammation, IF staining for microglia (IBA-1) marker was 

performed (3.17A and B).  
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Figure 3.17: Ameliorated neuroinflammation in DKOPC mice. (A) Representative 
confocal images of midsagittal sections of the cerebellar vermis of CTRL, Dars2_KOPC 

and DKOPC mice at 15 w of age (lobule IV-V and VI-VII) labelled immunofluorescently 

with antibodies against calbindin (grey, Purkinje-specific marker) and IBA-1 (red, 

microglia) scale bar=100 µm (B) A fraction of area occupied by IBA-1+ cells quantified 
across equally thresholded images from CTRL, Dars2_KOPC and DKOPC mice at 15 w of 

age and normalised over CTRL, data presented as mean ± SD (One-way ANOVA, *p < 

0.05  (6-8 lobules from 2 mice per genotype) (C) Immunoblots of whole cerebellar 
lysates CTRL vs Dars2_KOPC  and DKOPC at 18 w of age for a microglia marker (IBA-1), 

astrocytes marker (GFAP), and PC marker (CALBINDIN), quantification presented as 
mean ± SD (One-way ANOVA test **p < 0.01, n=3 mice per genotype).   



3 Results 

 

 
89 

 

Although an increase in IBA-1+ microglia was detected in DKOPC mice at 15 

weeks of age comparing to control animals, the microgliosis was milder 

in DKOPC comparing to Dars2_KOPC animals. Not only IBA-1+ cells were less 

numerous, but also the morphology did not undergo such pronounced 

changes. In fact, some of microglia were still in the ramified state in 15-

weeks-old DKOPC mice. 

To follow the progression of neurodegeneration phenotype, levels of IBA-

1, GFAP and calbindin were assessed at a later time point—18 weeks of 

age (Fig. 3.17C). Unsurprisingly, Dars2_KOPC mice displayed a dramatic 19-

fold and 2.5-fold increase in protein levels of IBA-1 and GFAP, respectively. 

Furthermore, 18-week-old Dars2_KOPC animals had strongly diminished 

levels of PC-specific marker calbindin, making up only 30% of control 

mice. In stark contrast, the levels of both markers were significantly lower 

in DKOPC mice, albeit they were elevated compared to control mice. 

Interestingly, 18-weeks old DKOPC tended to have an increased level of PC-

specific marker calbindin, comparing to Dars2_KOPC animals. Altogether 

these results suggest that PC degeneration is delayed in DKOPC mice and 

consequently that leads to decrease in neuroinflammatory response and 

alleviates impairment of motor skills.  
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3.2.3 Loss of CLPP improves phenotype of forebrain neuron-specific 

DARS2-deficient mice 

3.2.3.1 Generation of Dars2/Clpp forebrain neuron-specific double 

knockout mouse model  

To investigate if the beneficial effect of targeted ablation of CLPP is 

restricted to only the specific neuronal population of PC, we took 

advantage of another neuron-specific model of mitochondrial 

dysfunction.  Recently, we have generated and described a DARS2 

mitochondrial encephalopathy model (Dars2_KOFbNe). The conditional 

knockout in Dars2_KOFbNe was established under the control of 

calcium/calmodulin-dependent kinase II alpha promote (CamKIIα), 

ensuring the Dars2 depletion in forebrain neurons of cortex, 

hippocampus, and striatum with maximum recombination at 1 month of 

age.  Dars2_KOFbNe mice had a shorter life span of 28-30 weeks, owning to 

massive neuronal cell death and early onset of neuroinflammation. 

Severe respiratory chain dysfunction, detected by a double enzymatic 

COX/SDH staining was observed already at 15 weeks of age, peaking at 20 

weeks (Aradjanski et al., 2017). To investigate, if the delayed decline of 

DARS2-deficient neurons upon concomitant loss of CLPP was restricted to 

PC population, we generated and analysed forebrain-neuron specific 

Dars2/Clpp DKO (DKOFbNe) mouse model (Fig.3.16A and B). 

DKOFbNe mice were born in Mendelian ratio, were healthy at weaning and 

indistinguishable from control animals. They developed normally, 

however after 20 weeks of age mutant mice appeared visibly smaller.  By 

25 weeks of age Dars2_KOFbNe, Dars2_KOFbNe Clpp_HzFbNe and DKOFbNe 

female mice were significantly 13-14 % smaller, than control females. 

Interestingly, the body weight of three analysed mutant genotypes 
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Dars2_KOFbNe, Dars2_KOFbNe Clpp_HzFbNe and DKOFbNe did not significantly 

differ from each other (Fig.3.16C). 

 

Figure 3.18: Generation and body weight of forebrain neuron-specific Dars2/Clpp 

double knockout mice (DKOFbNe). (A) F1 and F2 breeding strategy (B) Breeding 

strategy of Dars2_KOFbNe mice. (C) Body weight of CTRL, Dars2_KOFbNe, Dars2_KOFbNe 

Clpp_HzFbNe  and DKOFbNe female mice at 25 w of age data presented as mean ± SD. (One-
way ANOVA, *p<0.05; ** p<0.01; n=3-5 mice per genotype). 

To follow the progression of the phenotype, and to study the effect of 

CLPP loss in forebrain neuron DARS2-deficient background the following 

time-points were chosen: (i) 15 weeks, an early time point at which first 

signs of COX-deficiency were observed in Dars2_KOFbNe; (ii) 20 weeks, a 

time point, which was characterized by widespread COX-deficient 

neurons in cortex and hippocampus and onset of motor impairment skills 
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in Dars2_KOFbNe mice; (iii) 25 weeks, a time point at which brain size and 

cortical thickness of Dars2_KOFbNe were significantly reduced resulting 

from a massive neuronal cell death; and finally (iv) 28-30 weeks, a terminal 

time point for Dars2_KOFbNe mice at which they had to be sacrificed, as 

they severely wound themselves by scratching their muzzles and did not 

let wounds to heal. 

 3.2.3.2 Partially restored RC function and alleviated 

neuroinflammation in DKOFbNe mice 

Impaired mitochondrial translation upon DARS2-deficiency has been 

reported to lead to sever OXPHOS dysfunction in previously described 

heart and skeletal muscles, forebrain-neuron, and PC-specific mouse 

models (Aradjanski et al., 2017; Dogan et al., 2014; Rumyantseva et al., 

2020).   

To analyse the degree of RC dysfunction, COX/SDH double enzymatic 

staining was performed. In agreement with previously published data 

(Aradjanski et al., 2017) Dars2_KOFbNe, Dars2_KOFbNe Clpp_HzFbNe mice 

showed a marked increase in COX deficient neurons at 15 (Fig. 3.17A) and 

20 weeks of age (Fig. 3.17B). The widespread COX-deficiency was present 

in restrosplenial cortex (RSC), hippocampus and was spanning layers of 

motor and somatosensory cortex. In striking contrast, COX-deficient 

neurons were not detected in 15-weeks old DKOFbNe mice, which displayed 

saturated brown staining at this age, a sign of functional RC (Fig. 3.17A). 

Moreover, 20-weeks-old DKOFbNe mice demonstrated an increase in COX-

activity comparing to Dars2_KOFbNe and Dars2_KOFbNe Clpp_HzFbNe 

animals. However, at this age, the presence of some COX-deficient cells 

was visible in the hippocampus (Fig. 3.17B). 
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Figure 3.19: Partially restored respiratory chain dysfunction in DKOFbNe mice. (A) 

Representative images of coronal forebrain sections of CTRL, Dars2_KOFbNe, 

Dars2_KOFbNe Clpp_HzFbNe and DKOFbNe  mice stained for COX/SDH activity at 15 w of age 
(B) Representative images of coronal forebrain sections stained for COX/SDH activity 
at 20 w of age, scale bar=2000 µm.  

The moderate reduction of COX-deficiency, a result of an improved 

mitochondrial function in DKOFbNe mice, suggested an amelioration of 

mitochondrial morphology. To characterise mitochondrial ultrastructural 

changes, transmission electron microscopy (TEM) was performed on 

ultrathin cortical slices of 20-weeks-old Dars2_KOFbNe Clpp_HzFbNe and 

DKOFbNe mice. Interestingly, while Dars2_KOFbNe Clpp_HzFbNe appeared to 

have abnormal “swollen” mitochondria, devoided on cristae, 

mitochondria in DKOFbNe mice revealed to have a cristae organisation at 

this age, resembling mitochondria of the control mice.  
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Figure 3.20: Ultrastructural imaging of mitochondria. Representative images of 

ultrathin cortical slices of CTRL, Dars2_KOFbNe Clpp_HzFbNe and DKOFbNe acquired with 
TEM; scale bar =1 µm  

A massive OXPHOS dysfunction in cortex and hippocampus of 

Dars2_KOFbNe was accompanied by neuroinflammation (Aradjanski et al., 

2017). To investigate, if the microgliosis was changed alongside 

ameliorated RC function, we performed IF staining for microglial (IBA-1) 

marker and in parallel analyzed its protein level in whole tissue lysates of 

cortex and hippocampus. 

Consistently with the previously published data (Aradjanski et al., 2017), 

20-weeks-old Dars2_KOFbNe mice displayed a marked upregulation in 

microglial marker level in cortex and hippocampus. Accordingly, the 

increase on the protein level and a larger area fraction occupied IBA-1+ 

cells was accompanied by immense changes in their morphology, 

highlighting their switch to the activated state. Strikingly, DKOFbNe mice 

showed lower protein levels of IBA-1 in both cortex and hippocampus. 

