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INTRODUCTION 

According to the World Health Organization, there is a substantial global burden 
associated with neurological and neurodevelopmental conditions, with brain 
diseases emerging as the leading cause of disability-adjusted life years (DALYs).  

In the last 20 years, it has become increasingly clear that dysfunctional mito-
chondria are important contributors to brain diseases, as well as to the patho-
genesis of various other human pathological conditions, including cardiovascular 
disease, diabetes, cancer, and obesity (Clemente-Suárez et al., 2023; Kargaran et 
al., 2021). Mitochondria play a crucial role as eukaryote organelles, participating 
in cellular metabolism, Ca2+ homeostasis, regulating apoptosis, and serving an 
essential function in cellular energy production. Moreover, it has been uncovered 
that the dynamic nature of mitochondria, namely constantly fusing, splitting 
apart, moving around, and being degraded by mitophagy, is of immense impor-
tance in maintaining mitochondrial functioning and neuronal health (H. Chen & 
Chan, 2009). Thus, restoring mitochondrial dysfunction could offer novel thera-
peutic approaches for treating brain diseases in the future. 

Much of our understanding of the molecular basis of common and burden-
some diseases comes from studying rare familial forms or even rarer monogenic 
diseases that share similarities with common conditions (Peltonen et al., 2006). 
Wolfram syndrome (WS) type 1 and type 2 are rare multi-systemic monogenetic 
diseases characterized by progressive endocrinological and neurological symp-
toms, serving as valuable models to study molecular and cellular pathology be-
hind neuronal damage and axonal loss. WS was initially proposed to be a mito-
chondriopathy (Bu & Rotter, 1993) and was later found to involve two causative 
genes, WFS1 and CISD2, which belong to different protein families with distinct 
properties (Amr et al., 2007; Osman et al., 2003; Takeda et al., 2001). Interes-
tingly, despite differences, loss-of-function mutations in WFS1 and CISD2 result 
in comparable disease phenotypes. 

So far, the exact cellular functions of wolframin (WFS1) and CISD2 remain 
unclear. Previous studies have primarily emphasized the significance of endoplas-
mic reticulum (ER) stress and regulating intracellular Ca2+ levels as relevant func-
tions of WFS1. The mitochondrial involvement in the cellular pathogenesis of WS 
has more support in WS type 2 involving a mutated CISD2 gene (Y.-F. Chen et al., 
2010; Kanki & Klionsky, 2009). However, it remains to be elucidated what impact 
WFS1 has on mitochondrial functioning in WS type 1 and what cellular mecha-
nisms could be involved in the possible alterations of mitochondrial dysfunction.  

The general aim of this thesis was to study the role of mitochondria in the 
disease pathogenesis of WS using an in vitro model. First, the general principles 
governing fusion and fission balance were described in living neurons. Next, we 
investigated the involvement of mitochondrial dynamics in the cellular patho-
genesis of WS. Finally, we specified the cellular mechanisms underlying mito-
chondrial dysfunction in WS and explored pharmacological interventions to alle-
viate the impaired mitochondrial phenotype and delayed neuronal development. 
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1. REVIEW OF LITERATURE 

1.1. The dynamic nature of mitochondria 
Mitochondria are intracellular organelles consisting of an outer and an inner 
membrane that generate two separate compartments – an intermembrane space 
and a matrix. They are found in the cytoplasm of almost all eukaryotic cells and 
are responsible for generating most of the energy the cell needs via oxidative 
phosphorylation. Mitochondria also participate in numerous other cell functions 
such as cell proliferation and differentiation, intermediary metabolism (produc-
tion of fatty acids, phospholipids, amino acids, nucleotides, and heme groups), 
reactive oxygen species (ROS) production, innate immunity, calcium signaling, 
and apoptosis (Osellame et al., 2012). The number, size, and shape of mito-
chondria in a cell are constantly changing. The term "mitochondrial dynamics" 
encompasses processes such as mitochondrial fusion, fission, mitochondrial 
transport, also referred to as trafficking, and removal of excessive or damaged 
mitochondria, known as mitophagy (Figure 1). 

 

 
Figure 1. Mitochondrial dynamics. Mitochondria undergo tightly interconnected dyna-
mic processes of fusion, fission, and mitophagy. Balance of fission and fusion processes 
and selective degradation of defective mitochondria are needed to maintain normal 
mitochondrial function (modified from Garbern & Lee, 2021). 

https://www.britannica.com/science/cytoplasm
https://www.britannica.com/science/eukaryote
https://www.britannica.com/science/cell-biology
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/calcium-signaling
https://www.sciencedirect.com/topics/neuroscience/apoptosis
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1.1.1. Fusion and fission 

Mitochondrial fusion involves the physical merging of outer and inner mito-
chondrial membranes and the matrix from two originally distinct mitochondria to 
mix and unify mitochondrial membranes and contents (Chan, 2006). Mito-
chondrial fusion promotes homogenization of the mitochondrial population, faci-
litated by proteins such as mitofusin 1 and 2 (MFN1 and 2) and optic atrophy 1 
(OPA1). Mitofusins merge outer mitochondrial membranes, while OPA1 fuses 
inner mitochondrial membranes (Song et al., 2009). 

On the other hand, mitochondrial fission is the separation of one mitochondrial 
body into two or more smaller daughter organelles. It plays a crucial role in re-
gulating cell death and removing damaged mitochondria via mitophagy (Gomes 
et al., 2011; Suen et al., 2008). The central proteins in mitochondrial fission in-
clude mitochondrial fission 1 (FIS1) and dynamin-related protein 1 (DRP1). 
FIS1, mainly located on the outer mitochondrial membrane, interacts with DRP1, 
which translocates from the cytosol to mitochondria (Y. Wang et al., 2019; 
Westermann, 2008). Recent findings suggest that outer membrane proteins like 
Mff, MiD49, and MiD51 are essential in recruiting DRP1 to mitochondria (Chan, 
2020). Depletion of these proteins results in elongation of mitochondria and a 
fission defect similar to DRP1 depletion (Losón et al., 2013; Osellame et al., 
2016; Otera et al., 2016). 

There is a growing amount of evidence on the interdependent nature of fusion 
and fission, meaning the fission events occurring shortly after fusion events, sug-
gesting a feedback loop between the two processes (Twig et al., 2008; S. Wang 
et al., 2012).  

The equilibrium between fusion and fission is pivotal in organelle distribution 
and bioenergetics, especially in neurons with specialized, compartmentalized 
energy requirements. Mitochondrial fission is involved in quality control, pro-
moting the elimination of damaged mitochondria through mitophagy (Gomes et 
al., 2011) and aiding in the initiation of apoptosis during cellular stress (Suen et 
al., 2008). 

 
1.1.2. Mitochondrial movement 

Neuronal mitochondria exhibit high mobility, moving bidirectionally in cellular 
processes, pausing briefly, and changing direction repeatedly. Long-distance 
transport within neuronal processes relies on microtubule-based motors. Dynein 
motors are responsible for retrograde movement in axons, and kinesin motors 
mediate anterograde transport (Hirokawa et al., 2010). Additionally, actin motors 
facilitate short-distance movement along filaments (Frederick & Shaw, 2007; 
Hatch et al., 2014). 

Mitochondrial anterograde transport in neurons involves the kinesin-1 family 
(KIF5) motors (Hurd & Saxton, 1996; Pilling et al., 2006). KIF5 motors attach to 
mitochondria with the assistance of trafficking kinesin-binding proteins TRAK1 
and TRAK2 (Milton in Drosophila) and the MIRO 1/2, a Ca2+ -sensing mito-
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chondrial outer membrane protein (Glater et al., 2006; Koutsopoulos et al., 2010; 
MacAskill et al., 2009; Stowers et al., 2002). TRAK proteins are required for the 
KIF5- and dynein-mediated two-way transportation of axonal mitochondria. 

Mitochondrial axonal retrograde transport is driven by the dynein/dynactin 
complex, composed of multiple chains, which is suggested to interact with MIRO 
(Guo et al., 2005; Pilling et al., 2006; Russo et al., 2009). 

Mitochondrial transport along the microtubule cytoskeleton is relevant for 
organelle intracellular distribution and bioenergetics, especially in complex and 
energy-intensive cells such as neurons. Neurons heavily rely on targeted delivery 
and regulated removal of organelles along the axon, ensuring mitochondria are 
distributed where energy demand is high, like at synapses, active growth cones, 
and axonal branches. 

The main mechanism immobilizing mitochondria to necessary cellular sites 
involves the mitochondrial-anchoring protein syntaphilin (Y.-M. Chen et al., 
2009; Kang et al., 2008). Deletion of syntaphilin increases motile mitochondria, 
while overexpression abolishes axonal mitochondrial transport. Recent studies 
suggest a causal link between immobilized mitochondria induced with synta-
philin overexpression and increased axonal branching (Courchet et al., 2013; Tao 
et al., 2014). Increased intracellular [ADP]i slows down mitochondrial move-
ment, recruiting mitochondria to subcellular regions and sustaining local [ATP]i 
depletion (Mironov, 2007). Additionally, mitochondria may sense energy needs 
through increased local cytosolic Ca2+ levels using the EF-hands of MIRO as a 
Ca2+ sensor, leading to the inactivation or disassembling of the KIF5-MIRO-
TRAK transport machinery (MacAskill et al., 2009; X. Wang & Schwarz, 2009). 

 
1.1.3. Mitophagy 

Mitophagy, an essential aspect of mitochondrial dynamics, involves the removal 
of aged or irreversibly damaged mitochondria through autophagy, also known as 
mitophagy – a major mechanism for mitochondrial quality control. This process 
is crucial for maintaining a functional mitochondrial population, adjusting mito-
chondrial numbers to changing cellular metabolic needs, and during specific 
cellular developmental stages. The elimination of dysfunctional mitochondria 
follows a sequence of steps, including marking them for degradation, subsequent 
sequestration by an autophagosome, and degradation through lysosomal fusion. 
To facilitate the degradation of dysfunctional mitochondria, prevention of their 
fusion with others and/or promotion of fission is necessary (Duvezin-Caubet et 
al., 2006; Ishihara et al., 2006; Mao et al., 2013; Twig et al., 2008). Mitophagy 
can occur in the form of bulk/non-selective autophagy or selective removal of 
mitochondria (for review, see ref. (Evans & Holzbaur, 2020)).  

In non-selective autophagy, also known as macroautophagy, cytoplasmic 
components, including mitochondria, are engulfed into a double-membraned 
vesicle or autophagosome. This structure fuses with late endosomes or lysosomes 
to form autolysosomes, resulting in cargo degradation. The protein machinery 
driving this pathway is well-established and incorporates autophagy-related pro-
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teins (ATGs) (for reviews, see Refs. (Klionsky et al., 2011; Yin et al., 2016)). In 
cultured neurons, LC3-positive organelles form in the distal part of the axon and 
are retrogradely transported to the soma (Cheng et al., 2015; Hollenbeck, 1993; 
Maday et al., 2012; Maday & Holzbaur, 2014).  

The best-characterized pathway of selective mitophagy is the PINK1/Parkin-
dependent pathway. Under cellular stress, mitochondrial depolarization stabilizes 
PINK1 on the outer mitochondrial membrane (OMM) (D. P. Narendra et al., 
2010; Vives-Bauza et al., 2010). The autophosphorylation of PINK1 leads to the 
recruitment, phosphorylation, and activation of an E3 ubiquitin ligase Parkin 
(Kondapalli et al., 2012; Shiba-Fukushima et al., 2012; Vives-Bauza et al., 2010). 
Together, ubiquitin binding and PINK1-phosphorylation of Parkin induce full 
activation of the latter, thus leading to the conjugation of ubiquitin chains to 
OMM substrates (Kane et al., 2014; Ordureau et al., 2014). In the end, phospho-
ubiquitination of OMM proteins (voltage-dependent anion channel VDAC, 
MFN2, MIRO1/2, etc.) by PINK1 and Parkin generates a specific signal and a 
platform for the recruitment of autophagy receptors (e.g., OPTN and NDP52) for 
organelle degradation. Consequently, removing MFN and MIRO proteins pre-
vents mitochondrial fusion and transport and connects mitophagy to mito-
chondrial motility. It is noteworthy that although mitochondrial fragmentation is 
permissive for mitophagy, it is not a sufficient signal for mitophagy (Ashrafi & 
Schwarz, 2013). 

Recent studies conducted in vivo have suggested that the PINK1/Parkin-
dependent pathway is not functionally dominant, and other selective mitophagy 
pathways may play an equally important role in the mitochondrial quality control 
system (Villa et al., 2018). For example, an E3 ligase MUL1 is functionally 
independent of Parkin but has similar substrates to Parkin and can directly bind 
to GABARAP and regulate mitophagy (Ambivero et al., 2014; Yun et al., 2014). 
Moreover, upon phosphorylation of a mitochondrial OMM protein NIX/BNIP3L, 
mitophagy is initiated by binding to LC3 or GABARAP on the phagophore 
(Novak et al., 2010). Also, the externalization of cardiolipin from IMM to the 
OMM leads to lipid-mediated mitophagy, as cardiolipin can directly bind to LC3 
(Chu et al., 2013). 
 

 
1.2. Mitochondrial dynamics in brain disorders 

Studies about the connections between mitochondrial dynamics and various brain 
disorders are underway and much remains to be elucidated. Mitochondrial mor-
phology, dynamics, and distribution appear to play crucial roles in the develop-
ment of neurons due to their high demand for ATP and the need for timely 
calcium buffering (Iwata et al., 2023; Son & Han, 2018). There is extensive 
evidence that mutations and knockouts introduced in mitochondrial fusion, fission, 
and transport proteins lead to issues in mammalian embryonic and tissue develop-
ment (D. T. W. Chang et al., 2006; H. Chen et al., 2003; H. Chen & Chan, 2004; 
Fang et al., 2016; Z. Li et al., 2004; Nemani et al., 2018; van Spronsen et al., 
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2013). For example, in humans, mutations in the DNM1L gene, encoding DRP1, 
lead to a condition known as encephalopathy due to defective mitochondrial and 
peroxisomal fission-1 (EMPF1; OMIM 614388) (Robertson et al., 2023). Indi-
viduals affected by EMPF1 exhibit diverse symptoms, including neurodevelop-
mental delay, refractory seizures, muscle abnormalities (hypotonia), and ataxia 
(Robertson et al., 2023). Moreover, in mouse models, global DRP1, as well as 
MFN knockout, are embryonically lethal (H. Chen et al., 2003; Ishihara et al., 
2009; Wakabayashi et al., 2009). 

Neurodegenerative diseases are a heterogeneous group of disorders charac-
terized by the selective and progressive loss of the structure and function of 
neurons in the central and/or peripheral nervous system. Most neurodegenerative 
diseases are characterized as proteopathies as they are frequently associated with 
the aggregation of one or more misfolded proteins. Interestingly, mitochondrial 
abnormalities are regularly described as a common prominent early pathological 
feature in Alzheimer’s disease, sporadic Parkinson’s disease, amyotrophic lateral 
sclerosis (ALS), and Huntington’s disease (Johri & Beal, 2012; Lin & Beal, 
2006). Disease-associated proteins such as phosphorylated TAU, amyloid beta 
(Aβ), LRRK2 G2019S, SOD1 G93A, and mutant HTT have been demonstrated 
to impair mitochondrial dynamics, including fusion, fission, and transport, re-
sulting in mitochondrial dysfunction (for review, see ref. Gao et al., 2017). 
However, in cases of Huntington's disease, Alzheimer's disease, and sporadic 
Parkinson’s disease, it remains unclear whether the observed mitochondrial defi-
cits primarily contribute to pathogenesis or if they are secondary effects of 
another pathogenic process. 