Furthermore, 20-weeks-old DKOFbNe mice displayed significantly lower 

abundance of IBA-1+ cells in the motor cortex and dentate gyrus (DG) 

region of the hippocampus, suggesting a moderate alleviation of 

neuroinflammatory response.  
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Figure 3.21: Alleviated neuroinflammation in DKOFbNe mice. (A) Representative confocal 
images of coronal sections of cortex CTRL, Dars2_KOFbNe and DKOFbNe mice at 20 w of age labeled 

immunofluorescently with antibodies against NeuN (grey, neuron-specific marker) and IBA-1 
(red, microglia) scale bar=100 µm (B) Fraction of area occupied by IBA-1+ cells in cortex 
quantified across equally thresholded images from CTRL, Dars2_KOFbNe and DKOFbNe mice at 20 

w of age and normalised over CTRL, data presented as mean ± SD (One-way ANOVA, *p < 0.05  

(n=2 mice per genotype) (C) Representative confocal images of coronal sections of 

hippocampal dentate gyrus of CTRL, Dars2_KOFbNe and DKOFbNe mice at 20 w of age labeled 
immunofluorescently with antibodies against NeuN (grey, neuron-specific marker) and IBA-1 
(red, microglia) scale bar=100 µm (D) Fraction of area occupied by IBA-1+ cells in hippocampal 
dentate gyrus quantified across equally thresholded images from CTRL, Dars2_KOFbNe and 

DKOFbNe mice at 20 w of age and normalised over CTRL, data presented as mean ± SD (One-way 

ANOVA, *p < 0.05  (n=2 mice per genotype)  (E) Immunoblots of whole cortex and hippocampus 
lysates CTRL vs. Dars2_KOFbNe and DKOFbNe at 20 w of age for a microglia marker (IBA-1) 
quantification presented as mean ± SD (One-way ANOVA test *p < 0.05, n=2 mice per 

genotype).   
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3.2.3.3 Ameliorated decline of RSC neurons and behavioural 

improvement of DKOFbNe mice 

The peak of RC dysfunction in 20-weeks-old Dars2_KOFbNe mice was 

reported to coincide with massive neuronal apoptosis and microgliosis in 

the cortex. Interestingly, RSC layers II/III showed a high selective 

vulnerability to DARS2 deficiency (Aradjanski et al., 2017). 

To visualise cytoarchitecture of RSC, an IF staining with a neuronal 

nuclear protein (NeuN) was performed. All postmitotic neurons with a 

rare exception, like for example PCs, show immunoreactivity to NeuN, 

making it an excellent marker to detect neuronal loss (Mullen et al., 1992).  

In line with the neuronal apoptosis data in RSC (Aradjanski et al., 2017), 

Dars2_KOFbNe mice lost more than 50 % of NeuN-positive neurons at 20 

weeks of age, comparing to controls (Fig. 3.22A and B). Consistently with 

the neuroinflammation analysis in the motor cortex and DG region of the 

hippocampus (Fig. 3.21A-D), this massive neuronal death in RSC of 20-

weeks-old Dars2_KOFbNe mice was accompanied with a prominent 

microgliosis, characterized by the increased number of IBA-1+ microglia 

and their changed morphology from ramified (as in control mice) to 

ameboid (Fig. 3.22A and C). Remarkably, DKOFbNe had significantly more 

NeuN-positive neurons preserved at 20 weeks of age, comparing to 

Dars2_KOFbNe mice. Moreover, decreased abundance of IBA-1+ cells, 

suggests that improved preservation of neuronal cells leads to milder 

microgliosis.  
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Figure 3.22: Ameliorated decline of RSC neurons in DKOFbNe mice at 20 w of age. (A) 

Representative confocal images of coronal sections of RSC CTRL, Dars2_KOFbNe and 

DKOFbNe mice at 20 w of age labelled immunofluorescently with antibodies against 
NeuN (grey, neuron-specific marker) and IBA-1 (red, microglia) scale bar=50 µm (B) 

Quantification of NeuN+ neurons in RSC from (A), data presented as mean ± SD (One-

way ANOVA, **p < 0.01, n=2 mice, per genotype). (C) A fraction of area occupied by IBA-
1+ cells in RSC quantified across equally thresholded images from CTRL, Dars2_KOFbNe 

and DKOFbNe mice at 20 w of age and normalised over CTRL, data presented as mean ± 
SD (One-way ANOVA, **p < 0.01, n=2 mice per genotype) 

The widespread neuronal RC dysfunction, apoptosis and 

neuroinflammation were reported to lead to motor dysfunction in 

Dars2_KOFbNe mice at 20 weeks of age (Aradjanski et al., 2017). Notably, 

their sense of balance was affected, resulting in significantly worse 

performance in the Ledge Test (Fig. 3.23A). Intriguingly, DKOFbNe mice 
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displayed significantly better motor coordination, implying that 

ameliorated RC dysfunction and neuroinflammation, and preserved 

neurons in RSC improve their behavioural phenotype (Fig. 3.23A).    

Figure 3.23: Simple composite phenotype scoring. (A) Ledge Test (B) Hind Limb 

Test (C) Kyphosis Test (D) Gait Test of CTRL, Dars2_KOFbNe, Dars2_KOFbNe Clpp_HzFbNe 

and DKOFbNe  mice at 20 w of age, data presented as mean ± SD (One-way 
ANOVA,*p<0.05; ** p<0.01; ***p < 0.001; n=3 per genotype). 

Altogether these results suggest that the loss of CLPP leads to milder 

development of DARS2-deficiency associated phenotype, partially 

restoring RC function, and ameliorating neuroinflammatory response in 

cortex and hippocampus. Interestingly, the findings in RSC indicate that 

some neuronal populations are particularly vulnerable to DARS2-

deficiency and might benefit to a larger extent from the concomitant loss 

of CLPP. 
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3.2.3.4 Loss of CLPP does not cause respiratory deficiency in forebrain 

Previously, we discovered that the concomitant loss of CLPP in DARS2-

deficient hearts improved cardiomyopathy phenotype, by acting on 

mitochondrial protein synthesis level. Briefly, CLPP-deficiency increased 

levels of proficiently synthesised OXPHOS subunits, leading to a mild 

increase in the respiratory function in DARS2-deficient hearts (Seiferling 

et al., 2016). Intrigued by the beneficial effect of CLPP loss on the 

progression of the neurodegeneration in two different neuronal models 

of mitochondrial dysfunction, we sought to investigate how the loss of 

CLPP affects respiratory function in the forebrain.  

To this end, we employed Clpp whole-body KO mouse model (Clpp_KOWB). 

Clpp_KOWB mice were shown to recapitulate human Perrault syndrome 

(Gispert et al., 2013). Already at weaning Clpp_KOWB mice are significantly 

smaller than the control animals and have 25-30 % reduced weight 

throughout the lifetime. Furthermore, Clpp_KOWB mice exhibited 

resistance to high-fat diet (HFD), cold intolerance, infertility in both sexes 

due to a defect in spermatogenesis and ovarian failure, and later in life 

loss of the hearing (Becker et al., 2018; Bhaskaran et al., 2018; Gispert et 

al., 2013). The mild upregulation of inflammatory signatures ubiquitously 

in different tissues of Clpp_KOWB animals was also described (Gispert et 

al., 2013). Previously we have reported that loss of CLPP leads to mild RC 

dysfunction in hearts of Clpp_KOWB mice (Szczepanowska et al., 2016) and 

brown adipose tissue (Becker et al., 2018). To analyze if RC is affected in 

the forebrain of Clpp_KOWB animals, we performed COX/SDH staining at 

20-week-old animals. Remarkably, no signs of COX-deficiency were 

detected. Unlike RSC and DG region of the hippocampus in Dars2_KOFbNe 

and Dars2_KOFbNe Clpp_HzFbNe that showed intense blue stain already at 15 

weeks, all visible regions of the brain of Clpp_KOWB mice displayed 

ubiquitous and saturated brown stain at 20 weeks of age (Fig. 3.24A).  
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To assess levels of OXPHOS supercomplexes directly, BN-PAGE, followed 

by western blot, was performed on mitochondria isolated from 

forebrains. Interestingly, no considerable changes in the amount of 

supercomplexes, consisting of complex I (CI) and complex IV (IV) were 

detected in Clpp_KOWB forebrains.  Conversely, our previous results from 

heart mitochondria of Clpp_KOWB mice demonstrated an apparent 

reduction in complexes abundance. Notably, CI levels were significantly 

downregulated already in 15-weeks-old hearts, followed by detectable 

CIV decrease at 35 weeks of age (Szczepanowska et al., 2016). This result 

might indicate the tissues-specificity in response to CLPP loss. Observing 

no alterations in supercomplexes levels and composition, we sought to 

determine whether activities of CI and CIV were affected by performing in-

gel activity assay.  Importantly CI or CIV activities were unaltered in 

forebrain mitochondria of Clpp_KOWB mice (Fig, 3.24C). The decrease in 

complexes levels in hearts of Clpp_KOWB mice was attributed to a general 

downregulation of mitochondrial translation, resulting from a decrease in 

the amount of fully assembled mitoribosomes (Szczepanowska et al., 

2016). Puzzled by unaltered OXPHOS complexes levels in the forebrain of 

Clpp_KOWB mice, we analysed the rate of de novo mitochondria protein 

synthesis (pulse) and degradation (chase) in CLPP-deficient forebrains, by 

performing in organello translation assay using radioactively labelled 

methionine ([35S]-methionine) to mark de novo synthesised OXPHOS 

complexes subunits.  Remarkably, overall protein synthesis in CLPP-

deficient forebrains was not changed, comparing to controls. Moreover, 

no difference between forebrains of Clpp_KOWB and control animals were 

detected after 3 hours of chase, implying that the turnover rate of newly 
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synthesised OXPHOS complexes subunits is not affected in forebrain of 

Clpp_KOWB mice. 