Furthermore, the best examples of direct involvement of mitochondrial pro-
teins affecting mitochondrial dynamics in neurodegeneration include human 
diseases such as autosomal dominant optic atrophy (ADOA), Charcot–Marie–
Tooth type 2A (CMT2A), and hereditary early-onset Parkinson's disease (muta-
tions in PINK1 or PARK2 genes). OPA1 is the causative gene for ADOA, the 
predominant form of inherited childhood blindness. Individuals affected by 
ADOA experience a gradual vision decline due to the degeneration of retinal 
ganglion cells, whose axons constitute the optic nerve (Westermann, 2010). 
CMT2A is attributed to mutations in MFN2, resulting in progressive impairments 
in distal sensory and motor neurons from the degeneration of long peripheral 
nerves (Züchner et al., 2004). Moreover, it has been discovered that mutations in 
the genes encoding PINK1 and Parkin are accountable for 50% of cases of auto-
somal recessive juvenile parkinsonism (Quinn et al., 2020). These mutations 
manifest a deficiency in mitochondrial quality control, resulting in the accumu-
lation of dysfunctional mitochondria in the dopaminergic neurons, prominently 
affected by the disease. Furthermore, there have been reports of rare mutations in 
the mitochondrial fission protein MFF and the SLC25A46 protein. The latter is a 
mitochondrial carrier protein that interacts with fusion machinery. In patients 
with mutated MFF, the clinical features emerged within the first year of life, in-
cluding microcephaly, hypotonia, epileptic seizures, spasticity, and optic neuro-
pathy (Chan, 2020). Recessive mutations in SLC25A46 result in various diseases, 

https://en.wikipedia.org/wiki/Proteopathy
https://en.wikipedia.org/wiki/Protein_aggregation
https://en.wikipedia.org/wiki/Protein_folding
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such as optic atrophy with axonal CMT features, Leigh syndrome, pontocere-
bellar hypoplasia, and progressive myoclonic ataxia (Chan, 2020). 

 
 

1.3. Wolfram syndrome 

1.3.1. The clinical picture of Wolfram syndrome 

Wolfram syndrome (WS) is a rare, progressive, and severe autosomal recessive 
neuroendocrine disease characterized by diabetes mellitus, optic atrophy, dia-
betes insipidus, and deafness (also referred to as DIDMOAD; Online Mendelian 
Inheritance in Man (OMIM) #222300) (Rigoli et al., 2018; Toppings et al., 2018; 
Urano, 2016). The estimated prevalence of WS has been suggested to be 1 in 
770,000 in the United Kingdom and 1 in 100,000 in North America (Barrett et 
al., 1995; Toppings et al., 2018). The prognosis of WS is poor and typically ter-
minal between 30 and 40 years of age. The death results mainly from respiratory 
failure because of brain stem atrophy and neurodegeneration (Urano, 2016). The 
condition was first described in 1938 by Wolfram and Wagener, who found 4 of 
8 siblings with juvenile diabetes mellitus and optic nerve atrophy, which has 
been considered the minimal criteria for the diagnosis of WS (Dj, 1938; Pallotta 
et al., 2019; Toppings et al., 2018; Urano, 2016). The genetic basis of WS in-
volves mutations in two specific genes. The mutation in the wolframin gene 
causes Wolfram syndrome type 1 (WS1) (WS1; 606201), first described in 1998 
(Inoue et al., 1998; Strom, 1998), and Wolfram syndrome type 2 (WS2) is caused 
by a mutation in the CISD2 gene (WS2; 604928) (Amr et al., 2007). 

The clinical picture of WS is diverse (Figure 2). The additional presentations 
include neurologic abnormalities such as nystagmus, mental retardation, seizures, 
myoclonus, urinary tract abnormalities, ataxia, peripheral neuropathy, and demen-
tia, as well as hypogonadism, infertility, and hypopituitarism (Chaussenot et al., 
2011; Medlej et al., 2004; Swift et al., 1990; Urano, 2016). Furthermore, WS2 can 
present with profound upper gastrointestinal ulceration, impaired platelet agg-
regation, and bleeding while diabetes insipidus is absent (El-Shanti et al., 2000). 

Alongside the neuroendocrine manifestations, WS1 frequently presents with 
psychiatric symptoms (Strom, 1998). A review of 68 case findings in the USA 
identified that 60% of WS1 patients had severe depression, psychosis, organic 
brain syndrome, suicide attempts, as well as impulsive verbal and physical 
aggression (Swift et al., 1990). Also, according to Swift et al., 1991 heterozygous 
carriers of the mutant wolframin gene, who are estimated to be 1% of the general 
population, are predisposed to significant psychiatric illness (Swift et al., 1991) 
and are 26 times more likely to require psychiatric hospitalization than non-car-
riers (Swift et al., 1998). These observations have been validated in subsequent 
studies (Munshani et al., 2021; Sequeira et al., 2003; Zalsman et al., 2009). 
Although certain reports have not identified an association (Furlong et al., 1999; 
Ohtsuki et al., 2000; Torres et al., 2001). This inconsistency is likely attributed to 
variations in patient cohorts and warrants additional investigation. 
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Figure 2. The clinical manifestations of Wolfram syndrome. The implicated systems 
comprise the central nervous system, sensory and peripheral nervous systems, digestive 
system, endocrine system, urinary system, reproductive system, and vascular system. 
Symptoms marked with an asterisk are linked to WS2 (modified from Loncke et al., 
2021). 

 
1.3.2. The WFS1 and CISD2 genes and the corresponding proteins 

The linkage of the gene implicated in WS1 was reported to markers on chromo-
some 4p (Collier et al., 1996; Polymeropoulos et al., 1994). The gene itself was 
first described in 1998 by two separate groups (Inoue et al., 1998; Strom, 1998). 
The WFS1 gene was found to produce a tetrameric endoplasmic reticulum trans-
membrane glycoprotein with a molecular weight of 100 kDa (890 amino acids) 
known as wolframin (Hofmann et al., 2003). The protein consists of 9 trans-
membrane segments and a large hydrophilic region at both ends, with C-terminus 
localizing to ER lumen and N-terminus to cytosol (Hofmann et al., 2003). Initial 
findings suggested that WFS1 predominantly localizes within ER membranes 
(Osman et al., 2003; Takeda et al., 2001). Subsequent investigations revealed a 
specific enrichment of wolframin at mitochondria-associated ER membranes 
(MAMs) (Angebault et al., 2018; Delprat et al., 2019). Wolframin is an abundant 
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protein in pancreatic β-cells, brain, heart, and muscle and is also found in the 
liver, kidneys and spleen (Hofmann et al., 2003; Inoue et al., 1998; Strom, 1998). 

Over 200 different mutations (insertions, deletions, frameshift mutations, non-
sense, and missense mutations) have been recognized in the WFS1 gene, which 
represents 99% of WS cases (Crouzier, Richard, et al., 2022; Rigoli et al., 2022). 
Most of these mutations are situated in exon 8, the largest exon of the WFS1 gene, 
and encodes the transmembrane region and the C-terminus of the wolframin pro-
tein. Mutations in WFS1 are commonly inactivating, and the majority follow an 
autosomal recessive inheritance pattern. Less disruptive missense mutations are 
presumed to be linked to milder phenotypes of WS1 compared to mutations that 
entirely inhibit WFS1 expression (Loncke et al., 2021). Supporting this, a study 
has demonstrated an inverse relationship between the residual expression of 
WFS1 protein and the severity of optic atrophy (Hu et al., 2022). Furthermore, 
autosomal dominant mutations of WFS1 also have clinical relevance and lead to 
non-syndromic low-frequency hearing loss (OMIM #600965), Wolfram-like 
syndrome (OMIM #614296), non-syndromic autosomal-dominant diabetes, non-
syndromic optic atrophy, and hearing loss (Delprat et al., 2018; Niu et al., 2017; 
Rendtorff et al., 2011). 

WS2 is caused by mutations in the CDGSH iron-sulfur domain-containing 
protein 2 (CISD2) gene, located on chromosome 4q22-q23 and comprising three 
exons (Amr et al., 2007). CISD2 encodes a 15 kDa, single-pass, transmembrane 
ER protein called CISD2, also known as ERIS, Miner1, NAF-1, and WS2 (Amr 
et al., 2007), enriched explicitly at MAMs (Wiley et al., 2013). The protein has a 
redox-active 2Fe-2S cluster domain within its cytosolic CDGSH domain and 
forms homodimers (Conlan et al., 2009). CISD2 is highly expressed in the 
pancreas and brain (Y.-F. Chen et al., 2010) but can be found in all cell types. 

To date, four WS-associated disease mutations in CISD2 have been de-
scribed, leading to a truncated or a nonfunctional protein (Loncke et al., 2021). 
CISD2 is involved in ER stress, the unfolded protein response (UPR), and the 
regulation of Ca2+ homeostasis between the ER and cytosol (Wiley et al., 2013). 
Additionally, it facilitates iron transfer to the mitochondria, playing a crucial role 
in regulating iron and reactive oxygen species (ROS) and redox homeostasis 
(Tamir et al., 2015). Also, CISD2 deficiency shortens lifespan and accelerates 
aging in mice (Y.-F. Chen et al., 2009), while an excess of CISD2 seems to be 
implicated in cancer pathogenesis (Sohn et al., 2013). Furthermore, CISD2 modu-
lates autophagy by influencing BECN1 activity and regulates apoptosis through 
modulating calpain 2 activity (Shen et al., 2021).  
 

1.3.3. The pathogenesis of Wolfram syndrome 

WS has been considered both a neurodegenerative and a neurodevelopmental 
disorder (Hershey et al., 2012; Rando et al., 1992). In post-mortem and MRI 
studies, the atrophy of the specific areas of the brain, e.g. hypothalamic nuclei, 
optic nerves, chiasm and tracts, olfactory bulbs and tracts, cochlear nerve and 
nuclei, medulla, pons, cerebellum, alongside demyelination of the pyramidal 
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tracts, have been demonstrated repeatedly (Barrett et al., 1995; Carson et al., 
1977; Genís et al., 1997; Hilson et al., 2009; Rando et al., 1992; Shannon et al., 
1999). Neurodegeneration has also been established in vivo animal models. 
Knockdown of WFS1 in the fruit fly Drosophila nervous system resulted in age-
dependent behavioral deficits and premature neuronal death (Sakakibara et al., 
2018). In rats, the loss of WFS1 results in optic nerve atrophy and medullary 
degeneration (Plaas et al., 2017). 

The Washington University Wolfram Study Group conducted research in-
tending to characterize regional patterns of neuroanatomical abnormalities in WS 
patients across a range of disease duration. The study revealed a diminished intra-
cranial volume, primarily attributed to reduced volumes of the brainstem, cere-
bellum, and optic radiation, manifesting from the initial stages of the disease in 
Wolfram patients when compared to both healthy controls and type 1 diabetic 
patients (Hershey et al., 2012). The authors concluded that the observed changes 
in neuroimaging and deficits in white matter myelination detected in further 
studies resulted from a neurodevelopmental disruption dating back to the early 
stages of the central nervous system development (Hershey et al., 2012; Lugar et 
al., 2016, 2019). A recent case study involving a neonatal patient with WS also 
suggests the involvement of the WFS1 gene in the development of specific brain 
structures during the fetal period (Ghirardello et al., 2014). Furthermore, an in 
vitro study involving neurons derived from induced pluripotent stem cells 
(iPSCs) carrying mutations associated with WS displayed impaired neurite out-
growth and abnormally extensive fasciculation (Pourtoy-Brasselet et al., 2021). 

The mitochondrial hypothesis of WS emerged from observations that the 
clinical presentation of WS is varied, with several symptoms being consistent 
with an ATP supply defect and resembling those of a mitochondrial disease, e.g., 
deafness, optic atrophy, ataxia, and psychiatric disorders. Mitochondrial aberrant 
morphology and dysfunction were found in a muscle biopsy of a WS patient in 
1992 (Bundey et al., 1992). Still, another group did not confirm the findings 
(Jackson et al., 1994). The pattern of axonal degeneration observed in post-
mortem optic nerves from a 25-year-old male patient with WS closely resembled 
that of mitochondrial optic neuropathies, supporting the hypothesis that mito-
chondrial dysfunction is a fundamental factor in the pathogenesis of WS (Ross-
Cisneros et al., 2013). The mitochondrial involvement in the cellular patho-
genesis of WS has mainly been suggested in WS2 involving CISD2 mutations 
(Y.-F. Chen et al., 2010; Kanki & Klionsky, 2009), while WS1 (mutations in 
wolframin) is mainly considered an ER disease (Urano, 2014). 
 

1.3.4. Molecular mechanisms of Wolfram syndrome 1 

The exact cellular functions of the WFS1 protein remain unclear. Wolframin has 
been found to participate in ER stress regulation and influence intracellular Ca2+ 
levels. Osman et al. were the first to demonstrate that the changes in intracellular 
Ca2+ levels were dependent on the expression level of wolframin and suggested 
that wolframin activates endogenous ER channels or could act as a Ca2+ channel 
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(Osman et al., 2003). The significance of calcium was further affirmed by Takei 
et al., who characterized the WFS1 protein as a positive regulator of Ca2+ uptake 
in the ER of HEK293 cells overexpressing WFS1 (Takei et al., 2006). However, 
the exact mechanisms behind the changes in Ca2+ homeostasis in WFS1 defi-
ciency were not elucidated. 

Notably, the ER functions as a primary reservoir for intracellular calcium ions, 
playing a pivotal role in regulating both the uptake and release of Ca2+, and is 
responsible for normal cellular Ca2+ signaling. Calcium ions are sequestered with-
in the ER through the activity of the sarco/endoplasmic reticulum Ca2+-ATPase 
(SERCA) pump and are released into the cytosol in response to various physio-
logical triggers (Wuytack et al., 2002). Specifically, Ca2+ channels known as 
ryanodine receptors (RyRs) and inositol 1,4,5-trisphosphate receptors (IP3Rs) are 
resident in the ER membrane, mediating Ca2+ efflux from the ER (Figure 3) 
(Loncke et al., 2021; Zhang et al., 2020). The interactions between mitochondria 
and the ER, referred to as MAMs, actively participate in intracellular Ca2+ 

regulation and the transfer of Ca2+ from the ER to mitochondria (Islinger et al., 
2015). Earlier work indicates that IP3Rs primarily localize to MAMs, forming 
complexes with the voltage-dependent anion-selective channel (VDAC) at the 
mitochondrial outer membrane and the mitochondrial Ca2+ uniporter (MCU) at 
the mitochondrial inner membrane (Lee et al., 2018). ER-mitochondrial Ca2+ 
transport is critical for Ca2+ buffering and cellular metabolism and has important 
connections with ER stress and apoptosis (Kaufman & Malhotra, 2014). 