Figure 3.24: Loss of CLPP does not affect RC function in the forebrain. (A) 

Representative images of coronal forebrain sections of CTRL and Clpp_KOWB  mice 

stained for COX/SDH activity at 15 w of age, scale bar = 1000 µm (B) Autoradiograph of 

in organello translation assay of mitochondria isolated from the whole forebrain. 
Newly synthesized mitochondria-encoded OXPHOS subunits were pulsed labelled 

with [35]S-methionine for 1 h and were chased in the absence of [35]S-methionine for 

3 h. Translation products were separated on a 15% SDS-polyacrylamide gel. (C) BN-
PAGE and subsequent western blot analysis of CI and CIV supercomplexes. (D) In-gel 
activity assay of CI and CIV separated by BN-PAGE  
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In contrast to the previously reported effect of CLPP ablation in mouse 

hearts, no changes in mitochondrial de novo protein synthesis rate and 

turnover were detected in the forebrain of Clpp_KOWB mice. Accordingly, 

neither OXPHOS complexes levels nor their activities were altered in the 

forebrain of Clpp_KOWB mice.  Altogether these results argue that the loss 

of CLPP affects various tissues differently, and further experiments are 

needed to unravel neuron-specific response to CLPP deletion. 

3.2.3.5 Improved phenotype of DKOFbNe mice is preserved later in life 

Partially rescued mitochondrial dysfunction and neuroinflammation 

raised a question, whether the beneficial effect of CLPP loss would be 

conserved at a later time point. To answer this question, we turned to 25 

and 28-30-weeks-old mice. In accordance with previous findings 

(Aradjanski et al., 2017), At the age of 25 weeks, Dars2_KOFbNe mice 

demonstrated a significant decrease in their total brain weight, resulting 

from massive apoptosis that led to a shrinkage of the cortex (Fig. 3.25A 

and B). Intriguingly, DKOFbNe mice had significantly large brains at this age, 

likely owning to significantly better-preserved cortex (Fig. 3.25A and B).  

Figure 3.25: Diminished forebrain atrophy in DKOFbNe mice by 25 w of age. (A) Brain 

weight of CTRL, Dars2_KOFbNe, Dars2_KOFbNe Clpp_HzFbNe  and DKOFbNe mice at 25 w of age 
data presented as mean ± SD. (One-way ANOVA, *** p<0.001; n=5-7 mice per 

genotype).  (B) Fold change of cortical thickness of CTRL, Dars2_KOFbNe and DKOFbNe 

mice at 25 w of age data presented as mean ± SD. (One-way ANOVA *** p<0.001; n=3-7 
mice per genotype). 
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Particularly vulnerable to DARS2 deficiency neurons of RSC demonstrated 

a further decline in Dars2_KOFbNe mice, making up only 33% of RSC 

neurons in control animals (Fig. 3.26A and B). Interestingly, 25-weeks-old 

DKOFbNe mice showed significantly milder degeneration of RSC neurons, 

albeit their numbers were strikingly reduced, comparing to control (Fig. 

3.26A and B).  

Figure 3.26: Ameliorated decline of RSC neurons in DKOFbNe mice at 25 w of age. (A) 

Representative confocal images of coronal sections of RSC CTRL, Dars2_KOFbNe and 
DKOFbNe mice at 20 w of age labelled immunofluorescently with the antibody against 

NeuN (grey, neuron-specific marker) scale bar=50 µm (B) Quantification of NeuN+ 

neurons in RSC from (A), data presented as mean ± SD (One-way ANOVA, *p < 0.05, n=2 
mice per genotype). 

The vast majority of Dars2_KOFbNe and Dars2_KOFbNe Clpp_HzFbNe mice had 

to be sacrificed at 28 weeks of age due to the severity of the phenotype. 

Not only they exhibited considerable impairment of the motor skills (Fig. 

3.25A-D), but they also repeatedly scratched their muzzles and did not let 

wounds to heal. DKOFbNe mice lived past 28 weeks and demonstrated a 

partial improvement at behavioural tests (Fig. 3.27A-D). Notably, their 
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coordination was less affected, resulting in significantly better 

performance at the Ledge and Gait Tests (Fig. 3.27A and D). Notably, hind 

limb clasping response and degree of kyphosis did not show any 

significant difference across analysed mutant genotypes (Fig. 3.27B and 

C).  

 

Figure 3.27: Simple composite phenotype scoring. (A) Ledge Test (B) Hind Limb 
Test (C) Kyphosis Test (D) Gait Test of CTRL, Dars2_KOFbNe, Dars2_KOFbNe Clpp_HzFbNe 

and DKOFbNe  mice at 28-30 w of age, data presented as mean ± SD (One-way ANOVA, 
***p < 0.001; n=5 mice per genotype). 

Previously, we have reported that cortical and hippocampal neurons in 

Dars2_KOFbNe mice undergo a different cell death dynamic. The number of 

apoptotic cells in cortex reaches its maximum at 20 weeks of age. 

Contrary to that, hippocampal neurons and, in particular, neurons of DG 

are more resistant to death showing a massive increase in dead cells only 

after 25 weeks, despite persistent COX-deficiency from 15 weeks of age 
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(Aradjanski et al., 2017).  To visualise the neuronal cell death, we 

performed the TUNEL assay that enables the detection of nuclear DNA 

fragmentation, a hallmark of apoptotic cell death. In line with the 

previous findings, TUNEL assay in both DG and corni ammonis 1 (CA1) 

region of the hippocampus of Dars2_KOFbNe mice depicted a striking 

increase in apoptotic cell numbers (Fig. 3.28). Moreover, the CA1 region of 

Dars2_KOFbNe mice appeared to be thinner and have fewer neuronal nuclei 

comparing to control animals. Remarkably, DKOFbNe mice not only had 

better-preserved CA1, but they also showed fewer apoptotic cells in 

hippocampal CA1 and DG, indicating that CA1 and DG neurons benefit 

from the concomitant loss of CLPP (Fig. 3.28). 

Figure 3.28: DKOFbNe mice have fewer apoptotic neurons in CA1 and DG regions of 

the hippocampus at 28 w of age. Representative images of TUNEL assay in forebrain 

coronal sections of CTRL, Dars2_KOFbNe and DKOFbNe mice at 28 w of age, nuclei 
counterstained with methyl green, scale bar = 200 µm.     

Altogether, these results demonstrate that the loss of CLPP improves the 

phenotype of both analysed models of mitochondrial encephalopathy, 

caused by DARS2 depletion. Remarkably, CLPP deficiency extends the life 

of several DARS2-deficient neuronal populations like PCs, neurons of RSC 

and CA1 and DG neurons. Delaying onset of neurodegeneration exerts 

overall beneficial effect, manifested by the amended performance at 

behavioural tests, and it is associated with ameliorated 

neuroinflammatory response. Remarkably, these findings provide further 

evidence of differential susceptibility of various neuronal populations to 
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mitochondrial dysfunction, and future experiments should aim to 

elucidate the precise mechanism underlying the beneficial effect of 

concomitant CLPP loss in DARS2-deficient background. 
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4 Discussion 

Mitochondrial dysfunction has been proven to play a critical role in the 

pathogenesis of a variety of disorders. Indeed, the pathophysiological 

significance of mitochondria was reported for virtually all metabolic, 

neurodegenerative, ischaemic-reperfusion, and cancer morbidities 

spanning all tissues and organs (Murphy and Hartley, 2018). 

Unsurprisingly, the concept of mitochondria as a target of therapeutic 

strategy, or more precisely as a drug target has emerged over the last 

years (Gorman et al., 2016; Murphy and Hartley, 2018). The considerable 

efforts have been consolidated in the past two decades on the discovery 

of approaches to augment or repress certain intersection of 

mitochondrial physiology for the beneficial therapeutic outcome. Even 

though the substantial success has been achieved in alleviating some 

clinical symptoms through diet-supplement interventions and life style 

changes (Gorman et al., 2016; Parikh et al., 2009; Wijburg et al., 1992), 

currently neither the U.S Food and Drug Administration (FDA) nor any 

other governmental agency around the world has approved a drug able 

to cure a mitochondrial disease permanently (Weissig, 2020). As an idea 

of the discovery of any drug-based effective and everlasting cure of 
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mitochondrial diseases remains elusive, novel therapeutic approaches 

aiming to prevent disease progression must be investigated.  

4.1 Loss of CLPP delays ataxia and neuroinflammation in 

Dars2_KOPC 

Recently, we have uncovered the beneficial effect of genetic ablation of 

mitochondrial matrix Clp protease proteolytic subunit (CLPP) in a model 

of mitochondrial cardiomyopathy caused by DARS2 deficiency.   Not only 

the loss of CLPP does not affect the mitochondrial unfolded protein 

response (UPRmt), questioning the role of mammalian CLPP in UPRmt 

activation, but it also leads to the unexpected and striking alleviation of 

cardiomyopathy and increases the lifespan of Dars2/Clpp heart-specific 

double knock-out (KO) mice (Seiferling et al., 2016).  

Given the fact that all reported DARS2 human patients do not develop 

cardiomyopathy, but, in contrast, exhibit severe, debilitating 

neuropathology culminating in LBSL (van Berge et al., 2014), this study 

aimed to explore a therapeutic potential of CLPP depletion in two distinct 

mouse models of mitochondrial encephalopathy. Remarkably, we have 

previously shown that even though LBSL in patients is predominantly 

manifested with white matter abnormalities, oligodendrocyte-specific 

Dars2  KO mice do not display either demyelination pattern, or secondary 

neurodegeneration (Aradjanski et al., 2017). In contrast to this, DARS2 

forebrain neuron-specific depletion, driven by CamKIIα-Cre, results in 

pronounced cerebral atrophy by 25 weeks of age, steered by dramatic 

neuronal death and accompanied by severe neuroinflammation 

(Aradjanski et al., 2017). Similarly, the other study, utilizing DARS2 KO-

CamKIIα, has discovered induction of cell-stress response signalling, 

activation of inflammatory pathways, coinciding with cerebral atrophy 

(Nemeth et al., 2019). This evidence suggests that neurons and not adult 
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oligodendrocytes are the primary culprit in LBSL disorder. Intriguingly, 

most of the DARS2 patients develop slowly progressing cerebellar ataxia, 

associated with defects in the cerebellum. Moreover, cases accompanied 

by the loss of inhibitory neurons of cerebellum, Purkinje cells (PCs), have 

been described, highlighting the potential essentiality of DARS2 for PCs 

survival (Yamashita et al., 2013). In line with this, a recent study in mice 

has reported a 1.5-fold increase of Dars2 transcript levels in the 

cerebellum (Fröhlich et al., 2018).  Bearing in mind that PCs are sole 

efferents of the cerebellar cortex, it is unsurprising that they play a pivotal 

role in cerebellum functioning and PC pathology elicits loss of balance, 

coordination, and motor skills impairment (Kemp et al., 2016).  However, 

the number of mouse models investigating primary mitochondrial 

dysfunction targeting PC remains limited to date. To address this 

shortcoming and to explore the contribution of cerebellar impairment to 

LBSL phenotype, we investigated the consequences of DARS2 PC-specific 

depletion (Rumyantseva et al., 2020). 

This study shows that loss of DARS2 results in severe mitochondrial 

dysfunction culminating in the massive PC loss accompanied by the 

upregulation of one-carbon metabolism, neuroinflammation, and rapidly 

deteriorating motor skills (Fig.4.1). 

Figure 4.1: Purkinje cell-specific Dars2 knock-out (Dars2_KOPC) mouse model. 

made with Biorender.com 
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Pioneering studies in conditional PC-specific mouse models with 

mitochondrial dysfunction emphasised PC reliance on mitochondrial 

dynamics (Chen et al., 2007; Kageyama et al., 2012) and mitochondrial 

quality control (Almajan et al., 2012).  Although the respiratory chain (RC) 

activity is impaired in those models, it is unclear whether OXPHOS defect 

in those mice primarily underlies pervasive PC loss (Almajan et al., 2012; 

Chen et al., 2010). 

Despite the number of reports suggesting a temporal lag between the 

onset of a strong mitochondrial OXPHOS dysfunction and 

neurodegeneration (Ignatenko et al., 2018; Sorensen et al., 2001), it 

should be borne in mind that distinct neuronal populations might have 

different energy demands and be more vulnerable to RC dysfunction and 

oxidative stress (Kageyama et al., 2012; Motori et al., 2020). In line with 

this, a recent elegant study has reported a diverse effect of the selective 

NDUFS4 ablation on distinct neuronal populations (Bolea et al., 2019). 

While mice with NDUFS4-deficient cholinergic neurons are phenotypically 

equivalent to controls, animals lacking NDUFS4 in glutamatergic and 

GABAergic neurons have reduced lifespan and LS associated pathology 

(Bolea et al., 2019).  It is not unreasonable to speculate that, given their 

central role in the cerebellar function and their unique highly-arbourised, 

mitochondria-rich dendritic morphology, PC cannot tolerate 

mitochondrial dysfunction for a prolonged time. Consistently, the loss of 

mitochondrial fission protein DRP1 has little effect on the survival of CA1 

hippocampal neurons, while its deficiency results in marked PC 

degeneration (Kageyama et al., 2012; Shields et al., 2015). Additionally, we 

cannot exclude that PCs -are specifically sensitive to loss of DARS2 and 

that mitochondrial protein synthesis resulting from DARS2 depletion 

cannot be compensated for prolonged periods (Rumyantseva et al., 

2020). Although the massive PC loss in our model leads predictably to 
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severely compromised motor skills of mice, especially their sense of 

equilibrium and gait, it does not culminate in the early death of mice. In 

fact, Dars2_KOPC mice can live until 25-28 weeks of age, when they must 

be sacrificed due to severe ataxia (Rumyantseva et al., 2020).   

Accordingly, previous studies also have shown that despite progressively 

escalating ataxia, cerebellar defects alone rarely cause death (Quintana 

et al., 2010; Timmann et al., 2003).  

Strikingly, the concomitant loss of CLPP in DARS2-deficient PCs partially 

ameliorated their degeneration. Intriguingly, DKOPC show spatially altered 

degenerative pattern, revealing a clustered loss of PCs.  Consistently, 

several reports have also described the compartmentalized PC 

degeneration in Niemann-Pick type C1 (NPC) disease mouse models 

BALB/c npc(nih) and C57BLKS/J spm and the Lurcher mutant mouse. 

Interestingly, the specific immunoreactivity for the small heat shock 

protein 25 (HSP25) has been implicated in the preferential survival of PC 

subpopulation in these models of cerebellar degeneration (Duffin et al., 

2010; Martin et al., 2019; Sarna et al., 2003). HSP25 expression has been 

demonstrated to confer resistance against reactive oxygen species (ROS) 

by augmenting glutathione (GSH) concentration and modulating the 

glucose 6-phosphate dehydrogenase (G6PD) activity (Préville et al., 1999; 

Yan et al., 2002). The high susceptibility of PCs to oxidative damage has 

been highlighted through reports in ataxia-telangiectasia (A-T) patients 

(Reichenbach et al., 2002) and studies in A-T mouse model (Chen et al., 

2003), and PC-specific Mfn2 KO (Motori et al., 2020). Intriguingly, our 

previous results have revealed that CLPP depletion lowers ROS 

production (Szczepanowska et al., 2020) making it tempting to speculate 

that the preserved PCs in DKOPC mice benefit from the loss of CLPP that 

downregulates ROS production.  
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Similarly to other studies that reported activation of glial cells in almost 

every primary and secondary mitochondrial neurodegenerative disease 

including, but not limited to Alzheimer’s disease (Guillot-Sestier and 

Town, 2013), Parkinson’s disease (L'Episcopo et al., 2013) and 

spinocerebellar ataxia type 1 (Cvetanovic et al., 2015), Dars2 KO in PCs 

leads to local cerebellar neuroinflammation. In line with this, previous 

studies in mouse models of cerebellar ataxia have reported a robust PC 

loss coupled with the upregulation of neuroinflammatory markers  

(Aikawa et al., 2015; Almajan et al., 2012; Kavetsky et al., 2019). The 

potential release of damage-associated molecular patterns, upon 

mitochondrial dysfunction, might promote migration and activation of 

microglia, thereby amplifying neuroinflammation (Rumyantseva et al., 

2020). Remarkably, previous studies have demonstrated that activated 

microglia are capable of phagocytosing dendrites and axons of living 

neurons, further amplifying neurodegeneration (Garber et al., 2019; 

Vilalta and Brown, 2018). In Dars2_KOPC we observed PC somata with 

shrunken or almost disappeared dendritic network, while at the same 

time, the molecular layer where these dendrites were projected was 

strongly infiltrated by microglia, further supporting the notion that active 

phagocytosis of dendrites by microglia might play a role in the cerebellar 

pathology observed in Dars2_KOPC mice (Rumyantseva et al., 2020). In 

sharp contrast to this, the dendrites of DKOPC appeared to be preserved at 

15 weeks of age, correlating with decreased microgliosis observed in 

DKOPC mice. This result lends further credence to the notion that excessive 

neuroinflammation is detrimental to neurons. 

Numerous studies in patients, animal models and cultured cells 

established the initiation of the broad, integrated stress response (ISR) 

program as an imminent effect of mitochondrial dysfunction (Bao et al., 

2016; Celardo et al., 2017; Fujita et al., 2007; Khan et al., 2017; Kühl et al., 
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2017; Mick et al., 2020; Quirós et al., 2017; Silva et al., 2009; Tyynismaa et 

al., 2010). Although the precise ISR-induced transcriptional program 

might vary across species and tissues (Mick et al., 2020); the activation of 

the mitochondrial one-carbon (1C) pathway was consistently identified as 

OXPHOS dysfunction hallmark (Bao et al., 2016; Mick et al., 2020; 

Nikkanen et al., 2016; Tyynismaa et al., 2010). 

Recent studies in mice and Drosophila melanogaster have shown that the 

upregulation of 1C metabolism occurs at the early phase ISR in ATF4-

dependent manner (Celardo et al., 2017; Forsström et al., 2019; Nikkanen 

et al., 2016). Interestingly, we have previously demonstrated a strong 

upregulation of ATF4 levels in DARS2-deficient hearts (Dogan et al., 2014; 

Kaspar, 2019). Here, we provide evidence that the SHMT2 upregulation 

precedes PC loss and massive inflammation, and instead coincides with 

initial signs of OXPHOS dysfunction, which is rapidly followed by 

increased levels of the astrocytic marker GFAP.  In agreement with this 

result, a recent detailed study of Motori et al. on FACS-sorted PCs of Mfn2 

KO model has demonstrated TCA anaplerosis and 1C metabolism rewiring 

occurring prior to the major loss of PCs (Motori et al., 2020). Our result 

lends further credence that remodelling of 1C metabolism occurs early 

during mitochondrial dysfunction and that this process is also conserved 

for DARS2 deficiency in PCs (Rumyantseva et al., 2020). Intriguingly, an 

adeno-associated viral (AAV) reintroduction of Mfn2, after main metabolic 

changes took place, can overturn PC degeneration (Motori et al., 2020). In 

line with this, recent studies have demonstrated that AAV delivery of 

Ndufs4 after the onset of symptoms can delay neurodegeneration and 

prolong the lifespan of NDUFS4 KO mice (Reynaud-Dulaurier et al., 2020; 