 

 
Figure 3. ER calcium homeostasis. The ER Ca2+ levels are regulated by SERCA, an 
ATP-dependent pump that transports free Ca2+ from the cytosol to the ER lumen. Additio-
nally, Ca2+ efflux channels, namely ryanodine (RyRs) and inositol 1,4,5-trisphosphate 
receptors (IP3Rs), release Ca2+ into the cytosol. It's noteworthy to mention that the release 
of Ca2+ to the mitochondria from the ER primarily occurs through IP3Rs (modified from 
Schrödl et al., 2009). 
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Further studies discovered the implication of wolframin in regulating ER stress 
signaling (Fonseca et al., 2005). Besides Ca2+ regulation, the ER also functions 
as a quality control system, identifying misfolded proteins and directing them for 
degradation. In the accumulation of misfolded proteins, the ER triggers a stress 
response known as the unfolded protein response (UPR) (Delprat et al., 2019). It 
was found that WFS1 interacts with one of the regulators of UPR, the transcrip-
tion factor ATF6α, and protects pancreatic β cells from dysfunction and prema-
ture cell death induced by the excessive activation of ER stress signaling (Abreu 
et al., 2020; Fonseca et al., 2010). Additionally, by preventing ER stress and sub-
sequent UPR signaling, WFS1 may indirectly influence the expression of various 
genes (Loncke et al., 2021). Induction of UPR pathways during ER stress dimi-
nishes both transcriptional and translational processes, inhibiting gene expression 
(Hetz et al., 2020). This was suggested as a mechanism explaining the decreased 
presence of plasmalemmal Na+/Ca2+ exchanger (NCX) mRNA and protein 
detected in cardiac myocytes derived from a rat model of WS, though ER stress 
in WFS1 deficiency has been described in the heart inconsistently (Kureková et 
al., 2020; Yamada et al., 2006). 

The Ca2+ involvement in WS disease mechanisms was again emphasized in a 
study by Lu et al., 2014. The authors observed Ca2+-dependent calpain activation 
induced by high cytosolic calcium mediated by the loss of function of wolframin 
in WFS1 knockout mice and neural progenitor cells derived from iPS cells of WS 
patients (Lu et al., 2014). Moreover, the hypothesis of ryanodine receptor leakage 
in the progression of WS has been proposed, supported by the observation that 
treating WFS1-knockdown cells with dantrolene and ryanodine – agents that in-
hibit ryanodine receptors and decrease calcium leakage from the ER to the 
cytosol, thus reducing cytosolic calcium levels – could prevent cell death me-
diated by WFS1 knockdown (Lu et al., 2014). 

Moreover, similar changes with calpain hyperactivation and ER calcium 
efflux were also observed in WFS1-deficient β cells (Hara et al., 2014). Inte-
restingly, the functional and physical interaction of WFS1 with SERCA was 
demonstrated in different cell models, but contrary to earlier, reduced and delayed 
rise in cytosolic free Ca2+ concentration in WFS1 KO MIN6 cells was found 
(Zatyka et al., 2015). A study by Morikawa et al. showed again the involvement 
of SERCA in the disturbances of Ca2+ homeostasis in a cell line transfected with 
mutant WFS1 cDNA as opposed to those transfected with wt WFS1 cDNA, but 
to the contrary, suggested that the WFS1 mutant elevated cytosolic Ca2+ by dimi-
nishing the expression of SERCA (Morikawa et al., 2017). 

Delprat et al. suggested that because SERCA is present in MAMs and serves 
as a recognized mediator of ER Ca2+ uptake, WFS1 could represent a novel 
physiological effector within MAMs being crucial for maintaining Ca2+ homeo-
stasis (Delprat et al., 2018). Supporting the prior idea, an essential role of WFS1 
could be its involvement in regulating the transfer of calcium to mitochondria 
through the MAMs (Crouzier, Richard, et al., 2022). Indeed, Angebault et al., 
2018 demonstrated that WFS1 interacts with the neuronal Ca2+ sensor NCS1 in 
MAMs, forming a complex with IP3R to activate ER-mitochondria Ca2+ transfer. 
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This triplet complex ensures effective Ca2+ transfer to mitochondria and proper 
activation of mitochondrial oxidative respiration (Angebault et al., 2018). Inte-
restingly, the notion that WFS1 might either elevate IP3R abundance or enhance 
the sensitivity of IP3Rs to IP3 was initially suggested by Osman et al. in 2003, as 
mentioned earlier in this chapter. The discoveries of Angebault et al., 2018 were 
validated in a rat insulinoma β cell model lacking WFS1. The absence of WFS1 
was identified to elevate basal cytosolic Ca2+ concentrations, leading to 
heightened calpain activity and reduced IP3R-mediated Ca2+ release, subsequent-
ly impacting Ca2+ transfer to the mitochondria (Nguyen et al., 2020). Further-
more, the overexpression of NCS1 restored cytosolic Ca2+ homeostasis. Finally, 
a recent study affirmed the involvement of WFS1 in the transfer of Ca2+ between 
the ER and mitochondria in WS patient-derived fibroblasts, although no sub-
sequent mitochondrial defects were documented (La Morgia et al., 2020). Al-
together, the existing understanding of intracellular calcium regulation in the 
presence or absence of wolframin remains controversial and requires further 
clarification (Figure 4). 
 
 

 
Figure 4. The involvement of WFS1 in Ca2+ homeostasis. WFS1 is proposed to act as 
a Ca2+ leak channel and regulate Sarco/endoplasmic reticulum Ca2+-ATPase’s (SERCA) 
degradation, activity, or both. WFS1 interacts with Neuronal calcium sensor 1 (NCS1) to 
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enhance the Ca2+-release activity of Inositol 1,4,5-trisphosphate receptors (IP3Rs). Addi-
tionally, WFS1 is believed to inhibit Ryanodine (RyR) -mediated Ca2+ flux, preventing 
hyperactivation of calpain 2 and thereby blocking cell death. Green arrows denote stimu-
latory interactions, red arrows indicate inhibitory interactions, dashed arrows represent 
uncertain interactions, and black arrows signify Ca2+ fluxes. MCU, mitochondrial Ca2+ 
uniporter; VDAC1, voltage-dependent anion-selective channel 1. Modified from Loncke 
et al., 2021. 

 

1.3.5. The treatment perspectives for Wolfram syndrome 

Beyond symptomatic approaches like insulin replacement, there are presently no 
interventions available to modify the progression of Wolfram syndrome. Never-
theless, various investigations in the cellular pathology of WS have opened novel 
avenues for treatment. Some treatments are under clinical investigation, as most 
are in preclinical testing.  

The first completed uncontrolled open-label clinical trial in WS patients was 
published in 2021 (Abreu et al., 2021). The study enrolled adult and pediatric 
Wolfram syndrome patients. It aimed to determine the safety and tolerability of 
dantrolene sodium – a drug known for inhibiting ryanodine receptors on the ER 
and stabilizing ER Ca2+ (Abreu et al., 2021). The study incorporated 22 indi-
viduals with a genetically confirmed diagnosis of WS and lasted 6 months. Over-
all, dantrolene was very well tolerated. The small study population complicated 
the evaluation of dantrolene’s effectiveness. Nevertheless, in a subgroup analysis, 
a minority of subjects appeared to experience improvements in the β cell func-
tioning.  

The second repurposing drug for WS is sodium valproate, which is currently 
under a phase II, placebo-controlled clinical trial with 70 pediatric and adult WS 
patients (trial number: NCT03717909) (Shah et al., 2021). In a preclinical WS 
study, sodium valproate increased WFS1 mRNA expression in neuronal cells by 
activating its promoter. It also suggested potential ER stress-modulating effects 
by enhancing the dissociation of WFS1 from a molecular chaperone GRP94 (Ka-
kiuchi et al., 2009). A recent study revealed that sodium valproate reduces ER 
stress and cell apoptosis in WS1 models with dominant WFS1 mutations (Bat-
jargal et al., 2020). Moreover, valproate is recognized for enhancing the expres-
sion of p21cip, a cyclin-dependent kinase inhibitor with an anti-apoptotic effect. 
Consequently, valproate can potentially protect WS1 cells from cell death, as cell 
cycle assays in WFS1-depleted cells demonstrated a decrease in p21cip levels 
along with increased apoptosis (Gharanei et al., 2013).  

Glucagon-like peptide-1 receptor (GLP-1R) agonists are proposed as potential 
therapeutics for WS1 due to their demonstrated antidiabetic effects in both animal 
models and WS2 patients (Rigoli et al., 2022). Considering the widespread 
presence of GLP-1R in neuronal cells, liraglutide proved to be neuroprotective in 
a WS rat model as it protected retinal ganglion cells from apoptosis and the optic 
nerve from degeneration (Seppa et al., 2019). Furthermore, the administration of 
exenatide (GLP-1R agonist) in a patient with WS type 2 led to a 70% reduction 
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in daily insulin requirements, enhanced glycemic control, and a 7-fold increase 
in maximal insulin secretion (Danielpur et al., 2016). Moreover, recently the 
dual-incretin agonist DA-CH5 exhibited therapeutic efficacy in a WS rat model. 
The treatment reversed glucose intolerance and intra-islet alterations in knockout 
rats, and visual acuity and retinal ganglion cell density were better preserved 
(Jagomäe et al., 2023). Accordingly, a clinical trial involving exenatide for WS 
type 2 (trial number: NCT010302327) was initiated. Also, a second trial using 
liraglutide (Victoza®) in patients with WS type 1 has recently been announced 
but not officially registered by Washington University in collaboration with the 
Snow Foundation (Shah et al., 2021).  

Other potential treatment strategies for WS under preclinical investigations 
encompass the use of chemical chaperones to enhance the structure of mutant 
WFS1 proteins, ER calcium stabilizers targeting ER calcium transporters, com-
pounds regulating ER-stress-mediated cellular apoptosis and activating cell survi-
val mechanisms, modulators of mitochondrial function, as well as gene replace-
ment therapy and gene editing to correct pathogenic WFS1 variants (Mishra et 
al., 2021). 

 
1.4. Summary of literature review 

Neurodevelopmental and neurodegenerative disorders are both growing major 
public health concerns decreasing life quality and causing substantial financial 
burdens (Magnin, 2021). Interestingly, mitochondrial abnormalities are regularly 
described as a common prominent early pathological feature in neurodegene-
rative diseases, e.g., Alzheimer’s disease, sporadic Parkinson’s disease, amyo-
trophic lateral sclerosis, and Huntington’s disease (Johri & Beal, 2012; Lin & 
Beal, 2006). Moreover, intact mitochondrial functioning (e.g., mitochondrial 
dynamics) is crucial for neuronal development (Son & Han, 2018; Iwata et al., 
2023). Despite the growing recognition of the role of mitochondria in various 
brain disorders, it is still unclear how exactly mitochondria contribute to the 
pathology of neurodegenerative/neurodevelopmental diseases and whether the 
observed mitochondrial deficits are primary or secondary contributors. Therefore, 
while the primary proteins and principles governing mitochondrial dynamics, 
specifically fusion and fission, in neurons, have been previously studied, there is 
still a lack of clarity regarding the interactions between mitochondrial fusion and 
fission events at the neuronal level (Chan, 2020; Twig et al., 2008; Wang et al., 
2012). 

The value of studying rarer monogenic diseases that share similarities with 
common conditions comes from broadening our understanding of the molecular 
basis of general burdensome diseases (Peltonen et al., 2006). In this context, we 
investigated an in vitro model of Wolfram syndrome, a progressive autosomal 
recessive neuroendocrine disorder characterized by diabetes mellitus, optic atro-
phy, diabetes insipidus, and deafness. Interestingly, WS was initially proposed as 
a mitochondriopathy (Bu & Rotter, 1993). Subsequent research has predomi-
nantly suggested mitochondrial involvement in the cellular pathogenesis of WS 
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type 2, characterized by loss-of-function mutations of CISD2 protein (Chen et al., 
2010; Kanki & Klionsky, 2009). Conversely, WS type 1, associated with muta-
tions in the WFS1 protein, is primarily considered an ER disease affecting Ca2+ 
homeostasis and ER stress regulation (Urano, 2014). However, sparse findings of 
mitochondrial involvement in the disease pathology of WS type 1 have also been 
reported (La Morgia et al., 2017). Possible mechanisms explaining how an ER 
resident protein like WFS1 could influence mitochondrial functioning suggest a 
role in both direct ER-mitochondrial connections and deviations in SERCA, 
IP3R, and RyR receptor functioning as crucial players in maintaining ER, 
mitochondrial, and cytosolic Ca2+ homeostasis. 

Based on previous suggestions of mitochondrial involvement in WS disease 
mechanisms, we sought to explore the role of mitochondrial dynamics in the cel-
lular pathogenesis of WS1. Additionally, we aimed to clarify the controversial 
aspects of intracellular Ca2+ regulation and its associations with mitochondrial 
dynamics in the disease pathogenesis of Wolfram syndrome and suggest possible 
pharmacological interventions. 
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2. AIMS OF THE STUDY 

This study aimed to investigate the role of mitochondria in the pathogenesis of 
Wolfram syndrome. 
 
The specific objectives were: 
1) To elucidate the main principles governing mitochondrial fusion-fission ba-

lance in cultured cortical neurons 
2) To investigate in an in vitro model the importance of mitochondrial dynamics 

in the cellular pathogenesis of Wolfram syndrome 
3) To specify the cellular mechanisms of Wolfram syndrome and find possible 

pharmacological interventions to alleviate the impaired mitochondrial pheno-
type and delayed neuronal development 
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3. MATERIAL AND METHODS 

3.1. Cell culture and transfection 
Primary neuronal cultures of rat cortical cells were prepared from less than 1-
day-old neonatal Wistar rats. Approximately >60% of the cells in the culture had 
neuronal phenotype. The cells were plated onto 35 mm glass-bottom dishes 
(MatTek, MA, USA) pre-coated with poly-L-lysine at a density of 106 cells per 
dish in 2 ml of cell suspension. Neurons were cultured in Neurobasal™-A me-
dium with or without phenol red containing B-27 supplement, 2 mM GlutaMAX-
I, and 100 μg/ml gentamicin. 

Next, neuronal cultures were transiently transfected 1 to 3 days after plating 
using LipofectamineTM 2000 (Invitrogen) according to the provided guidelines. 
Shortly, the conditioned medium was replaced with 100 μl Opti-MEM I medium 
containing 2% LipofectamineTM 2000 and 1 to 2 μg of total DNA with an equal 
amount of each plasmid. The dishes were incubated for 3 to 4 h followed by 
adding fresh Neurobasal™-A medium. Finally, neurons were cultivated for 3 to 
8 days to allow for the expression of the transfected DNA. During microscopy, 
the cells were kept in a Krebs–Ringer solution supplemented with 1 mM Ca2+ and 
15 mM glucose or, alternatively, in a colorless Neurobasal™-A medium. 

Our research didn’t involve procedures that require ethical authorization under 
the Estonian ‘Animal Protection Act,’ Chapter 8. The project involved only the 
preparation of primary neuronal cultures, and no experiments were performed on 
live animals. We also certify that the animals used in the project were bred and 
kept at the Laboratory Animal Centre according to the Estonian Animal Pro-
tection Act and under the activity license given by the Estonian Veterinary and 
Food Board. 
 
 

3.2. Plasmid and chemical list 
Reagent or resource Source  Identifier 
Plasmids   
Fluorescent sensors   
CEPIA3mt Addgene Cat# 58219 
ER-GCamp6-210  Addgene Cat# 86919 
ATeam Addgene Cat# 51958 
Syn-jGCaMP7b Addgene Cat# 104489 
Camk2-Ace-8aa-mScarlet Addgene Cat# 129702 
GW1-PercevalHR Addgene Cat# 49082 

mito-KikGR1 
Generated in our lab 
(Cagalinec et al., 2013)  

mito-CFP 
Evrogen (Moscow, 
Russia)  

mtKeima Amalgaam AM-V0251 
DsRed2-Mito Clontech Cat# 632421 
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Reagent or resource Source  Identifier 
EGFP Clontech 6085–1 
hSyn-DsRed1 Addgene Cat#22907 
mKate2-mito Evrogen FP187 
EGFP-LC3 Addgene Cat#24920 
Overexpression plasmids   
IP3R1 wt and D2550A Gift from Dr. David Yule  
IP3R1 active fragment Plasmid ID MmCD00312368 
SERCA2b  Addgene Cat# 75188 
Mfn1 Gift from Dr. S. Hirose  
wt Mfn2 Gift from Dr. S. Hirose  
dn Mfn2∆TM Gift from Dr. S. Hirose  

Drp1 
Gift from Dr. G. 
Szabadkai  

Drp1 K38A (dominant 
negative) 

Gift from Dr. G. 
Szabadkai  

Fis1 
Gift from Dr. J.-C. 
Martinou  

WFS1 P724L Addgene Cat# 13012 
WFS1-Flag Addgene Cat# 13011 
shRNA-s   
Wfs1 shRNA SABiosciences KR46208N 
Cisd2 shRNA SABiosciences KR47927N 
Wfs1 siRNA Sigma-Aldrich SASI_Rn02_00265296 

NM_031823 
Drp1 shRNA SABiosciences KRxxxxxN 
Parkin shRNA SABiosciences KR50238N 
Pink1 shRNA SABiosciences KR55105N 
Cell Culture   
B-27™ Plus supplement ThermoFisher Scientific Cat# A3582801  
B-27™ supplement ThermoFisher Scientific Cat#17504044 
Basal Medium Eagle (BME) ThermoFisher Scientific Cat# 41010109 
LipofectamineTM 2000 ThermoFisher Scientific Cat# 11668019 
Neurobasal™-A with or 
without fenol red 

ThermoFisher Scientific Cat# 10888022 or 12349015 
(without fenol red) 

N-TER Nanoparticle siRNA 
Transfection System 

Sigma-Aldrich Cat#N2913 

Opti-MEM I Reduced Serum 
Medium 

ThermoFisher Scientific Cat# 11058021 

Poly-L-lysine hydrobromide Sigma-Aldrich P6282 
Chemicals   
(RS)-3,5-DHPG Tocris  Cat# 0342 
deoxyglycose Sigma-Aldrich D8375 
oligomycin Sigma-Aldrich 75351 
glutamate Sigma-Aldrich G2128 
azymolene sodium salt Cayman Chemical Cat# 16462 
CDN1163 Tocris  Cat# 5869 
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Reagent or resource Source  Identifier 
CGP 37157 Tocris  Cat# 1114 
liraglutide Tocris  Cat# 6517 
RYR-Calstabin Interaction 
Stabilizer (RyCal) S107 

Millipore, Sigma-Aldrich Cat# 500469 

FCCP  Tocris Cat# 0453 
JC-10 [Enhanced JC-1], Ultra-
Pure 

Enzo ENZ-52305 

Mag-fluo-4 AM ThermoFisher Scientific Cat# M14206 
 
 

3.3. Mitochondrial fusion rate 
To analyze mitochondrial fusion and fission events, cortical neuronal cultures 
were transfected with the mito-KikGR1 plasmid and the plasmids of interest. A 
laser scanning confocal microscope (LSM 510 Duo, Carl Zeiss Microscopy 
GmbH) equipped with an LCI Plan-Neofluar 63×/1.3 water immersion DIC M27 
objective was used. The temperature was maintained at 37°C during scanning 
using a climate chamber. Mito-KikGR1 green signal was elicited with a 488-nm 
argon laser line and selected axonal mitochondria were subsequently photocon-
verted to red using a 405-nm diode laser, and red mitochondrial signal was 
illuminated with a 561 nm DPSS laser. To compare the fusion rate difference of 
various transfection conditions, images were taken at 10 s intervals for 10 min, 
and the progression of all activated (red) mitochondria was followed throughout 
the time-lapse. To analyze the fusion-fission cycle, images were captured every 
10 s for 2 hours. 
 
 

3.4. Mitochondrial density and length 
To measure mitochondrial length and density in axons, the neuronal cultures were 
transfected with mitochondrial pDsRed2, EGFP, scrambled shRNA, or Wfs1 
shRNA (Wfs1 shRNA suppressed 84±4% of endogenous WFS1 protein expres-
sion in PC12 cells as estimated by Western blotting, n = 5) under vehicle or treat-
ment conditions. Imaging was carried out 6 to 7 days after transfection. Fluore-
scence images of 10 randomly chosen axons from each culture dish were acquired 
using an Olympus IX70 inverted microscope equipped with a WLSM PlanApo 
×40/0.90 water immersion objective and an Olympus DP70 CCD camera. 
Morphometric analysis was conducted using MicroImage software (Media 
Cybernetics, Bethesda, MD). For mitochondrial length and density assessments 
between different transfection conditions, a minimum of 40 axons were examined 
for each group. 
 



31 

3.5. Mitophagy assays 
Mitochondrial degradation through autophagy was assessed by employing mito-
chondria-targeted pH-sensitive fluorescent protein Keima, whose excitation 
spectrum changes from 440 to 586 nm when mitochondria enter acidic lyso-
somes. Briefly, primary cortical neurons were incubated for 5 to 6 days with 
scrambled shRNA or Wfs1 shRNA under vehicle or treatment conditions. Images 
were captured with a laser scanning confocal microscope (LSM 510 Duo, Carl 
Zeiss Microscopy GmbH equipped with an LCI Plan-Neofluar 63×/1.3 water 
immersion DIC M27 objective) using the 458 nm (green, indicating mitochondria 
at a neutral pH) and 561 nm (red, indicating mitochondria at an acidic pH) laser 
lines. Subsequently, the red dots per neuronal body were counted blindly. 

In a different series of mitophagy experiments, neurons were transfected with 
pEGFP-LC3, mKate2-mito, and either scrambled shRNA or Wfs1 shRNA. The 
analysis of co-localization between EGFP-LC3 dots and mitochondrial mKate2-
mito was performed using ImageJ software (Schneider et al., 2012). 
 
 

3.6. Mitochondrial membrane potential 
Mitochondrial membrane potential was measured using JC-10 dye loading. JC-
10 selectively enters mitochondria and reversibly changes its color from green to 
orange-red dependent on the membrane potential (emission changes from 520 nm 
to 570nm). 

First, primary cortical neurons (seeded at lower density, 2.5 x 105 cells/ml) 
were transfected with 20 nM validated siRNA against Wfs1 (Wfs1 siRNA sup-
pressed 80 ± 1% of endogenous Wfs1 expression in primary cortical cells as 
estimated by RT-PCR, n = 3) using the N-TER Nanoparticle siRNA Transfection 
System according to the provided guidelines. Prior microscopy, the transfected 
cells were incubated for 72 to 96 h in a humidified 5% CO2/95% air incubator at 
37°C. The N-TER Nanoparticle siRNA Transfection System displayed a relati-
vely low level of toxicity (neuronal survival rate of 82% ± 4% (n=5 per group) 
determined using the LIVE/DEAD Viability/Cytotoxicity Kit for mammalian 
cells (Invitrogen)) 16 hours after transfection. 

For JC-10 loading, siRNA-transfected dishes were kept in 10 μM JC-10 
dissolved in culture media and incubated at 37°C for 20 min. During microscopy, 
the cells were maintained in Krebs-Ringer solution supplemented with 1 mM 
Ca2+ and visualized using a laser scanning confocal microscope equipped with an 
LCI Plan-Neofluar 63×/1.3 water immersion DIC M27 objective. Finally, the 
dishes were treated with 5 μM FCCP to establish background values. 

To visualize mitochondria with intact membrane potential in autophagosomes, 
the neurons were co-transfected with LC3-EGFP and Wfs1 shRNA and in-
cubated for 4 days. Next, the cells were treated with a 50 nM solution of the 
mitochondrial membrane potential-sensitive dye, tetramethylrhodamine ethyl 
ester (TMRE), in completed Neurobasal™-A medium at 37°C for 30 minutes. 
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Subsequently, neurons were visualized in Krebs-Ringer solution supplemented 
with 1 mM Ca2+ using a confocal microscope with a 100×/oil objective. 

 
 

3.7. Axonal growth and synaptic density 
For axonal growth analysis, at DIV1, cortical neurons were transfected with 
plasmids coding neuron-specific hSyn-DsRed1 and either scrambled shRNA or 
Wfs1 shRNA under vehicle or treatment conditions. Images of randomly selected 
neuronal axons were captured at different time points (DIV2 to DIV6) employing 
an Olympus IX70 inverted microscope with a 20x objective. The length of the 
axonal tree, the length of the longest axon, and the number of axonal endings 
were measured, and neuronal reconstructions were established using Neurolucida 
(MBF Bioscience) or Fiji software (Meijering et al., 2004). 

To visualize synapses, neurons were co-transfected with GFP and Wfs1 
shRNA on DIV2. Next, neurons were fixed and permeabilized at DIV4, DIV6, 
or DIV18 using the Image-iTTM Fixation/Permeabilization Kit (Life Techno-
logies) as indicated in the manufacturer's protocol. The cells were then incubated 
first with the primary antibody, mouse anti-PSD95 (1:1000, ab2723, Abcam), in 
the presence of 3% normal goat serum at 4°C for 24 hours, and afterward with a 
secondary antibody, goat anti-mouse DyLight 594 (1:1000, ab96873, Abcam), at 
room temperature for 1 hour. The fluorescence signal was visualized using an 
LSM 510 confocal microscope with a 63×/1.3 water immersion objective. The 
red immunofluorescent puncta that closely neighbored the GFP-labeled soma or 
colocalized with neurites were manually quantified.  

 
 

3.8. Neuronal viability 
Cortical neurons were co-transfected with neuron-specific hSyn-DsRed1 and 
scrambled or Wfs1 shRNA. Fluorescent living cells with visible neurites were 
manually counted in 8 dishes per group (50 fields per dish) under an Olympus 
IX70 inverted microscope equipped with a WLSM PlanApo 40x/0.90 water im-
mersion objective.  
 
 

3.9. Ca2+ measurements 
Basal or treatment-induced live-cell Ca2+ measurements were conducted using 
genetically encoded GCaMP-based probes targeted to different subcellular com-
partments (Nakai et al., 2001). Specifically, neurons were transfected on DIV 2 
to 3 with organelle-specific Ca2+ sensors targeted to mitochondria (Cepia 3mt), 
endoplasmic reticulum (ER-GCamp6-210), or cytosol (jGCaMP7b). Ratiometric 
Ca2+ imaging was conducted 6 to 7 days later by recording the green fluorescence 
emission of GCaMP from 495 to 555 nm following excitation with both 405 and 
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488 nm lasers. Time-lapse Ca2+ imaging experiments using 100 µM glutamate 
(100 µM glutamate and 10 µM glycine) or DHPG treatment were performed on 
DIV 9 to 10. 

ER Ca2+ uptake was measured in permeabilized cells loaded with Mag-Fluo-
4 AM. Firstly, neurons were transfected with scrambled, Wfs1 shRNA or Cisd2 
shRNA along with the mitochondrial marker mito2Kate at DIV 2 to 3. At DIV 9 
to 10, the growth media was removed, and cells were incubated in Krebs-Ringer 
solution containing 1 mM Ca2+ and 5 µM Mag-Fluo-4 AM for 1 hour at 37°C. 
Subsequently, cells were permeabilized in a basic solution containing ethylene 
glycol-bis(β-aminoethyl ether)N, N, N′, N′-tetra-acetic acid 10 mM (EGTA), N, 
N-bis[2-hydroxyethyl]-2-aminoethanesulfonic acid 30 mM (BES, pH 7.1), free 
Mg2+ 1 mM, taurine 20 mM, glutamic acid 5,56 mM, malic acid 1,5 mM, K2HPO4 
3,9 mM, dithiothreitol 0.5 mM, NaATP 3,16 mM; (ionic strength was adjusted to 
160 mM with potassium methanesulfonate, pH 7.1) with saponin (50 µg/ml) for 
16 minutes at 4°C and washing with the same solution containing additionally 
sodium azide 3 mM. Imaging was conducted using an LSM 780 confocal micro-
scope (Plan Apochromat 20X/0.5 objective) at room temperature. A random field 
of 424 X 424 µm was selected from each dish and imaged at 3s intervals over  
10 min. After 20 frames, CaCl2 was added to achieve pCa 6.5. 
 
 

3.10. ATP measurements 
The intracellular ATP levels were determined using a ratiometric fluorescence 
resonance energy transfer (FRET)-based ATP sensor ATeam or a genetically 
encoded fluorescent ratiometric probe PercevalHR (Tantama et al., 2013). 

In the experiments using ATeam, previously transfected cortical neurons were 
illuminated with 458 nm line (10%) of an argon laser. Next, the CFP emission 
was acquired at 465 to 500 nm and the FRET signal at 520 to 570 nm. The 
FRET/CFP fluorescence intensity ratio was then determined based on the signal 
coming from the cytosol. 

PercevalHR has been previously validated for our experimental conditions 
(Vaarmann et al., 2016). Firstly, neurons were transfected with ATP/ADP ratio 
sensor PercevalHR and scrambled or Wfs1 shRNA followed by vehicle or treat-
ment conditions. Next, the fluorescence signal was visualized in the neuronal 
endings using a 405 nm diode laser and the 488 nm line from an Argon or diode 
laser. Emission was collected within a 495 to 555 nm emission window. The data 
is presented as the ratio of fluorescence emission from axons evoked by 488 nm 
excitation divided by 405 nm excitation (F488 nm/F405 nm). 
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3.11. Statistics 
Data are presented as the mean ± SEM. The D'Agostino-Pearson omnibus test 
was used to test the normality of distribution. To test the equality of variances, 
we used the F test for two conditions or the Brown and Forsythe test for more 
than two conditions. In the Ca2+ experiments, the outliers were removed (ROUT, 
Q 1%) to exclude bursting neurons. 

Student’s t-tests, one-way ANOVA followed by Bonferroni post-hoc test 
(selected pairs) or Newman-Keul's post-hoc tests or Sidak’s multiple comparison 
test or Brown-Forsythe ANOVA followed by Dunnett's T3 multiple comparisons 
test or Welch's ANOVA and Dunnett's T3 multiple comparisons test were used 
to compare the parametric data. Mann-Whitney U-tests or Kruskal–Wallis tests 
followed by the Dunn test were used to analyze the non-parametric data. Two-
way ANOVA was used to obtain the interaction between the two treatments. The 
χ2-test was used to determine whether the observed distribution differed signifi-
cantly from the expected distribution. P-values of less than 0.05 were considered 
statistically significant. 