Silva-Pinheiro et al., 2020). It would be of interest to determine if the 

reintroduction of Dars2 after commenced mitochondrial dysfunction 

would prevent PCs loss and the neuroinflammation.   
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Importantly, a recent study has shed light on the contribution of 

imbalanced 1С metabolism to the inflammatory response. Namely, it has 

proposed that insufficient NAD+ production resulting from CI deficiency 

leads to impaired 1C metabolism, which in its turn affects NADPH 

production, whose deficiency underlies activation of inflammatory 

kinases p38 and JNK (Balsa et al., 2020). Several reports have also 

provided evidence of boosting cellular NAD+ levels, through its precursor 

vitamin B3 supplementation, as a potential therapy for mitochondrial 

diseases (Katsyuba et al., 2018; Khan et al., 2014; Pirinen et al., 2020). In 

line with this, a recent study has shown that the overexpression of the 

yeast enzyme NADH dehydrogenase (NDI1) regenerates cellular NAD+  

levels, reduces inflammation and rescues the lifespan of NDUFS4 KO mice 

(McElroy et al., 2020). Intriguingly, we have previously made two 

important observations. Firstly, we have identified 1C metabolism 

enzyme ALDH1L2, which is one of the main contributors to the cellular 

NADPH production (Balsa et al., 2020; Ducker et al., 2016; Fan et al., 2014), 

as a substrate candidate of CLPP (Szczepanowska et al., 2016). Secondly, 

we have suggested that N-module accumulation mediated by the 

absence of CLPP provides means to maintain NAD+  levels, even when CI is 

compromised (Szczepanowska et al., 2020). The preceding observations 

and our current data make us hypothesize that concomitant Clpp 

deficiency in both our models decreases upregulation of inflammatory 

signatures emanating from neurons by increasing NADPH levels through 

simultaneously elevated levels of ALDH1L2 and NAD+. Future experiments 

should aim to unravel the precise effect of CLPP inhibition in neuron-

specific DARS2-deficient background on 1C metabolism enzymes and 

NAD+, NADPH levels. 
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4.2 Loss of CLPP delays neurodegeneration in Dars2_KOFbNe 

PCs represent a very morphologically-specific population of GABAergic 

inhibitory neurons, confined to a cerebellum. To corroborate the 

observations of the beneficial effect of CLPP loss in Dars2_KOPC, we 

generated a double KO under control of CamkIIα-Cre that drives postnatal 

deletion of the floxed alleles in a broader, compared to L7-Cre, manner,  

affecting neurons of forebrain, mainly in cortex and hippocampus (Diaz et 

al., 2012). Interestingly, DKOFbNe mice have increased COX-activity at 15 

and 20 weeks of age comparing to Dars2_KOFbNe mice. Strikingly, 

Dars2_KOFbNe mice have COX-deficient neurons in their cortices and 

hippocampi at 15 weeks, whereas DKOFbNe displayed weak blue signal 

restricted to only hippocampal area at 15 weeks. Notably, the milder COX-

deficiency in COX/SDH staining has been demonstrated previously in the 

heart-specific Dars2/Clpp double knock-out, implicating beneficial effect 

of the improved OXPHOS function also in that model (Seiferling et al., 

2016). The observed discrepancy in OXPHOS function between DKOFbNe 

and Dars2_KOFbNe might be a direct consequence of previously uncovered 

stabilizing effect of CLPP deficiency on CI-containing supercomplexes 

(Szczepanowska et al., 2020). Unsurprisingly, the stability and 

incorporation of CI into supercomplexes was shown to play a pivotal role 

in neuronal respiration (Lopez-Fabuel et al., 2016). Remarkably, in the 

sharp contrast to Dars2_KOFbNe mice that have “swollen”, devoided of 

cristae mitochondria, DKOFbNe mice display partially rescued 

mitochondrial morphology, retaining cristae structures at 20 weeks.  On 

the one hand, the organised cristae structures were demonstrated to 

stabilize RC supercomplexes, and thus might account for milder OXPHOS 

dysfunction (Cogliati et al., 2013). On the other hand, anterograde and 

retrograde trafficking of large and empty mitochondria of Dars2_KOFbNe 

mice might be impaired, making it difficult to deliver them at 
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presynapses, where their ATP-producing activity is needed the most in 

such polarized cells as neurons (Hall et al., 2012; Lees et al., 2019). Hence, 

improved mitochondrial morphology might facilitate mitochondrial 

anterograde transport in DKOFbNe mice, sustaining synaptic connection 

and therefore, potentiating neuronal survival that otherwise would not be 

possible (Verhage et al., 2000). 

One of the first structural changes in the brain following CamKIIα-driven 

DARS2 deficiency occurs in retrosplenial cortex (RSC), which has more 

than 50 % neurons lost by 20 weeks of age in Dars2_KOFbNe. This data is in 

agreement with our previous report, demonstrating a progressive 

increase in TUNEL-positive cell numbers from 15 to 20 weeks of age in 

Dars2_KOFbNe mice, particularly in RSC (Aradjanski et al., 2017).  In line with 

our findings in DKOPC mice that have delayed decline of PCs, we also 

observed partially rescued the loss of RSC neurons in DKOFbNe at 20 weeks 

of age. Potentially, the enhanced perseverance of RSC neurons is a direct 

consequence of milder COX-deficiency, observed in DKOFbNe. However, a 

synergetic effect might take place, as it was shown that RSC neurons are 

selectively vulnerable to damage in their afferents located in a 

hippocampus (Poirier et al., 2011; van Groen and Wyss, 1990, 1992). Thus, 

it is reasonable to suggest that milder OXPHOS dysfunction in 

hippocampus of DKOFbNe mice contributes to partial rescue of RSC 

neurons. Remarkably, even 25-weeks-old DKOFbNe mice display milder 

brain atrophy in general and reduced loss of RSC neurons in particular. 

Moreover, in the present study, we observed differential cell death 

dynamic in the CA1 hippocampal region. While Dars2_KOFbNe mice have 

multiple TUNEL-positive cells in CA1 at the terminal stage at 28 weeks of 

age, DKOFbNe mice exhibit fewer apoptotic neurons in CA1. Even though 

hippocampal neurons are among the first to show COX-deficiency, we 
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have noticed their robustness in our Dars2_KOFbNe mouse model. Notably, 

apoptotic neurons in the hippocampus of Dars2_KOFbNe mice appear much 

later in the disease progression, and the spike in their numbers correlates 

with the terminal stage when  Dars2_KOFbNe mice have to be sacrificed due 

to the severity of the phenotype (Aradjanski et al., 2017). Of a note, recent 

studies in MFN2 KO mice, utilising CamkIIα-Cre conditional 

recombination strategy have demonstrated the specific vulnerability of 

CA1 neurons to MFN2 depletion, with almost all CA1 neurons gone by the 

age of 18 weeks, highlighting the importance of mitochondrial fusion for 

CA1 neurons (Jiang et al., 2018). Notably, before degeneration, CA1 

neurons in Mnf2 KO model exhibited a progressive decrease in 

microtubule-associated protein 2 (MAP2), a cytoskeletal protein, which 

ensures the stability of dendritic processes (Di Stefano et al., 2001; Jiang 

et al., 2018).  An intriguing possibility is that the dendritic network and 

interconnectivity within hippocampus might be less affected in DKOFbNe 

mice comparing to Dars2_KOFbNe mice and future experiments should shed 

light on that. This results altogether strengthen further our hypothesis 

that CLPP depletion is beneficial in Dars2-deficient background and that 

the effect is not limited to only one neuronal population. Notably, both 

our models might display only partial recapitulation of DARS2 patients. 

Firstly, unlike our models, DARS2 patients carry a compound, 

heterozygous mutation of DARS2 associated with decreased activity of the 

enzyme. Secondly, the conditional KO in both our models takes place 

postnatally, which makes it challenging to determine the effect of Dars2 

depletion on neuronal development. Lastly, even though all DARS2 

patients diagnosed to date display LBSL, cell non-autonomous response 

arising from other organs affected by DARS2 mutation, cannot be ruled 

out.   
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Despite our previous reports that in the absence of CLPP mitochondrial 

translation rate is decreased in the heart with (Seiferling et al., 2016) and 

without DARS2-deficiency background (Szczepanowska et al., 2016; 

Szczepanowska et al., 2020), we did not observe any changes in brain 

mitochondrial translation rate of Clpp_KOWB mice. This apparent 

discrepancy may be due to previously unforeseen tissue-specific outcome 

of CLPP loss. Alternatively, we cannot exclude the possibility that any 

potential effect of CLPP ablation on neuronal mitochondrial translation 

rate was masked in our experiments, as we purified mitochondria from 

the whole forebrain. In this regard, future experiments on primary 

neuronal cultures bearing DARS2, CLPP and double deficiency should aim 

to elucidate the implications of CLPP loss on neuronal mitochondrial 

translation rate. 

In the present study, we demonstrated that the loss of mitochondrial 

matrix protease proteolytic subunit CLPP is beneficial in two distinct 

models of mitochondria encephalopathy, driven by Dars2-deficiency. We 

successfully showed that in both models, the concomitant absence of 

CLPP delays degeneration of several neuronal populations, including PCs, 

neurons of RSC, and CA1 neurons. The delayed neuronal death and milder 

OXPHOS dysfunction, potentially lead to the decreased 

neuroinflammatory response observed in DKOPC and DKOFbNe mice. The 

reduced neuroinflammation and neurodegeneration significantly 

improve motor functions in both mouse models, and partially rescue 

brain atrophy in DKOFbNe mice (Fig.4.2).  
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Figure 4.2 Beneficial effect of the CLPP loss in Purkinje cell-specific and forebrain-
neuron-specific DARS2-deficient mice. made with Biorender.com 

Notably, while the precise mechanism underlying the beneficial effect of 

CLPP loss in our encephalopathy models remains to be elucidated, we 

suggest three plausible explanations. First, the loss of CLPP prevents a 

build-up of deleterious ROS, thus reducing oxidative stress. Second, the 

increased stability of CI in the absence of CLPP ensures its partially 

restored activity, which coupled to the ability to accumulate free N-

module to oxidize NADH, maintaining higher NAD+ levels. Third, list of 

potential CLPP substrates includes not only components of the RC, but 

also proteins regulating metabolic processes of TCA, 1C cycle, 

carbohydrate, and lipid metabolism (Fischer et al., 2015; Szczepanowska 

et al., 2016). Thus, we cannot exclude the possibility that the loss of Clpp 

elicits metabolic rewiring that eventually improves the phenotype in our 

mouse models. 
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Abstract

Leukoencephalopathy with brain stem and spinal cord involvement and lactate elevation disorder (LBSL) arises from
mutations in mitochondrial aspartyl-tRNA synthetase (DARS2) gene. The disease has a childhood or juvenile-onset and is
clinically characterized by cerebellar ataxia, cognitive decline and distinct morphological abnormalities upon magnetic
resonance imaging. We previously demonstrated that neurons and not adult myelin-producing cells are specifically
sensitive to DARS2 loss, hence likely the primary culprit in LBSL disorder. We used conditional Purkinje cell (PCs)-specific
Dars2 deletion to elucidate further the cell-type-specific contribution of this class of neurons to the cerebellar impairment
observed in LBSL. We show that DARS2 depletion causes a severe mitochondrial dysfunction concomitant with a massive
loss of PCs by the age of 15 weeks, thereby rapidly deteriorating motor skills. Our findings conclusively show that DARS2 is
indispensable for PC survival and highlights the central role of neuroinflammation in DARS2-related PC degeneration.