 
 
  



35 

4. RESULTS 

4.1. Mitochondrial fusion-fission balance  
in cortical neurons (Paper I) 

Mitochondrial length is determined by two processes: mitochondrial fusion and 
mitochondrial fission. Two mitochondria merging and unifying their contents 
results in mitochondrial fusion, which subsequently leads to mitochondrial elon-
gation (Westermann, 2008). On the other hand, mitochondrial fission, the split-
ting apart of mitochondria, leads to mitochondrial shortening and the formation 
of morphologically and functionally distinct organelles (Westermann, 2008). The 
balance between mitochondrial fission and fusion is finely tuned within cells 
(Adebayo et al., 2021). Nevertheless, although the proteins involved and the 
potential interplay between these reciprocal events are relatively well known, the 
practical principles governing fission-fusion processes in neurons have not been 
systematically elucidated (Abrisch et al., 2020; Pozo Devoto et al., 2022; Twig et 
al., 2008; S. Wang et al., 2012). 
 

4.1.1. Fusions and fissions are balanced and sequential events 

We used confocal microscopy and the KikGR1 protein, which changes color from 
green to red upon laser irradiation, to understand the fundamental principles of 
fusion-fission balance in rat primary cortical neurons. The mitochondrial locali-
zation of KikGR1 was confirmed by observing its co-localization with the es-
tablished mitochondrial marker mito-CFP (Figure 5A and 5B). 

Firstly, we found that the fusion rate was the same as the fission rate in cortical 
neurons (0.023±0.003 fusions or fissions/mitochondria/min). Secondly, we iden-
tified, similar to Twig et al., that a fusion or a fission event was likely followed 
by corresponding fission or fusion forming a cyclic pattern (Twig et al., 2008). 
In cortical neurons, a fusion was followed by fission in 86.4% of instances and a 
second fusion in only 13.6% of cases (Figure 5C). Similarly, fission was followed 
by fusion in 83.5% of cases and by a second fission in 16.5% of cases (Figure 
5C). Thus, non-cyclic events occur in cortical neurons in 15% of the cases. Simi-
lar observations were reported by Wang et al., where 35% of events in HeLa cells 
and 40% in MEF cells deviated from the cyclic pattern (S. Wang et al., 2012). 

Subsequently, we assessed the durations of the two phases within the fusion-
fission cycle in cortical neurons. We found that the average time interval between 
fusion and fission was 4.7±0.6 minutes, while the interval between fission and 
the subsequent fusion was 15.3±2.0 minutes. The complete duration of the cycle 
was approximately 20 minutes. It is important to highlight that this analysis speci-
fically targeted the active subpopulation of mitochondria and could explain the 
shorter cycle duration compared to calculations based on the fusion or fission 
rates of the entire mitochondrial population (approximately 43 minutes). These 
findings indicate that neuronal mitochondria primarily spend most of the time in 
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the post-fission state, similarly found earlier by Twig et al. in different cell lines 
(Twig et al., 2008). 

Next, we aimed to determine the practical principles regulating fusion-fission 
balance in neurons. 

 

 
Figure 5. Mitochondrial fusion-fission events in cortical neurons. (A) For fusion-
fission rate analysis randomly chosen mitochondria, designated with a yellow rectangle, 
were irradiated using a 405-nm laser line, causing mito-Kikume-Green to convert into 
mito-Kikume-Red (right panels). (B) An example of a fusion event between mito-
Kikume-Green and the photoactivated mito-Kikume-Red mitochondria resulting in a 
yellow descendant due to the blending of contents from the red and green mitochondrial 
matrices. (C) Each fusion event (left) was succeeded by either a fission or a secondary 
fusion, and each fission event (right) was followed by a fusion or a secondary fission. To 
determine the frequency of sequential fusion and fission events in cortical neurons, we 
analyzed 111 event pairs starting with fusion and 103 pairs starting with fission, and the 
count for each type of event is displayed. A χ2-test was conducted to assess whether the 
observed distribution significantly deviated from the expected distribution. 
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4.1.2. Fission rate is determined by mitochondrial length 

Given the intermittent nature of fusion and fission, it would be logical to assume 
that the feedback mechanisms regulating those processes depend on mitochond-
rial length. Thus, we conducted a so-called 'twin study' comparing daughter mito-
chondria originating from the same parent mitochondrion. 

For that purpose, we monitored 30 pairs of the same parent mitochondria (so-
called twins) until one of the daughters underwent a second fission. Similarly, we 
followed 42 pairs of the same parent mitochondria until one of the daughters 
fused. We found that the average length of the daughter undergoing second fis-
sion exceeded twice that of its non-splitting twin. Interestingly, the average length 
of the fusing daughter precisely matched the length of the non-fusing daughter. 
Hence, mitochondrial length determines the fission rate but does not influence 
the fusion rate (Figure 6A). Therefore, shorter mitochondrial length reduces the 
likelihood of the next event being fission and, correspondingly, heightens the 
probability of the next event being a fusion. 

This finding suggests that the longer mitochondria following fission are more 
prone to experience subsequent ‘corrective’ fission. Hypothetically, post-fusion 
mitochondria that are too short are more likely to undergo secondary fusion. We 
next examined specific cases to ascertain whether fusion-fission cycle errors were 
associated with mitochondrial length. Indeed, we found that mitochondria under-
going second fission and interrupting their regular cycle were notably longer than 
those entering fusion (Figure 6B). Furthermore, mitochondria experiencing a 
second fusion event after fusion were notably shorter than those undergoing 
fission (Figure 6D). This suggests that such a feedback mechanism may function 
as a quality control mechanism to maintain cellular average mitochondrial length 
and avoid extremes. 

Next, we investigated the role of major fusion-fission proteins Drp1, Fis1, and 
Mfn1/2 levels in regulating fission rate and mitochondrial length. First, Drp1 and 
Fis1 expression levels were manipulated in cortical neurons. As anticipated, 
overexpression of the fission proteins Drp1 and Fis1 resulted in shortened mito-
chondria, whereas silencing of Drp1 led to significant mitochondrial elongation. 
However, neither Drp1 silencing nor Drp1 and Fis1 overexpression led to con-
sistent changes in fission or fusion rates (Figure 6E). An additional analysis of 
the fission rate–length relationship showed that overexpression of Drp1 and Fis1 
increased the sensitivity of the fission rate to mitochondrial length. In contrast, 
silencing Drp1 with shRNA dramatically decreased this sensitivity (Figure 6C). 
In contrast, no such fission-mitochondrial length relationship was observed 
following the overexpression of wild-type (wt) Mfn2 or dominant negative Mfn2 
(data not shown). These results indicate that the length–fission feedback loop is 
Drp1 dependent. 

Therefore, we concluded that the length–fission dependency controls mito-
chondrial length in neurons and is the primary feedback tool that enables neurons 
to sense and correct mitochondrial length. This feedback mechanism also ex-
plains the well-tuned balance between fission and fusion rates. We observed no 
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significant change in the fusion rate to fission rate ratio upon altering fusion-
fission protein levels. The overexpression of wt Mfn2 doubled both fusion and 
fission rates, with only a minor increase in mitochondrial length (Figure 6E). It is 
plausible that an increase in fusion activity caused a slight elongation of mito-
chondria, which triggered the fission machinery to prevent further elongation.  

Moreover, these findings explain the ineffectiveness of manipulating the 
fission machinery to alter the fission rate. For instance, while upregulating Drp1 
did induce mitochondrial shortening, it did not elevate the fusion rate. Attempting 
to increase the fission rate to shorten mitochondria is likely counteracted by in-
hibiting the fission machinery resulting from the same mitochondrial shortening. 
Conversely, suppressing the fission rate by inhibiting Drp1 had the opposite 
effect, leading to mitochondrial elongation, which, in turn, activated the fission 
machinery. Thus, mitochondrial length is self-regulated through Drp1-dependent 
fission and determines the fission rate. Relevantly, mitochondrial length does not 
influence the fusion rate. 

 
 

 
Figure 6. Mitochondrial fission rate, contrary to fusion rate, is length dependent. (A) 
Mitochondria from cortical neurons (1277) were subgrouped based on their lengths, and 
the fission (red circles) and fusion rates (black circles) were determined for each sub-
group. (B) The length of post-fission mitochondria entering either fusion (normal cycle, 
n=586) or fission (erroneous, cycle-breaking, n=517) and (D) the length of post-fusion 
mitochondria entering either a fission (normal cycle, n=596) or fusion event (erroneous, 
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cycle-breaking, n=515) are presented. (C) The length dependency of mitochondrial fis-
sion in neurons expressing Drp1 shRNA (red line, n=513), Drp1 and Fis1 (black line, 
n=531), and control (dashed line). (E) Additionally, fusion-fission rates and mitochond-
rial lengths were examined in control, wild-type (wt) Mfn2-, dominant negative (dn) 
Mfn2-, wt Mfn1-, wt Drp1+ wt Fis1-overexpressing, and Drp1-suppressed neurons. The 
data is represented by means ± S.E.M., with significance denoted as *p<0.05, **p<0.01, 
and ***p<0.001 versus control. The number of dishes analyzed (for fusion and fission 
rate) or the number of mitochondria analyzed (for length) is indicated in brackets. 

 
 

4.2. Role of mitochondrial dynamics in the disease 
mechanisms of Wolfram syndrome 1 (Paper II) 

WS1 is a rare neurodevelopmental and neurodegenerative disease in which mito-
chondrial dysfunction has been suggested. The hypothesis relies on the observa-
tion that the tissues and organs impacted in WS exhibit a heightened metabolic 
demand. Moreover, most WS clinical manifestations align with a defect in energy 
metabolism (e.g., deafness, optic atrophy, psychiatric disorders). The idea finds 
further support from discoveries indicating that another causative gene, CISD2, 
found in individuals with WS type 2, is linked to mitochondrial abnormalities and 
the initiation of mitophagy (Y.-F. Chen et al., 2009; Tsai et al., 2015; Wiley et 
al., 2013). 

Besides the plausible mitochondrial involvement, several studies have high-
lighted the role of WFS1 in regulating Ca2+ homeostasis and managing ER stress 
(Fonseca et al., 2005; Osman et al., 2003; Takei et al., 2006). There is a sug-
gestion that ER stress contributes causatively to WS. Importantly, these two 
hypotheses are not mutually exclusive, as ER stress can also compromise mito-
chondrial function (Malhotra & Kaufman, 2011; Vannuvel et al., 2013; Win et 
al., 2014). 
 

4.2.1. Mitochondrial dynamics is impaired in WFS1 deficiency 
WS1 was modeled in primary neuronal cultures using Wfs1 shRNA treatment (the 
efficiency of Wfs1 shRNA estimated by Western blotting was 83.8% ± 1.7%). 
We observed a significant decrease in the number of fusion events compared with 
scrambled shRNA-treated controls (from 0.029 ± 0.001 to 0.010 ± 0.001 
fusion/mito/min, respectively, n = 80 neurons, p < 0.0001) (Figure 7A). Additio-
nally, the mitochondrial fission rate was decreased in Wfs1 shRNA-treated neu-
rons (from 0.027 ± 0.001 to 0.010 ± 0.001 fission/mito/min, n = 80 neurons, p < 
0.0001), indicating that WFS1 deficiency extends the fusion-fission cycle. Also, 
the changes in the fusion-fission cycle led to a 20% decrease in mitochondrial 
length (Figure 7B), which means mitochondrial fragmentation and suggests that 
mitophagy may be activated. 
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Figure 7. WFS1 deficiency disrupts mitochondrial dynamics in primary cortical 
neurons. Wfs1-deficient neurons show reduced fusion rate (A) and mitochondrial length 
(B). These effects are restored by the overexpression of wild-type (wt) WFS1, but not by 
a WS1 mutant P724L WFS1. (C) The number of autolysosomes containing mitochondria 
was increased in Wfs1-silenced neurons measured with mitochondria-targeted pH-sen-
sitive fluorescent protein mtKeima. (D) Representative images of mtKeima in scrambled- 
and Wfs1-shRNA transfected neuronal bodies. (E) In different mitophagy experiments, 
neurons were transfected with the autophagosome marker EGFP-LC3, the mitochondrial 
marker mKate2-mito, and either scrambled shRNA or Wfs1 shRNA. Four days later, the 
number of co-localizations was analyzed. (F) Representative images of mitochondrial 
morphology and density in the axons of scrambled- and Wfs1-shRNA transfected neurons 
are presented, indicating a reduction in axonal mitochondrial density in Wfs1-silenced 
neurons (G). Statistical significance is denoted as *p < 0.05, **p < 0.01, and ***p < 0.001 
compared to the control groups. 
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To assess mitophagy, we introduced the mitochondrially targeted pH-sensitive 
protein Keima, which exhibits a shift in its excitation spectrum (from green to 
red) when mitochondria are transported to acidic lysosomes (Figure 7D). The 
count of autolysosomes containing mitochondria notably increased in wt neurons 
transfected with Wfs1 shRNA (Figure 7C). Furthermore, the number of auto-
phagosomes containing mitochondria (identified by the co-localization of LC3-
positive dots with a mitochondrial marker) significantly increased within the neu-
ronal bodies of Wfs1 shRNA-treated neurons (13.8 ± 1.1 compared to 8.8 ± 0.8 
in neurons transfected with scrambled shRNA, n = 50 neurons, p = 0.0004) 
(Figure 7E). 

The LC3 and Keima assays reveal that WFS1 deficiency enhances the elimi-
nation of mitochondria rather than impeding the formation of autolysosomes 
containing mitochondria. As an expected result of augmented mitophagy within 
WFS1-deficient axons of cortical neurons, an approximate 30% reduction in 
mitochondrial mass was observed (Figure 7F and 7G). 

Altogether, in neurons lacking WFS1, mitochondria exhibit a reduced fre-
quency of fusion and fission compared to their wild-type counterparts and a 
higher incidence of mitophagy, resulting in decreased mitochondrial length and 
reduced axonal mitochondrial density. It can be assumed that besides dysregu-
lated Ca2+ homeostasis in WFS1-deficient cells described earlier in the literature, 
the changes in mitochondrial dynamics could also be among the factors in-
fluencing the maintenance of mitochondrial membrane potential and compro-
mising cellular energy production (Oliveira, 2012).  
 

4.2.2. Mitochondrial membrane potential and ATP production 
decrease in WFS1-deficient cells 

Impaired mitochondrial dynamics is frequently associated with abnormalities in 
mitochondrial function, such as insufficient ATP production and difficulties 
maintaining an adequate membrane potential (Van Laar and Berman, 2013).  

Hence, we used the N-TER nanoparticle siRNA transfection system to intro-
duce Wfs1 siRNA into neurons (achieving transfection efficiency of over 70%), 
and conducted a quantitative evaluation of mitochondrial membrane potential 
with a ratiometric fluorescent probe JC-10. The results revealed a 10% reduction 
in the red-to-green fluorescence ratio, thus a slight depolarization in the Wfs1 
siRNA group was found (Figure 8A). Moreover, an increased quantity of pola-
rized mitochondria, identified as positive for TMRE, was noted within auto-
phagosomes in WFS1-deficient neurons (Figure 8D and 8E). Our findings sug-
gest that WFS1 deficiency may trigger mitophagy, potentially targeting active 
and polarized mitochondria. 

To better understand the cellular energy status in WFS1 deficiency, we 
assessed cellular ATP levels utilizing the fluorescence resonance energy transfer 
(FRET)-based ATP sensor ATeam. The validity of ATeam in our experimental 
settings was confirmed through control experiments involving deoxyglucose/ 
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oligomycin or glutamate. Under these conditions, a reduction in the FRET signal 
was observed, affirming the anticipated decline in neuronal ATP levels (Figure 
8B). Overall, as illustrated in Figure 8C, WFS1 deficiency resulted in reduced 
cytosolic ATP levels in WFS1-deficient neurons. 