Introduction
Mitochondrial dysfunction plays a critical role in neurodegen-
eration, likely due to the central nervous system’s high-energy
demand and its reliance on oxidative metabolism for adeno-
sine triphosphate (ATP) production. Neurological syndromes are
indeed the most frequent clinical presentation of mitochon-
drial diseases, a large group of genetically heterogeneous dis-
orders caused by primary defects in mitochondrial oxidative
phosphorylation (1). Autosomal recessive leukoencephalopathy
with brainstem and spinal cord involvement and lactacidosis
syndrome (LBSL, Online Mendelian Inheritance in Man® (OMIM)
#611105) is a recently described mitochondrial disorder. It is
caused by mutations in the DARS2 gene, which encodes for the
mitochondrial aspartyl-tRNA synthetase.
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Mitochondrial aminoacyl-tRNA synthetases (Mt-aaRS2) are
crucial components of mitochondrial protein synthesis, as they
catalyze the attachment of an amino acid to its cognate tRNA
at the first step of mitochondrial translation (2). To date, patho-
logical mutations in each of the 19 mt-aaRS genes have been
reported (3). Although mt-aaRSs pathological phenotypes are
variable and might affect different organ systems, mitochondrial
aspartyl-tRNA synthetase gene (DARS2) seems to be an excep-
tion. All reported DARS2 patients, following the first described
case, were diagnosed with LBSL (4,5). A distinctive magnetic
resonance imaging pattern shows differences from the other
defined leukoencephalopathies, thus giving a diagnostic tool for
the disease (6). LBSL is a childhood or juvenile-onset disorder
clinically characterized by cerebellar ataxia and spasticity (6).
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Deterioration of motor skills usually starts in childhood or ado-
lescence, including dysarthria that develops over time. Occa-
sional findings include epilepsy, learning problems, cognitive
decline and neurologic deterioration (6).

Owning to the fact that LBSL is associated foremost with
white matter abnormalities, we have previously generated
and characterized oligodendrocyte-specific Dars2 knockout
(Dars2MYKO—Dars2fl/f l; Plp-CreERT) mice (7). Remarkably, despite
displaying a strong mitochondrial dysfunction, those mice
neither showed demyelination, nor secondary neurodegener-
ation and neuroinflammation (7). In contrast, DARS2 specific
depletion in forebrain cortical, hippocampal and striatal
neurons, driven by CamKIIα-Cre (Dars2NEKO—Dars2fl/f l; CaMKIIα-
Cre), led to marked cerebral atrophy within 25 weeks, arising
from dramatic neuronal death and accompanied by severe
neuroinflammation (7). In line with this, a different study
using the same model reported cell-stress response signaling,
activation of inflammatory pathways, and concurrent cerebral
atrophy (8). These studies suggest that neurons and not adult
myelin-producing cells are the primary culprit in LBSL disorder.

Intriguingly, cerebellar ataxia is a primary clinical manifesta-
tion of LBSL syndrome, and loss of Purkinje cells (PCs) has been
reported in patients, highlighting a potential role of DARS2 for
PCs function and survival (9). However, very little is known about
the specific PC contribution to LBSL phenotypes upon DARS2
loss.

Here, we explored the consequences of DARS2 depletion,
specifically in PC. We show that loss of DARS2 results in severe
mitochondrial dysfunction culminating in the massive PC loss
accompanied by the upregulation of one-carbon metabolism,
neuroinflammation and rapidly deteriorating motor skills.

Results and Discussion
To understand the role of DARS2 in the cerebellum, and unravel
possible causes of cerebellar ataxia in LBSL patients, we gen-
erated a PC specific knockout mouse model (Dars2_KOPC) by
breeding Dars2loxP/loxP mice to mice expressing Cre recombinase
under the PC protein 2 promoter (L7-Cre), resulting in Dars2fl/f l;
L7-cre mice (referred to as Dars2_KOPC mice) (Fig. 1A). Using this
strategy, we were able to observe changes in already developed
Purkinje neurons as the cre-mediated recombination under con-
trol of L7 promoter starts at postnatal Day 5–7, and is fully active
between 2–3 weeks of age (10).

As expected, Dars2_KOPC animals were born at Mendelian
ratio, and mice of both sexes were viable and indistinguishable
from wild-type (WT) littermates. An evident motor impairment
was observed at around 15 weeks in Dars2_KOPC mice. Mutant
animals lived up to 25 weeks of age, at which time they had
to be sacrificed due to the severity of the observed phenotype.
To enable unveiling of dynamic changes imposed by DARS2
deficiency in PCs, we thus set a time-course analysis of PC
morphology starting from 6 weeks, at which mice showed no
overt phenotype and up to 15 weeks, at which mice exhibited
a motor phenotype.

Analysis of the PC layer by hematoxylin–eosin (H&E) staining
in Dars2_KOPC mice disclosed no overt changes at 6 and 8 weeks
of age (Fig. 1B). In contrast, we observed a significant loss of
Purkinje neurons, which resulted in the disruption of the PC
layer in Dars2_KOPC mice at 15 weeks (Fig. 1B). The brain mass
and the bodyweight of Dars2_KOPC mice were not affected at
any of the analyzed time-points (Figs 1C and D). Importantly,
despite the visible loss of Purkinje neurons in Dars2_KOPC mice at
15 weeks of age, the cerebellar size was not different, indicating

that DARS2 deficiency in PCs did not affect cerebellar growth or
induced massive degeneration (Fig. 1E). This is in sharp contrast
to mice with DARS2 loss of forebrain and hippocampal neurons,
which showed a robust decrease in brain mass and body weight,
preceding the strong overall phenotypes (7).

Massive PC loss leads to motor skills deterioration

To analyze cytoarchitecture of cerebella, we performed immuno-
fluorescent staining on midsagittal cerebellar sections against
the PC specific marker Calbindin, which is expressed abundantly
in the PC somata and dendrites (Fig. 2A). In agreement with
the previous data on general morphology, neither PC loss,
nor structural changes in the PC layer and their dendritic
network were present in Dars2_KOPC mice at 8 weeks of age
(Fig. 2A and C). Strikingly, Dars2_KOPC mice displayed a 50%
decrease in PC numbers at 15 weeks of age, indicating that
disrupted mitochondrial protein synthesis and ample oxidative
phosphorylation (OXPHOS) dysfunction, caused by the loss of
DARS2 ultimately led to a massive loss of Purkinje neurons.
Moreover, the remaining PC in 15 weeks old Dars2_KOPC mice dis-
played a highly fragmented and disorganized dendritic network,
suggesting impaired cerebellar connectivity (Fig. 2B). The most
prominent PC loss was observed in the anterior (lobules I–V) and
central zone (lobules VI–VII), whereas lobules IX and X had more
Purkinje neurons preserved (Supplementary Material, Fig. S1).

Predictably, this dramatic loss of PC led to motor skill
impairment, as evidenced by the altered performances on the
ledge test, hind limb clasping, gait analysis and the occurrence
of kyphosis (11). At 15 weeks of age, Dars2_KOPC mice showed
unsteady gait and were unable to keep their balance when
walking on the ledge, receiving significantly higher scores than
the control mice at this age (Fig. 2C). However, the 15-week-old
Dars2_KOPC mice did not show any difference in the hindlimb
clasping, signifying a higher severity of motor dysfunction
(Fig. 2C). Similarly, we observed kyphosis only in some animals
of this age (Fig. 2C). In agreement with previous studies showing
that despite progressively escalating ataxia, cerebellar defects
alone do not cause premature death (Timmannn et al., 2003;
Quintana et al. 2010), Dars2_KOPC mice live to post 15 weeks,
albeit with severely deteriorated motor skills, confirmed by
significantly higher phenotype scores at 22 weeks of age (Fig. 2D).
Together these results demonstrate that DARS2 deficiency leads
to PC loss after 8 weeks of age, leading to substantial impairment
of motor skills in Dars2_KOPC mice.