Though the disrupted mitochondrial dynamics and bioenergetics in WS are 
well-evident in our cell model and have also been shown by Zatyka et al., the 
causal link between WFS1 deficiency and mitochondrial dysfunction needs 
further elucidation (Zatyka et al., 2023). La Morgia et al. have suggested the pos-
sibility of a secondary mitochondrial dysfunction, potentially mediated by Ca2+ 
mishandling between the ER and mitochondria, mainly manifested as defective 
Ca2+ efflux from the ER (La Morgia et al., 2020). 

 

 
Figure 8. WFS1 deficiency reduces mitochondrial membrane potential and dimi-
nishes cytosolic ATP levels in neurons. (A) Wfs1-silenced neurons show a modest yet 
significant decrease in the red-to-green ratio of JC-10 fluorescence, indicating reduced 
mitochondrial membrane potential. The presented values are adjusted by subtracting the 
values acquired during FCCP incubation (5 μM). (B) Neurons transfected with the ATP 
sensor ATeam and subjected to 2-deoxyglucose (12 mM)/oligomycin (2.5 μM) or gluta-
mate (2 mM) treatments (both used as positive controls), exhibit a decline in relative 



43 

cytosolic ATP levels. (C) Wfs1-deficient neurons show lower cytosolic ATP levels than 
the control group estimated with an ATP sensor ATeam. (D) An illustration of a TMRE-
positive mitochondrion surrounded by an EGFP-LC3-positive autophagosome (indicated 
by a white arrow) in a Wfs1 shRNA transfected neuron. (E) Quantification of autophago-
somes colocalizing with TMRE-positive mitochondria per optical slice in neuronal 
bodies. **p < 0.01 and ***p < 0.001 compared with a respective control group. 

 

4.3. Alterations in intracellular Ca2+ homeostasis in 
Wolfram syndrome (Paper III) 

In the existing literature, the disease mechanisms of WS are mainly attributed to 
the ER involving ER stress and impaired ER Ca2+ regulation. Yet, the precise 
mechanisms of how these disruptions contribute to the disease progression have 
remained elusive (Loncke et al., 2021). One possible hypothesis is that perturba-
tions in ER Ca2+ levels may impact mitochondrial function, including fusion-
fission balance, mitophagy, and suppressed mitochondrial ATP production. Re-
markably, in cells derived from individuals with WS that lack either functional 
WFS1 or CISD2, mitochondria receive less calcium from the ER (Angebault et 
al., 2018; Crouzier, Danese, et al., 2022; Rouzier et al., 2017). Therefore, we 
hypothesized that intracellular basal calcium levels are altered in WFS1-deficient 
neurons and aimed to specify the connections behind the disturbances of ER-
mitochondria Ca2+ fluxes. 
 

4.3.1. Intracellular compartmental Ca2+ levels  
are altered in Wolfram syndrome 

First, to investigate the basal Ca2+ homeostasis in distinct cellular compartments 
and assess intracellular Ca2+ levels in the axons of cortical neurons lacking WFS1 
or CISD2, we measured baseline free Ca2+ concentrations within the ER and 
cytosol, specifically in the axoplasm (i.e., cytosol in axons). For this purpose, we 
used ratiometric Ca2+ sensors, such as the GCaMP family of fluorophores with 
dual excitation peaks at 410 and 474 nm. The ratio between the 488 nm and 405 
nm wavelengths facilitated the measurement of fluorescence signals directly 
proportional to Ca2+ concentration while minimizing the impact of variations in 
probe expression levels (Figure 9A and 9B). Notably, the affinity of the ER Ca2+ 
sensor ER-GCaMP6-210 matches the resting axonal [Ca2+]ER, and the cytosolic 
Ca2+ sensor jGCaMP7b has a relatively high baseline fluorescence at low resting 
axonal [Ca2+]cyto. Our observations revealed that in axons deficient in WFS1 or 
CISD2, the diminished basal ER Ca2+ levels (Figure 9C) correlated with elevated 
resting axoplasmic Ca2+ levels (Figure 9D). This suggests that ER Ca2+ regulation 
is compromised in the axons of neurons lacking WFS1 or CISD2, leading to 
elevated cytosolic [Ca2+]cyto. 
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To confirm that lower ER Ca2+ is unrelated to other factors, such as an altered 
cytosolic environment, we estimated ER Ca2+ levels in permeabilized cells under 
a constant “cytosolic” Ca2+ concentration. The ER Ca2+ levels remained lower in 
WFS1-deficient neurons, suggesting it is a primary intrinsic deficit in ER Ca2+ 
handling and not an increase in cytosolic Ca2+ that induces the loss of ER Ca2+ 
(Figures 9E and 9F). 

Previously, it was demonstrated that the depletion of ER Ca2+ hinders the 
direct Ca2+ flux from the ER to mitochondria at the ER-mitochondria contact 
sites, mediated via IP3R (Bartok et al., 2019; Cárdenas et al., 2010; Szabadkai et 
al., 2006). Indeed, our findings reveal that neurons deficient in WFS1 or CISD2 
released significantly lower levels of Ca2+ into the axoplasm when stimulated by 
DHPG, a metabotropic glutamate receptor agonist known to induce IP3 pro-
duction in glutamatergic neurons (Figure 9G). Thus, the deficiency of WFS1 and 
CISD2 is linked to lower IP3R-mediated ER to mitochondria Ca2+ transfer, poten-
tially leading to decreased mitochondrial Ca2+ content. Additional ratiometric 
assessments of mitochondrial Ca2+ levels, utilizing the mitochondrially targeted 
G-Cepia3mt (as shown in Figure 9H), revealed that decreased IP3R-mediated ER 
to mitochondria Ca2+ flux was linked to reduced mitochondrial calcium uptake 
(as depicted in Figure 9I) and a decline in basal Ca2+ levels within the mito-
chondrial matrix (as indicated in Figure 9J). It is worth noting that, like GCamp6 
and 7, GCepia3 probe features two excitation peaks, allowing for ratiometric 
measurements independent of probe expression levels. 

Altogether, under physiological conditions, the ER serves as a primary intra-
cellular Ca2+ reservoir that actively participates in orchestrating the dynamic 
control of both cytosolic and mitochondrial Ca2+ levels (Stutzmann & Mattson, 
2011). Our findings indicate that a deficiency in either WFS1 or CISD2 reduces 
ER Ca2+ store content. This compromised ER Ca2+ storage affects axoplasmic 
Ca2+, leading to an accumulation of Ca2+ in the axoplasm and an elevation of basal 
cytosolic Ca2+ levels, as previously suggested in WS (Angebault et al., 2018; Lu 
et al., 2014). Moreover, in the absence of WFS1 and CISD2, the depletion of ER 
Ca2+ also results in mitochondrial Ca2+ depletion related to hindered IP3R-
mediated Ca2+ delivery from the ER to mitochondria. 

To further elucidate the possible connections between disrupted intracellular 
Ca2+ levels (decreased [Ca2+]ER, [Ca2+]mito, and increased [Ca2+]cyto) and mito-
chondrial functioning in WFS1 deficiency we asked how we can correct the 
alterations in the observed Ca2+ levels and whether it also restores mitochondrial 
health. 
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Figure 9. Decreased ER Ca2+ uptake and reduced ER basal Ca2+ levels are associated 
with increased cytosolic Ca2+ levels and suppressed mitochondrial Ca2+ uptake 
together with decreased basal mitochondrial Ca2+ levels in the axons of WFS1- and 
CISD2-deficient neurons. (A) To visualize axonal ER basal Ca2+ levels, neurons were 
transfected with ER-GCamp6-210 and Ace2N-mScarlet at DIV 2 to 3. Ratiometric 
imaging of the axonal shaft was performed 6 to 7 days later. (B) For imaging cytosolic 
Ca2+ levels in axonal endings, neurons were transfected at DIV 2 to 3 with GCaMP7b and 
Ace2N-mScarlet, and ratiometric imaging of the axons was conducted 6 to 7 days later. 
(C) WFS1- and CISD2-deficient neurons demonstrated reduced basal ER Ca2+ levels in 
axons. (D) WFS1- and CISD2-deficient neurons exhibited elevated basal cytosolic Ca2+ 

levels. (E-F) ER Ca2+ uptake was measured in permeabilized neurons loaded with Mag-
Fluo-4 AM. Results are shown as the relative Ca2+ uptake of the transfected cell compared 
to the Ca2+ uptake in non-transfected neurons within the same field. (G) DHPG-induced 
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Ca2+ release from ER to cytosol is lower in WFS1- and CISD2-deficient neurons. The left 
panel illustrates the averaged Ca2+ transients following treatment with 100 µM DHPG, 
while the right panel displays the area under the curve (AUC) of these transients. (H) 
Visualization of mitochondrial Ca2+ levels in axons was conducted by transfecting 
neurons with mitochondrially targeted Cepia3mt and Ace2N-mScarlet at DIV 2 to 3. 
Ratiometric imaging of the axonal shaft was performed 5 to 6 days later. (I) DHPG-
induced Ca2+ uptake to axonal mitochondria is diminished in WFS1- and CISD2-deficient 
neurons. The left panel illustrates the averaged Ca2+ transients following treatment with 
100 µM DHPG, while the right panel shows the area under the curve of these transients. 
(J) Basal levels of mitochondrial Ca2+ are reduced in the axons of WFS1- and CISD2-
deficient neurons. The statistical significance is indicated as *p < 0.05, **p < 0.01, ***p 
< 0.001, ****p < 0.0001. 

 
 

4.3.2. Pharmacological manipulation of intracellular Ca2+ 
homeostasis improves mitochondrial health  

in WFS1-deficient neurons 

As previously described, our results indicate that changes in mitochondrial Ca2+ 
homeostasis, dependent on the proper functioning of ER, are an important factor 
in the pathological mechanisms linked to WFS1 deficiency. In theory, pharma-
cological interventions could restore this balance by enhancing ER calcium up-
take and release and improving Ca2+ uptake by mitochondria. Consequently, we 
tested whether mitochondrial health (mitochondrial density, length, and mito-
phagy) and neuronal bioenergetics (ATP/ADP ratio) could be restored by 
pharmacological compounds known for their capacity to safeguard against 
calcium depletion in both the ER and mitochondria. Furthermore, we also in-
cluded liraglutide (500 nM) in our experiments, considering its status as a primary 
therapeutic option for WS patients and its known neuroprotective effects in 
animal studies (Frontino et al., 2021; Jagomäe et al., 2021; Seppa et al., 2019). 

We found that treatment of WFS1-deficient neurons with a SERCA activator 
CDN1163 (0.5 µM), an inhibitor of Ca2+ release via RYR azumolene (20 µM), 
an inhibitor of Ca2+ leak through the RyR Rycal-S107 (5 µM), a selective inhi-
bitor of Ca2+ efflux through the mitochondrial Na+/Ca2+ exchanger CGP37157 
(10-20 µM) and GLP1 agonist liraglutide restored mitochondrial density and 
length as well as mitophagy intensity along with ATP levels in most settings, with 
CPG37157 being effective in all settings (Figure 10). 

These findings strongly suggest that adjusting the balance of ER/mitochond-
rial calcium homeostasis could be an effective approach to restoring mitochond-
rial dynamics and cellular bioenergetics in individuals with WS. 
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Figure 10. Effects of different chemical compounds on mitophagy, mitochondrial 
density, mitochondrial length, and neuronal ATP levels in Wfs1-deficient neurons. 
Pharmacological agents used: a SERCA activator CDN1163 (0.5 µM), an inhibitor of 
Ca2+ release via RYR azumolene (20 µM), an inhibitor of Ca2+ leak through the RyR 
Rycal-S107 (5 µM), a selective inhibitor of Ca2+ efflux through the mitochondrial 
Na+/Ca2+ exchanger CGP37157 (10-20 µM), and GLP1 (glycogen-like peptide-1) agonist 
liraglutide (500 nM). 
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4.4. WFS1 deficiency leads to delayed neuronal 
development which can be rescued by normalizing 

mitochondrial dynamics and/or restoring intracellular  
Ca2+ balance (Paper II and III) 

4.4.1. WFS1-deficient neurons show delayed neuronal 
development and impaired neuronal survival in vitro 

Earlier observations in WS patients have found both neurodegeneration and 
deviations in early brain development (Hershey et al., 2012)Therefore, we de-
cided to investigate whether disrupted mitochondrial dynamics and Ca2+ homeo-
stasis in WFS1-deficient neurons also impact neuronal development and/or 
survival in vitro. 

We found that in WFS1 deficiency, the development of cortical neurons was 
markedly delayed (Figure 11A). During the early stages of development (DIV2-
DIV4), Wfs1 shRNA-transfected neurons displayed notably shorter axons and 
reduced axonal branching, resulting in fewer axonal tips (Figure 11B-D). How-
ever, the differences disappeared at DIV6, as the axonal length and branching in 
relatively mature neurons appeared comparable to the control group. Further-
more, as illustrated in Figure 11E, the survival of WFS1-deficient neurons was 
impaired, as the loss of neurons was small but significant in the Wfs1 shRNA-
treated group. Moreover, WFS1 suppression led to a considerable reduction in 
synapse density when measured at DIV19, but this effect was not evident at 
earlier developmental stages (Figure 11F and 11G). 

Hence, these findings indicate that WFS1 is essential for proper neuronal 
development, morphology, and neuronal survival in vitro.  
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Figure 11. WFS1 deficiency leads to impaired neuronal development. (A) Examples 
of reconstructed control and WFS1-deficient neurons at DIV (day in vitro) 2, DIV4, and 
DIV6 transfected with the neuronal marker hSyn-DsRed1 and either scrambled shRNA 
or Wfs1 shRNA. (B–D) WFS1 deficiency impairs the growth of the longest axon (B) and 
the development of the axonal tree (C), along with reducing the number of axon tips (D) 
in early developmental phases. (E) The survival of WFS1-deficient neurons is diminished 
compared to control neurons. (F) Visualization of synapses (red) using an antibody 
against the post-synaptic marker PSD-95 in neurons transfected with GFP (green). The 
right panel displays a magnified image. (G) WFS1 deficiency leads to a decrease in 
synaptic density at later developmental stages. *p < 0.05, **p < 0.01, and ***p < 0.001 
in comparison to the corresponding control groups. 
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4.4.2. Delayed neuronal development in WS is rescued by 
correction of mitochondrial dynamics and/or restoring 

intracellular Ca2+ balance 

Altogether our findings demonstrate significant impairment in mitochondrial dy-
namics, bioenergetics, and neuronal development in WFS1 deficiency. We have 
shown that restoring proper ER Ca2+ regulation and enhancing mitochondrial 
Ca2+ uptake can ameliorate disrupted mitochondrial dynamics (Figure 10). 

Next, we intended to specify whether restoring Ca2+ homeostasis could posi-
tively impact the delayed neuronal development seen in WFS1 deficiency. In-
deed, our investigations revealed that the calcium-modifying chemical agents 
(except for azumolene) and the overexpression of SERCA and IP3R in the con-
text of WFS1 deficiency effectively restored axonal length (Figure 12A–C). 

Furthermore, we demonstrate that mitigation of increased mitophagy and 
correction of fusion-fission imbalance can prevent the delayed neuronal develop-
ment observed in WFS1 deficiency. Pink1 and Parkin shRNAs restored the 
fusion rate, mitophagy, mitochondrial density, and neuronal development (Figure 
12D–M). Also, inhibiting mitochondrial fission proteins could protect mito-
chondria in WFS1-deficient neurons and rescue the neurons from developmental 
delay. Treatment with negative dominant DRP1 (nd DRP1) reversed the adverse 
effects of WFS1 deficiency and restored fusion rate, mitochondrial density, and 
neuronal development (Figure 12N-P). 

We conclude that impaired neural development and survival in Wfs1-defi-
ciency are the ultimate result of upstream pathological events incorporating ER 
Ca2+ dysregulation, negatively impacting mitochondrial functioning. Correcting 
Ca2+ homeostasis, mitochondrial fusion rate, and mitophagy in WFS1-deficient 
neurons can prevent these negative consequences. 
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Figure 12. Correction of Ca2+ homeostasis with pharmacological agents or over-
expression of IP3R or SERCA2b, and blocking mitophagy, and restoring fusion rate 
rescues impaired neuronal development in WFS1 deficiency. (A-C) The length of the 
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longest axon in WFS1-deficient neurons is restored when incubated with (A) SERCA 
activator CDN1163 (0.5 µM), an inhibitor of Ca2+ release via RYR azumolene (20 µM), 
an inhibitor of Ca2+ leak through the RyR Rycal-S107 (5 µM), a selective inhibitor of 
Ca2+ efflux through the mitochondrial Na+/Ca2+ exchanger CGP37157 (10–20 µM), and 
GLP1 (glycogen-like peptide-1) agonist liraglutide (500 nM), and overexpressing (B) 
SERCA2b and (C) IP3R. (D-G) PINK1 silencing normalizes mitophagy (D), mito-
chondrial density (E), fusion rate (F), and axonal growth (G). (H–K) Parkin silencing 
produces comparable effects on all these parameters. (L-M) Examples of reconstructed 
WFS1-deficient neurons co-transfected with (L) PINK1 shRNA and (M) Parkin shRNA. 
(N-P) nd DRP1 expression in WFS1-deficient neurons restores mitochondrial fusion rate 
(N), mitochondrial density (O), and axon lengths (P). White bars = scrambled shRNA, 
grey bars = Wfs1 shRNA. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 com-
pared with an indicated group. P-values for interactions are given in the figure.  
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5. DISCUSSION 

5.1. The practical principles of mitochondrial fusion-fission 
balance in cortical neurons (Paper I) 

Fusion and fission are fundamental processes of mitochondrial dynamics along-
side mitochondrial biogenesis, motility, and mitophagy. The well-tuned balance 
of fusion and fission is vital for neuronal function (Bertholet et al., 2016; Wester-
mann, 2010). Moreover, maintaining a proper balance between mitochondrial 
fusion and fission appears to be of greater significance than the absolute level of 
each process (Adebayo et al., 2021; Chan, 2020). It is suggested that specifically, 
the fusion-fission imbalance is related to human disease, including neurodegene-
rative diseases, cancer, cardiac and metabolic dysfunction (Y. J. Liu et al., 2020). 

Our data confirms the findings from earlier reports that fusion and fission rates 
are approximately equal in neurons, and the fusion and fission events are forming 
a cycle. Also, neuronal mitochondria primarily spend most of the time in the post-
fission state, similarly found earlier by Twig et al. in different cell lines (Twig et 
al., 2008). Further elucidation of the feedback mechanisms of the fusion-fission 
cycle suggested that mitochondrial length is self-regulated through Drp1-depen-
dent fission and determines the fission rate. In contrast, mitochondrial length does 
not influence fusion rate. 

Importantly, the dependency of the fission rate on length offers a straight-
forward explanation for the alternating nature of mitochondrial fusion and fission, 
as well as the non-cyclic occurrence of these events. Following each fusion, the 
mitochondrial length doubles, significantly increasing the likelihood of fission. 
This doubling predicts a brief lifespan for the post-fusion mitochondrion. Con-
versely, fission reduces the mitochondrial length by half, decreasing the probabi-
lity of secondary fission and increasing the likelihood of the next event being 
fusion. This mechanism facilitates the alternation of fusion and fission events, 
elucidating why mitochondria spend less time in a post-fusion state and most of 
their time in a post-fission state. 

If fusion occasionally yields a mitochondrion that is too short or a fission 
product that is too long, the cycle becomes compromised. Deviations from the 
cycle, such as two consecutive fusions or two consecutive fissions, function as 
quality control mechanisms to regulate mitochondrial length and aid mito-
chondria from becoming excessively short or oversized. This mechanism holds 
potential physiological relevance in maintaining optimal mitochondrial size, as 
excessively long mitochondria have been demonstrated to exhibit compromised 
bioenergetic capacity (Benard et al., 2007; Galloway et al., 2012). 

Altogether, maintaining a balance between mitochondrial fusion and fission 
is essential for regulating mitochondrial length and regulating selective degra-
dation of dysfunctional mitochondria, also referred to as mitophagy. Cells can 
use mitochondrial length as a quality control mechanism to identify mitochondria 
that need repair or removal. Healthy mitochondria are typically elongated, while 
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damaged or dysfunctional ones are shorter and fragmented. Shortened and 
damaged mitochondria are more likely to undergo mitophagy to maintain the 
overall integrity and functionality of the mitochondrial network within the cell 
(Gomes & Scorrano, 2013; Twig & Shirihai, 2011). 

 

5.2. Role of mitochondrial dynamics in the disease 
mechanisms of Wolfram syndrome 1 (Paper II) 

Although WS was initially thought to be a mitochondrial disorder (Bu & Rotter, 
1993), later research shifted attention away from mitochondria when the sub-
cellular localization of the causative protein wolframin revealed a stronger con-
nection with the endoplasmic reticulum (Inoue et al., 1998; Strom, 1998; Takeda 
et al., 2001). Investigations into WS mechanisms took a different path with identi-
fying another causative gene, CISD2 (also known as ZCD2, Noxp70, NAF-1, 
ERIS, and Miner1) (Amr et al., 2007). A mouse model of WS2 showed disrup-
tions in mitochondrial integrity and increased autophagic activity (Y.-F. Chen et 
al., 2009). 

Therefore, our investigations led us to be the first to describe perturbations in 
mitochondrial dynamics in WS1. In WFS1 deficiency, the mitochondrial fusion-
fission rate decreases, and there is a higher incidence of mitophagy, resulting in 
mitochondrial fragmentation and reduced axonal mitochondrial density. Rele-
vantly, the impaired mitochondrial dynamics is accompanied by a slight decline 
in mitochondrial membrane potential and decreased ATP production. The mito-
chondrial fragmentation and depolarization could lead to the activation of mito-
phagy pathways, e.g. PINK1 accumulation in the mitochondrial outer membrane 
and Parkin translocation to mitochondria, inhibiting further mitochondrial fusion 
and inducing mitophagy (Choubey et al., 2014; Gegg et al., 2010; Geisler et al., 
2010; Matsuda et al., 2010; Narendra et al., 2008, 2010; Ziviani et al., 2010). 
Additionally, our observation of polarized mitochondria inside autophagosomes 
in WFS1-deficient neurons suggests another possibility: the overactivation of the 
PINK1-Parkin pathway independent of mitochondrial membrane potential, 
leading to the removal of healthy mitochondria (Jin & Youle, 2013; Michaelis et 
al., 2022). A comparable phenomenon has been observed earlier in neurons ex-
pressing mutant alpha-synuclein, in which our lab’s prior study documented the 
initiation of PINK1-Parkin-dependent mitophagy to eliminate polarized mito-
chondria (Choubey et al., 2011). It is conceivable that both explanations remain 
applicable to neurons deficient in WFS1. A marginal depolarization of mito-
chondria might enhance the pace of their elimination, and PINK1-Parkin-depen-
dent mitophagy could be initiated to clear out functional or partially functional 
mitochondria. This heightened mitochondrial clearance would consequently 
result in reduced mitochondrial density and ATP production, as observed in 
WFS1-deficient neurons, potentially compromising the bioenergetic status of the 
cells. 
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Moreover, a multitude of studies investigating mitophagy induction (mainly 
using mitochondrial membrane potential uncouplers) have established mito-
chondrial fragmentation as the prerequisite for mitophagy initiation (Gomes et 
al., 2011; Ikeda et al., 2015; Kageyama et al., 2014; Kanki et al., 2009; Rambold 
et al., 2011; Twig et al., 2008). Additionally, previous work has demonstrated, in 
the context of mitochondrial depolarization, that Parkin ubiquitinated MFN1 and 
MFN2, leading to their degradation (Gegg et al., 2010; Ziviani et al., 2010). Eli-
minating functional MFN hampers fusions, fosters mitochondrial fragmentation, 
and facilitates mitophagy. Furthermore, in a study of mouse cardiac myocytes, 
PINK1 phosphorylated MFN2 to recruit Parkin to impaired mitochondria during 
depolarization-induced mitophagy (Chen & Dorn, 2013). Therefore, it could be 
hypothesized that targeting impaired mitochondrial fusion-fission balance-mito-
phagy axis provides promising therapeutic choices to benefit cellular energy status 
in WFS1 deficiency. 

 
 

5.3. Alterations in intracellular Ca2+ homeostasis in 
Wolfram syndrome influencing mitochondrial function 

(Paper III) 
The data in this thesis demonstrates that a deficiency in either WFS1 or CISD2 
reduces ER Ca2+ store content. This compromised ER Ca2+ storage affects axo-
plasmic Ca2+, leading to an accumulation of Ca2+ in the axoplasm and an elevation 
of basal cytosolic Ca2+ levels, as previously suggested in WS (Angebault et al., 
2018; Lu et al., 2014). Moreover, in the absence of WFS1 and CISD2, the deple-
tion of ER Ca2+ also results in mitochondrial Ca2+ depletion related to hindered 
IP3R-mediated Ca2+ delivery from the ER to mitochondria. 

Our findings of disrupted ER, cytosolic, and mitochondrial Ca2+ content find 
support from other studies. Decreases in releasable ER Ca2+ content have been 
observed in WFS1 knockout HEK293 cells, pancreatic β cells deficient in WFS1, 
rat insulinoma cells, and fibroblasts from individuals with WS (Angebault et al., 
2018; Hara et al., 2014; Nguyen et al., 2020; Takei et al., 2006). Reductions of 
ER Ca2+ levels have also been shown in MEFs and cardiomyocytes of CISD2 KO 
mice (Wiley et al., 2013; Yeh et al., 2019), although there are also reports of no 
change or increase in ER Ca2+ content (Amr et al., 2007; N. C. Chang et al., 2010, 
2012; Rouzier et al., 2017; C.-H. Wang et al., 2014). The decrease in ER 
Ca2+ content has earlier been linked to reduced SERCA activity and Ca2+ leakage 
through the RyR (Loncke et al., 2021; Lu et al., 2014; Shen et al., 2017; Yeh et 
al., 2019; Zatyka et al., 2015). This was also our conclusion based on successful 
rescue experiments in WFS1 and CISD2 deficiency with SERCA overexpression/ 
activation or RyR suppression (data not shown, Paper III). However, recent 
reports suggest that the main alteration in WFS1 deficiency may be a decline in 
IP3R-mediated Ca2+ efflux (Angebault et al., 2018; Crouzier, Danese, et al., 
2022; Delprat et al., 2020). Nevertheless, the latter explanation does not clarify 
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why ER Ca2+ content decreases, as it should increase in that case, and it leaves 
unclear the increase in basal axoplasmic Ca2+ concentrations observed in many 
earlier reports of WS models (Angebault et al., 2018; Lu et al., 2014). 

We have also demonstrated that treatment of WFS1-deficient neurons with a 
GLP1 agonist liraglutide, which activates adenylate cyclase and the following 
signal cascade, can promote Ca2+ release by activating IP3, or pharmacological 
agents activating SERCA (CDN1163), inhibiting Ca2+ release/leak via RYR 
(azumolene and Rycal-S107), or selectively inhibiting Ca2+ efflux through the 
mitochondrial Na+/Ca2+ exchanger (CGP37157) restore mitochondrial density 
and length, mitophagy intensity, and ATP levels in most settings. 

Hypothetically, compromised ER Ca2+ release, increased cytosolic Ca2+ 
levels, and reduced mitochondrial Ca2+ uptake could impact mitochondrial func-
tion in various ways. Lowered ER Ca2+ release and elevated cytosolic Ca2+ levels 
can directly impact mitochondrial and cytoskeleton proteins related to mitochond-
rial dynamics, e.g. Drp1 recruitment to mitochondria is regulated by the Ca2+-
dependent phosphatase calcineurin, also EF-hand containing Ras GTPase Miro1/ 
2 senses cytosolic Ca2+ levels and modulates mitochondrial movement (Carvalho 
et al., 2020). WFS1 has been found to interact with calcium/calmodulin kinase 
signaling cascade, which may influence mitochondrial and cytoskeleton proteins 
(Yurimoto et al., 2009). Also, elevated cytoplasmic Ca2+ levels could potentially 
contribute to calpain hyperactivation observed in WS (Lu et al., 2014). In addi-
tion, a study has found that mitochondrial motility in axons is actively regulated 
by mitochondrial matrix Ca2+ (K. T. Chang et al., 2011). Moreover, the mito-
chondrial matrix hosts Ca2+-sensitive enzymes like pyruvate dehydrogenase 
(PDH) and Krebs cycle dehydrogenases, essential for maintaining mitochondrial 
electrochemical potential and ATP generation (Gray et al., 2014; Park et al., 
2018; Tarasov et al., 2012). Supportively, previous findings in skeletal muscle 
cells lacking mitochondrial calcium uniporter (MCU) have described impaired 
oxidative phosphorylation due to suppressed mitochondrial Ca2+ influx (Gherardi 
et al., 2019). These observations imply that reduced mitochondrial Ca2+ uptake 
significantly diminishes pyruvate utilization, converting it into lactate. Our re-
sults align with this, showing a slight mitochondrial depolarization and notably 
lower ATP levels in the axons of WFS1-deficient neurons. Notably, disruption in 
ER-mitochondrial Ca2+ flux causing compromised mitochondrial function has 
been observed in Charcot-Marie-Tooth disease 4A. In this condition, GDAP1 
silencing disrupted ER-mitochondria contact sites, resulting in lower mito-
chondrial Ca2+ levels, inhibition of pyruvate dehydrogenase, and compromised 
bioenergetics (Wolf et al., 2022). 

 
 
 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/calcineurin
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/gtpase
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5.4. WFS1 deficiency leads to delayed neuronal 
development (Paper II and III) 

The disruptions of mitochondrial functioning in WFS1-deficient neurons are ac-
companied by impaired neuronal development and compromised neuronal sur-
vival in vitro. Indeed, our in vitro observations align with prior clinical investi-
gations reporting brain stem atrophy and fatalities linked to respiratory failure 
(Barrett et al., 1997). Additionally, compared with both healthy individuals and 
those with type 1 diabetes, a group of young individuals with WS in the early stages 
of the disease exhibited reduced intracranial volumes, and preferentially affected 
grey matter volume and white matter microstructural integrity, suggesting im-
paired early brain development (Hershey et al., 2012). 