Strong respiratory chain dysfunction coincides with
massive PC loss in Dars2_KOPC mice

Loss of DARS2 affects mitochondrial protein synthesis, leading to
impaired respiratory chain (RC) function (Dogan et al., 2014). To
assess the RC function, we used cytochrome c oxidase/succinate
dehydrogenase (COX/SDH) staining, a histochemical technique
that allows sequential analysis of enzymatic activities of Com-
plex IV (COX) and Complex II (SDH), in situ. Although COX activity
is highly dependent on the mitochondrial gene expression as its
core subunits are encoded by mtDNA, SDH is entirely encoded
by nuclear DNA, and its activity is typically unaltered, or even
upregulated, by impaired mitochondrial gene expression (12). As
expected, PCs in control mice displayed saturated brown stain-
ing at chosen time points, indicating functioning COX (Fig. 3A). In
contrast, the presence of individual blue-stained PCs indicating
sharply diminished COX activity, and increased SDH activity in
individual cells already in 6 weeks old Dars2_KOPC mice (Fig. 3A).
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Figure 1. Generation of PC-specific Dars2 knock out mice (Dars2_KOPC). (A) Breeding scheme to generate Dars2_KOPC. (B) Representative images of H&E staining at the

indicated time points, arrowheads indicate PC; GL: granular cell layer; ML: molecular cell layer; scale bar = 100 μm. (C) Brain weight of CTRL and Dars2_KOPC at 15 weeks

of age data presented as mean ± standard deviation (SD). (D) Bodyweight gain from 6- to 15-week-old female and male mice CTRL vs. Dars2_KOPC data presented as

mean ± SD (n = 3–5 mice per genotype per time point). (E) Cerebellum weight in CTRL vs. Dars2_KOPC at 15 weeks of age data presented as mean ± SD (n = 4 mice per

genotype).
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Figure 2. Massive PC loss leads to motor skills deterioration. (A) Representative confocal images of midsagittal sections of cerebellar vermis lobules II-III of CTRL and

Dars2_KOPC at the indicated time points labeled with antibodies against Calbindin (grey, Purkinje-specific marker) and DAPI (dark gray, nuclei) scale bar = 200 μm. (B)

Quantification of PC density from (A), data presented as mean ± SD (One-way analysis of variance (ANOVA), ∗∗∗P < 0.001, n = 5–7 lobules from three mice, per genotype

and time-point). (C) Close-ups of PC layer in 15 weeks of age old CTRL and Dars2_KOPC mice (lobules VI–VII and VIII) labeled with antibodies against Calbindin (grey,

Purkinje-specific marker) and DAPI (blue, nuclei) scale bar = 100 μm. (D) Simple composite phenotype scoring, consisting of Ledge test, Hind Limb test, Gait test and

Kyphosis test of CTRL and Dars2_KOPC at the indicated time points, data presented as mean ± SD (one way ANOVA,∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001).

D
ow

nloaded from
 https://academ

ic.oup.com
/hm

g/article/29/17/2845/5882584 by D
eutsche Zentralbibliothek fuer M

edizin / M
edizinische Abt.-Bibl. der U

niversitaet zu Koeln user on 29 O
ctober 2020



Human Molecular Genetics, 2020, Vol. 29, No. 17 2849

The number of COX deficient PC increased over time, and at
15 weeks of age, all PC still present in the Dars2_KOPC cerebellum
were COX deficient (Fig. 3A). Remarkably, not only somata of
PC displayed COX deficiency but also arborized PC dendrites,
which are almost entirely occupied by mitochondria (Chen et al.,
2007), occasionally displayed characteristic blue color, denoting
OXPHOS dysfunction (Fig. 3B).

To further probe the mitochondrial function, we analyzed the
levels of ATP synthetase beta subunit (ATPB). No apparent dif-
ference in immunoreactivity was observed in Dars2_KOPC mice
at 8 weeks of age when compared with age-matched controls
(Fig. 3C). However, when we performed immunohistochemistry
(IHC) at a 15-week-old, not only we observed a decreased number
of Purkinje neurons in Dars2_KOPC mice, but the surviving PCs
presented diminished ATPB levels and a fragmented mitochon-
drial network (Fig. 3C). These results highlight the importance
of DARS2 for maintaining OXPHOS function in Purkinje neu-
rons, which otherwise leads to the massive loss of these cells.
However, the severe mitochondrial dysfunction and the loss of
PCs were observed only when DARS2 was depleted entirely from
these cells, as haploinsufficiency in Dars2+/f l; L7-Cre mice were
indistinguishable from WT littermates up to 38 weeks of age
(Supplementary Material, Fig. S2A–C).

Surprisingly, although cerebellar atrophy is a common cen-
tral nervous system (CNS) manifestation repeatedly reported
in a large number of mitochondrial disorders (13), so far, no
mouse models with specific ablation of RC components have
been developed. To date, mouse models with PC-specific loss of
function of mitochondrial proteins include a model with specific
loss of AFG3L2, a mitochondrial inner membrane protease, or
MFN1 and MNF2, outer mitochondrial membrane proteins that
control mitochondrial fusion (14,15). Although these models also
display a reduction in RC activity, it is not clear whether the
OXPHOS defect in these mice is the primary cause of the Purkinje
neuron dysfunction, or the other functions of these proteins
might be more prevalent in this case (14,15). In this regard,
a loss of the mitochondrial fatty acid synthesis in PCs using
the same strategy (L7-Cre mediated deletion of mitochondrial
enoyl-CoA/ACP reductase) led to a much slower progression
of the phenotype (16). Remarkably, even proteins unrelated to
mitochondria that cause primary cerebellar ataxia, like ataxin-
1 (SCA1), were shown to cause COX deficiency and mtDNA
depletion in PC, which ultimately led to the cell loss (17).

Despite the number of reports suggesting a temporal lag
between the onset of a strong mitochondrial OXPHOS dysfunc-
tion and neurodegeneration (18,19), it seems that PC might be
more vulnerable to OXPHOS dysfunction than other neural cell
types. It is not unreasonable to speculate that given their unique,
highly arborized, mitochondria-rich dendritic network, and hav-
ing a central role in the cerebellar function, PC cannot tolerate
OXPHOS dysfunction for a prolonged time. However, we cannot
exclude that PCs are specifically sensitive to loss of DARS2, con-
trary to the enzymes involved in mtDNA maintenance (7,18,19)
or that mitochondrial protein synthesis resulting from DARS2-
depletion cannot be compensated for prolonged periods.

PC loss evokes neuroinflammation and is preceded by
1C metabolism upregulation

We anticipated that impaired cerebellar homeostasis following
OXPHOS dysfunction in PC, and their consecutive decline, would
result in the activation of astrocytes and glial cells, culminating
in neuroinflammation. Interestingly, immunoreactivities of
glial fibrillary acidic protein (GFAP) (a marker for activated

astrocytes) and the microglia marker IBA-1 were mostly
unaltered despite commenced mitochondrial dysfunction in
Dars2_KOPC mice at 8 weeks of age, indicating that early
events of OXPHOS dysfunction in PCs are not sufficient to
trigger the immune response, and induce hypertrophy of
Bergmann glia (Figs 4A and 5A). To evaluate if PC loss triggers
neuroinflammation, we turned to 15 weeks old Dars2_KOPC

mice. Predictably, a dramatic increase of activated microglia
(Fig. 4A) and hypertrophic Bergmann glia (Fig. 5A) was notable
in Dars2_KOPC mice at 15 weeks. Consistently, we detected
a significant increase in protein levels of these markers at
15 weeks old Dars2_KOPC mice, but not at 6 weeks of age
(Figs 4B–5B). The increase in neuroinflammation occurred
gradually, as we detected changes in the amount of Bergmann
glia at 9 and 13 weeks of age, but no significant changes in the
amount of microglia (Supplementary Material, Fig. S3). These
results could be explained by the different response of the two
types of glial cells in the cerebellum when activated: although
Bergmann glia activation results in high cell proliferation, the
microglia instead changes morphology upon activation (20).

A dramatic increase of neuroinflammation markers coupled
with a significant PC loss was described in previous studies in
mouse models for PC-specific dysfunction (14,21). The poten-
tial release of damage-associated molecular patterns, which is
known to be stimulated by mitochondrial dysfunction, might
promote migration and activation of microglia, thereby ampli-
fying neuroinflammation. Remarkably, previous studies have
demonstrated that activated microglia are capable of phagocy-
tosing dendrites and axons of living neurons, further amplifying
neurodegeneration (22,23). In this study we observed PC somata
with shrunken or almost disappeared dendritic network, while
in the same time, the molecular layer where these dendrites
were projected was strongly infiltrated by microglia, further
supporting the notion that active phagocytosis of dendrites by
microglia might play a role in the cerebellar pathology observed
in Dars2_KOPC mice.

A growing body of evidence identifies the remodeling of
one-carbon metabolism as an immediate effect of mitochon-
drial dysfunction (24,25). One-carbon metabolism spans a vast
range of biosynthetic reactions, occurring in cytoplasm and
mitochondria, resulting in one-carbon (methyl) units further uti-
lized in various cellular processes. Intriguingly, enzymes belong-
ing exclusively to the mitochondrial branch of one-carbon flux
have been demonstrated to be upregulated in cell models and
the heart and skeletal muscles of mouse models with mitochon-
drial dysfunction (24,25). In line with this, Dars2_KOPC mice dis-
played strong immunoreactivity for serine hydroxymethyltrans-
ferase 2 (SHMT2), which catalyzes the first step in mitochon-
drial one-carbon metabolism that produces tetrahydrofolate-
conjugated one-carbon units further used in cytoplasmic reac-
tions (26) (Fig. 5C). Higher levels of SHMT2 were already visible
at 8 weeks and persisted in the remaining PCs of old Dars2-KOPC

mice at 15 weeks of age (Fig. 5C and D).
Recent studies in mice and Drosophila melanogaster have

shown that the upregulation of one-carbon metabolism occurs
at the early phase of a broad, integrated stress response (ISR)
in ATF4-dependent manner (Celardo et al., 2018; Forrström
et al., 2019). Interestingly, we previously demonstrated a strong
upregulation of Atf4 levels in DARS2-deficient hearts (27). Here,
we provide evidence that the SHMT2 upregulation preceded
PC loss and massive inflammation, and instead coincides with
initial signs of OXPHOS dysfunction. This result supports the
notion that remodeling of one-carbon metabolism occurs early
during mitochondrial dysfunction and that this process is
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Figure 3. Strong RC dysfunction coincides with massive PC loss in Dars2_KOPC mice. (A) Representative images of midsagittal sections of cerebellar vermis stained for

COX/SDH activity at the time points, PCs are marked by a dashed circle scale bar = 100 μm. (B) Representative images of midsagittal sections of cerebellar vermis stained

for COX/SDH activity showing PC (dashed circles), cerebellar molecular layer, and PC dendrites (double arrowheads), scale bar = 100 μm. (C) Representative confocal

images of midsagittal sections of cerebellar vermis lobule VI-VII of CTRL and Dars2_KOPC at the indicated time points labeled with antibodies against Calbindin (grey,

Purkinje-specific marker) and ATPB (yellow, mitochondria) scale bar = 25 μm.
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Figure 4. PC death leads to neuroinflammation. (A) Representative confocal images of midsagittal sections of cerebellar vermis of CTRL and Dars2_KOPC at the indicated

time points (lobule IV–V at 8 w; lobule VI–VII at 15 w) labeled with antibodies against Calbindin (grey, Purkinje-specific marker) and IBA-1 (red, microglia) scale

bar = 100 μm. (B) Immunoblots of whole cerebellar lysates CTRL vs. Dars2_KOPC at 6 and 15 weeks of age for a microglia marker (IBA-1), quantification presented

as mean ± SEM, Student’s t-test, ∗P < 0.05.

also conserved in CNS. Further studies are required to unravel
whether ISR cascade in CNS is similar to changes observed in
cardiac and skeletal muscles (24,27), and what are the metabolic
consequences for affected neurons.

In summary, we demonstrated that DARS2 is essential for the
PC function, as its absence leads to mitochondrial RC deficiency
resulting in early loss of Purkinje neurons likely contributing
to LBSL cerebellar pathologies observed in patients. Substantial
neuroinflammation that accompanies DARS2 deficiency in dif-
ferent brain regions, via the phagocytotic function of microglia,
likely contributes to the loss of myelinated axons. We further
show that in neurons, similar to other cell types, mitochon-
drial dysfunction leads to strong upregulation of one-carbon
metabolism, which coincides with early signs of RC deficiency.

It is still not clear if these stress responses are overall beneficial
or detrimental for the course of diseases and if they might be
potential, yet unexplored targets of therapeutic interventions in
LBSL and other mitochondrial diseases.

Materials and Methods
Mouse lines

Dars2fl/f l mice described previously (27) were crossed to L7-cre
mice (10). The resulting double heterozygous animals (Dars2+/f l;
L7-Cre+/tg) were crossed to Dars2fl/f l mice to generate PC-specific
knockouts (Dars2_KOPC—Dars2fl/f l; L7-Cre+/tg). All animal exper-
iments were approved by the Landesamt für Natur, Umwelt,
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Figure 5. PC death causes astrogliosis and is preceded by SHMT2 upregulation. (A) Representative confocal images of midsagittal sections of cerebellar vermis of

CTRL and Dars2_KOPC at the indicated time points (lobule IV–V at 8 w; lobule VI–VII at 15 w) labeled with antibodies against Calbindin (grey, Purkinje-specific marker)

and GFAP (yellow, astrocytes) scale bar = 100 μm. (B) Immunoblot of whole cerebellar lysates of CTRL vs. Dars2_KOPC mice at 6 and 15 weeks for an astrocytes marker

(GFAP), quantification presented as mean ± SEM, Student’s t-test, ∗P < 0.05. (C) Representative confocal images of midsagittal sections of cerebellar vermis lobule IV-V

of CTRL and Dars2_KOPC at the indicated time points labeled with antibodies against Calbindin (grey, Purkinje-specific marker) and SHMT2 (red) scale bar = 25 μm.

(D) Representative confocal images of sections of cerebellar vermis lobule III of CTRL and Dars2_KOPC at 8 weeks of age labeled with antibodies against ATPB (yellow,

mitochondria) and SHMT2 (red) scale bar = 25 μm. The fraction of mitochondria displaying SHMT2 expression was quantified and normalized over ATPB (Student’s

t-test; n = 20 cells from 2 mice per genotype).
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Verbraucherschutz, Nordrhein-Westfalen, Germany. All proce-
dures were conducted in accordance with institutional, national,
European recommendations and followed the guidelines of the
Federation of European Laboratory Animals Associations.

Phenotype scoring system

The simple composite scoring system was done following the
previously published protocol (11). Measures include hind limb
clasping, ledge test, gait analysis and kyphosis. Each measure is
recorded on a scale of 0–3 and presented individually.

Histology and IHC

For histological analysis, fresh-frozen cerebella were sectioned
(10 μm) and stained either with hematoxylin and eosin
(Sigma Aldrich) according to standard protocol, or for COX and
SDH activity as described previously (7). Briefly, cryosections
were first incubated 45 min at 37◦C with COX solution
(0.8 ml 3, 3 diaminobenzidine tetrahydrochloride, 0.2 ml 500 μM
cytochrome c, a few grains of catalase). Next, cryosections
were washed briefly in ddH2O and incubated 90 min at
37◦C with SDH solution (0.8 ml 1.875 mM nitroblue tetra-
zolium, 0.1 ml 1.3 M sodium succinate, 0.1 ml 2 mM phenazine
methosulphate, 0.01 ml 100 mM sodium azide). Cryosections
were briefly washed in ddH2O, dehydrated through graded
alcohols, cleared in xylol and mounted with Entellan (Merck
Millipore).

For IHC, animals were anesthetized i.p with ketamine
(100 mg/kg) and xylazine (10 mg/kg) and perfused transcardially
with 0.1 M phosphate buffer saline (PBS) followed by 4%
paraformaldehyde (PFA) in PBS. Cerebella were dissected, post-
fixed overnight at +4◦C in 4% PFA, and stored until use in 0.1 M
PBS. Free-floating midsagittal sections (50 μm) were prepared
using a vibratome (Leica Microsystems). The staining of free-
floating sections was performed as described previously (28).
The sections were first permeabilized with 0.5% Triton-X/PBS
for 15 min at room temperature (RT). For SHMT2, this step
was exchanged for heat-induced antigen retrieval in Tris-EDTA
pH = 9 buffer for 25 min at 80◦C. Next, sections were incubated
overnight at +4◦C under agitation with primary antibodies in
3% bovine serum albumine (BSA)/PBS. Primary antibodies used
for IHC: anti-Calbindin D-28 K (1:1000, cat. no. 300, SWANT),
Calbindin D1I4Q (1:1000, cat. no. 13176, Cell Signaling), IBA-
1 (1:2000, cat. no 019–19741, Fujifilm Wako Chemicals), GFAP
GA5 (1:2000, cat. no. 3670, Cell Signaling), ATPB (1:500, cat.no.
ab5432, Abcam), SHMT2 (1:100, cat. no. HPA020543). The next day,
sections were washed three times 10 min under agitation in 3%
BSA/PBS and incubated 2 h, RT under agitation with secondary
fluorophore-conjugated antibodies in PBS. Secondary antibodies
used for IHC: goat anti-rabbit IgG (H + L)-Alexa fluor 546 (1:2000,
cat. no. A-11035, Invitrogen), goat anti-mouse IgG (H + L)-Alexa
fluor 488 (1:200, cat. no. A-11001, Invitrogen). Next, sections
were washed in PBS, counterstained with 4′,6-diamidino-
2-phenylindole (DAPI) and mounted with AquaPolymount
(Polysciences, Inc.).

Image capture, analysis, and processing

Brightfield images of H&E and COX/SDH stained sections were
taken with slide scanner (Leica SCN400).

IHC stained sections were imaged with a confocal laser-
scanning microscope (TCS SP8 Leica Microsystems). Z-stack
images were acquired following the Nyquist sampling in

sequential mode. LAS X software (Leica Microsystems), Image
J and CorelDRAW 2018 were used further to set up uniformly
contrast and brightness. Figure preparation was done with
CorelDRAW 2018.

PC density was assessed by counting the number of PC and
dividing it by the length of the cerebellar loop occupied by the
counted cells.

Western blot

Western blot analysis was performed on protein lysates of
homogenized cerebella, as described previously (7). Following
primary antibodies used: anti-Calbindin D-28 K (1:1000, cat. no.
300, SWANT), IBA-1 (1:2000, cat. no 019–19741, Fujifilm Wako
Chemicals), GFAP GA5 (1:20 000, cat. no. 3670, Cell Signaling) and
HSC70 B-6 (1:4000, cat no. sc-7298, Santa Cruz Biotechnology,
Inc.). Secondary anti-mouse and anti-rabbit antibodies conju-
gated to horseradish peroxidase were purchased from Sigma
Aldrich and used in 1:2000 dilution.

Statistical analysis

All statistical analyses were performed using Graph Pad Prism
8.0.2 software. Details of statistical tests can be found at cor-
responding figure legends. Unless stated otherwise, all data are
present as mean ± SD.

Supplementary Material
Supplementary Material is available at HMG online.
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Supplementary Material 

Figure S1: PC loss in 15 w old Dars2_KOPC  

PC loss was the most prominent in lobules I-VIII, lobule X was less affected. Representative 

confocal images of lobules III, IV-V, VI-VII and X are shown. Scale bar=200 µm. 

 

Figure S2: PC-specific Dars2 heterozygous mice (Dars2_HzPC) are not different from 

WT control littermates (CTRL) 

(A) Representative images of midsagittal sections of cerebellar vermis of H&E staining at the 

indicated time points, arrowheads indicate PC; scale bar=100 µm. (B) Representative images 

of midsagittal sections of cerebellar vermis COX/SDH staining at the time points, PCs are 

marked by a dashed circle scale bar=100 µm  (C) Body weight and brain weight of CTRL and 

Dars2_KOPC at indicated time points  data presented as mean ± SD (n=2 mice per genotype 

per time point).  
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Figure S3 Western blot analysis of the neuroinflammation markers at 9 and 13 weeks-

of-age 

Immunoblots of whole cerebellar lysates CTRL vs. Dars2_KOPC mice at 9 and 13 weeks for a 

microglia marker (IBA-1), astrocytes marker (GFAP), and PC marker (Calbindin) 

quantification presented as mean ± SEM, Student’s t-test, *p < 0.05 