The findings demonstrated in this thesis do not provide a definitive expla-
nation for how precisely disrupted mitochondrial dynamics and compromised 
Ca2+ homeostasis hinder neuronal health. The hypothetical assumptions about the 
negative impact of disruptions in Ca2+ homeostasis were discussed in the previous 
chapter. Besides that, several potential mechanisms regarding impaired mito-
chondrial dynamics can also be suggested. The altered mitochondrial dynamics 
in WFS1-deficient neurons may interfere with effectively delivering energy-pro-
ducing mitochondria to regions with heightened energy demands. For instance, 
inhibiting mitochondrial transport can lead to mitochondria depletion from peri-
pheral nerve terminals, potentially diminishing local ATP supply and impacting 
ATP-dependent processes. Additionally, severe disruptions in mitochondrial 
fusion-fission dynamics may compromise the maintenance of mitochondrial 
function, thereby jeopardizing neuronal energy requirements (Westermann, 
2012). Moreover, excessive mitophagy, which reduces mitochondrial mass, may 
impede the overall energy production capacity in neurons. Altogether, these 
energy deficits could impede the increased energy requirements linked to neu-
ronal growth. 

 

 
5.5. Clinical relevance of mitochondrial dysfunction and 

intracellular Ca2+ dysbalance in WS (Paper II and III) 
WS is a multisystemic genetic disorder with no curable treatment to date. Only 
symptomatic treatment is available in everyday practice for specific symptoms 
arising during the course of WS, e.g., insulin for diabetes mellitus and vasopressin 
for diabetes insipidus. Ideally, new therapeutic options should consider relevant 
molecular disease mechanisms and target disease progression in all affected 
tissues. According to our experimental data, several pharmacological ways could 
be explored to restore mitochondrial dynamics and enhance neuronal health in 
WFS1 deficiency. 

Starting with the possibility of improving the Ca2+-pump function of SERCA, 
which has a fundamental role in maintaining cellular Ca2+ homeostasis across 
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various cell types (J. Chen et al., 2020). SERCA dysfunction is linked to diabetes, 
heart failure, and neurodegenerative diseases, and restoring SERCA expression 
or activity is recognized as a potential strategy for disease prevention (Gianni et 
al., 2005; Kulkarni et al., 2004; Zarain-Herzberg et al., 2014). The recently 
developed small-molecule allosteric SERCA activator CDN1163 has also 
demonstrated promising therapeutic effects in models of Parkinson’s, Alzhei-
mer’s, and metabolic diseases, supporting potential protective benefits in WS 
(Dahl, 2017; Rakovskaya et al., 2023). Notably, CDN1163 has also shown im-
provements in glucose intolerance and insulin resistance in obesity (S. W. Park 
et al., 2010). 

We have also demonstrated that drugs suppressing ER Ca2+ leakage (dantro-
lene analog azumolene and Rycal S107) restore normal mitochondrial and neu-
ronal functions. This leakage, extensively studied in neurodegenerative diseases 
like Alzheimer's, Huntington’s, and spinocerebellar ataxia type 2, is associated 
with posttranslational modifications leading to the dissociation of the stabilizing 
protein calstabin2 from the RyR channel (Chami & Checler, 2020; Lacampagne 
et al., 2017; Vervliet, 2018). Experimental drugs of Rycals have shown efficacy 
in stabilizing the interaction between calstabins and RyRs, particularly in con-
ditions with elevated ER Ca2+ leakage. Additionally, dantrolene, known to reduce 
RyR sensitivity to Ca2+, inhibits this leakage and has demonstrated neuro-
protective effects in various neurodegenerative disease models (X. Chen et al., 
2011; Fruen et al., 1997; J. Liu et al., 2009; Wei & Perry, 1996). However, a 
recent phase Ib/IIa clinical trial of dantrolene in WS patients showed no improve-
ment in visual acuity or neurological functions (trial number: NCT02829268) 
(Abreu et al., 2021), but some important study limitations must be considered. A 
small sample size, clinical heterogeneity, and a relatively short 6-month dantro-
lene treatment may have interfered with detecting differences between groups.  

Our results also align with recent research findings suggesting that WS could 
benefit from activating Ca2+ flux from the ER through the activation of the sigma-
1 receptor (S1R), which is an ER-resident protein involved in Ca2+ efflux from 
the ER via IP3R (Crouzier, Danese, et al., 2022). The S1R agonist PRE-084 
demonstrated restoration of Ca2+ ion transfer and mitochondrial respiration in 
vitro. It also corrected the associated increase in autophagy and mitophagy while 
alleviating behavioral symptoms observed in zebrafish and mouse models of WS. 
Our results complement this, suggesting that it is primarily the ER Ca2+ handling 
capacity, rather than the integrity of mitochondria-associated membranes, com-
promised in WS. Activating IP3R may more effectively channel Ca2+ from the 
ER to mitochondria, aiding cells in coping with this situation. 

Additionally, mitochondrial mishandling of Ca2+ in neurons, observed in 
neurodegenerative diseases and brain aging, suggests the potential significance 
of maintaining an appropriate matrix Ca2+ concentration (Jung et al., 2020). 
Theoretical approaches include inhibiting the Na+/Ca2+ exchanger, which exports 
Ca2+ to the extramitochondrial space, or activating the MCU and/or its binding 
subunits. We have shown that inhibiting Ca2+ loss from the mitochondrial matrix 
via the Na+/Ca2+ exchanger is protective and normalizes all impacted mito-
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chondrial parameters in WS, including mitochondrial density, length, mitophagy, 
and ATP levels, as well as neuronal development. This strongly implies that mito-
chondrial Ca2+ is one of the most important factors leading to bioenergetic 
deficits. 

Also, the GLP1 agonist liraglutide has improved Ca2+ homeostasis and mito-
chondrial health in WFS1-deficient neurons. Liraglutide, known for its neuro-
protective effects in animal experiments, has emerged as a leading treatment for 
WS (Jagomäe et al., 2021; Seppa et al., 2019, 2021; Toots et al., 2018). As an 
analog of GLP1 agonists, liraglutide binds to the Gs-coupled GLP-1 receptor 
present in both β-cells and neurons, stimulating adenylate cyclase to generate 
cAMP (Doyle & Egan, 2007; Harkavyi & Whitton, 2010). This, in turn, directly 
potentiates IP3-evoked Ca2+ release (Konieczny et al., 2017; Tovey & Taylor, 
2013), thereby enhancing mitochondrial function in WFS1-deficient neurons. 
Importantly, tirzepatide, a dual glucose-dependent insulinotropic polypeptide and 
GLP1 receptor, is currently in phase 1 clinical trial in Milan, Italy (EudraCT 
number 2022-003853-70). 

It could be hypothesized that targeting impaired mitochondrial fusion-fission 
balance-mitophagy axis provides promising therapeutic choices to benefit cel-
lular energy status in WFS1 deficiency. Thus, another strategy to improve mito-
chondrial health in WFS1 deficiency could be the prevention of mitochondrial 
fragmentation. We successfully rescued decreased fusion rate and mitochondrial 
density in axons alongside impaired neuronal development with the overexpres-
sion of dominant-negative Drp1. The Mdivi-1, a derivative of quinazolinone, 
inhibits DRP1-dependent mitochondrial fragmentation and has been shown to 
give protection from neurotoxicity in mouse models of Parkinson’s and Alzhei-
mer’s Disease and ALS (Baek et al., 2017; Luo et al., 2013; Rappold et al., 2014). 
Similar effects have been observed with P110, a specific inhibitor of the Drp1-
Fis1 interaction, in cellular and mouse models of Alzheimer’s Disease, Parkin-
son’s disease, Huntington’s disease, and ALS (Filichia et al., 2016; Guo et al., 
2013; Joshi et al., 2017, 2018). Therefore, we hypothesize that the investigations 
of Drp1 inhibitors could yield favorable results in WS. 

The failure to remove aggregate protein molecules and mitophagy defects are 
the hallmarks of the most prevalent neurodegenerative diseases, including Parkin-
son’s disease, ALS, Alzheimer’s disease, and Huntington’s disease. A group of 
novel therapeutics, such as an USP30 inhibitor and a PINK1 activator, in clinical 
testing, aim to enhance mitophagy pathways (Antico et al., 2025). Our data 
supports the contrary idea that suppressing mitophagy could be beneficial. It can 
be proposed that neurons may not be able to afford a high rate of mitochondrial 
loss resulting probably in energy deficits, as the turnover of mitochondria in 
neurons is relatively low. Rather than degrading them through mitophagy, it may 
be energetically more favorable for neurons to retain “partially defective” mito-
chondria. Accordingly, excessive and undesired mitochondrial clearance could 
lead to detrimental bioenergetic deficits for neurons in pathological conditions 
associated with elevated autophagy and mitophagy. In our case, this manifests as 
an increased presence of partially defective mitochondria and a heightened re-
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moval of these partially defective mitochondria, resulting in reduced mito-
chondrial mass.  

Besides suggesting therapeutic options for WS, our results may add to the 
understanding of molecular pathology in neuropsychiatric conditions. The appli-
cability of WFS1 deficiency-elicited perturbations in Ca2+ homeostasis leading to 
disturbed mitochondrial dynamics and impaired neuronal development could go 
beyond WS, as alterations in the gene WFS1 occur in different neurologic and 
psychiatric disorders. Based on limited evidence in the literature, WFS1 is 
associated with Parkinson’s pathways. Shadrina et al. found that the synonymous 
polymorphism C1645T in the WFS1 gene increases the risk of Parkinson’s 
disease in Russian patients (Shadrina et al., 2006). Kõks et al. demonstrated that 
WFS1 silencing in HEK cells primarily affected gene expression in the Parkin-
son’s signaling ingenuity canonical pathway (Kõks et al., 2013). Furthermore, 
WFS1-deficient mice demonstrate impaired dopaminergic system function 
(Visnapuu et al., 2013). WS has also been associated with psychiatric pathology. 
The increased risk for mood disorders may apply to the 1% of the general popu-
lation estimated to be carrying heterozygous mutants of WFS1 (Swift et al., 
1998). In general, our data is consistent with a growing body of evidence sug-
gesting that mitochondrial dysfunction (including mitochondrial dynamics) may 
lead to a disruption of normal neural plasticity and reduced cellular resilience, 
which may contribute to the development of neuropsychiatric disorders. 

In conclusion, our data has identified pharmacological targets that could be 
adjusted to normalize various Ca2+-dependent mitochondrial processes and en-
hance neuronal health in WS. In addition, the mitochondrial involvement in the 
disease mechanisms of WS may broaden our understanding of neurodegenerative 
and neuropsychiatric conditions. 

 

5.6. Methodological limitations 
The main limitation of our work comes from the (disease) model used in ela-
borating the cellular pathologies in WS. In vitro models lack important elements 
of in vivo and multicellular 3D tissue models, like cell diversity and the overall 
structural and molecular complexity of the central nervous system (CNS) en-
vironment, as well as the brain-blood barrier which connects the CNS to both the 
peripheral circulation and the immune system (Slanzi et al., 2020). However, 
studying mitochondrial dynamics in primary neuronal cultures is closer to human 
neurons and more disease-specific than immortalized cell lines, often used in 
earlier studies of WS disease mechanisms. Furthermore, primary neurons provide 
a unique opportunity to estimate mitochondrial dynamics and Ca2+ levels in 
relevant subcellular locations, such as the axon and axonal endings. It needs to be 
considered that the data obtained from our studies is derived from an in vitro 
model and may not be totally applicable to real-life patients. Also, the data is 
limited to neurons and not to other cell types possibly impacted by WFS1 defi-
ciency, for example, pancreatic cells etc. 
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A relevant consideration in interpreting our experimental data is using tran-
sitory plasmid transfection to model WS pathology in neurons. Transiently trans-
fected primary neurons limit the generalization of the findings to patient-derived 
cells as the time frame of introducing the insult and applying the treatment differs. 
In our in vitro model, the neurons had a normal developmental period, which was 
lacking in in vivo models and WS patients-derived cells. Also, we were able to 
provide rescue at approximately the same time the molecular stress arising from 
WFS1 deficiency started, possibly giving an advantage to favorable treatment 
outcomes. A good alternative addressing the limitations arising from transiently 
transfected neurons would be the usage of KO mice or rats to model WFS1 
deficiency. However, it is remarkably more time- and work-consuming. 

Furthermore, our knockout model established with Wfs1shRNA corresponds 
to the more severe disease phenotypes seen in human WS mutations and leaves 
uncertainties about the treatment effects outweighing toxicity in less affected 
cellular phenotypes.  

Despite the aforementioned limitations, transiently transfected primary corti-
cal neurons used to model WS are sufficiently reliable and applicable to human 
conditions. Their results align with data obtained from clinical samples, and they 
offer more flexibility and material to manipulate and test relevant hypotheses and 
treatments. 
 

 
5.7. Concluding remarks and future directions 

Overall, mitochondria are considered integral to the orchestration of cellular pro-
cesses during neuronal development, as they provide energy, regulate intra-
cellular Ca2+ levels, and participate in the maintenance of cellular homeostasis 
(Son & Han, 2018). Dysregulation of mitochondrial function can have profound 
effects on neurodevelopment and may contribute to neurological disorders, e.g. 
CMT2A, CMT4A, and DOA (Khacho et al., 2016; S. Park et al., 2018). There is 
also increasing evidence suggesting that mitochondrial dysfunction plays an 
important role in the etiopathogenesis and progression of neurodegenerative ill-
nesses, such as Alzheimer’s Disease, Parkinson’s disease, Huntington's disease, 
and ALS (Klemmensen et al., 2024).  

Here, we show that neuronal fusion-fission processes are cyclic, and fissions 
are regulated by mitochondrial length. We propose that delayed neuronal 
development in a cellular model of WFS1 deficiency is related to reduced mito-
chondrial Ca2+ uptake, resulting in abnormalities in mitochondrial dynamics and 
bioenergetics. In turn, the diminished Ca2+ uptake by mitochondria in WFS1 
deficiency is connected to reduced ER Ca2+ content (Figure 13), as the restoration 
of neuronal development by ER Ca2+ homeostasis correction also helped to 
alleviate the mitochondrial phenotype. This additional understanding expands 
upon the ER hypothesis of Wolfram syndrome, explaining the energy deficiency 
symptoms observed in patients with WS and suggesting that WS is at least partly 
a mitochondria-mediated disease. 
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Figure 13. Neuronal health in WFS1-deficiency is compromised by ER-mitochondria 
Ca2+ dysregulation, impaired mitochondrial dynamics, and disturbed mitochondrial bio-
energetics. 

 
Although the connections between impaired ER Ca2+ homeostasis and mito-
chondrial dynamics seem to have a significant role in WS, additional mechanisms 
should be explored to elucidate the complex molecular pathway behind impaired 
neuronal development and neurodegeneration. It is known that the physical inter-
action of mitochondria with the ER is established through MAMs. The MAMs 
function as close contact sites on ER and mitochondria, facilitating Ca2+ transfer 
via IP3R interacting with an OMM protein, VDAC1. WFS1 deficiency is known 
to disorganize the MAMs, probably disrupting mitochondrial Ca2+ uptake (Ange-
bault et al., 2018; Zatyka et al., 2023). Also, WFS1 is implicated in ER stress 
(Fonseca et al., 2005, 2010). CISD2, having an iron-sulfur cluster, additionally 
appears to respond to redox stress (Conlan et al., 2009; S.-M. Li et al., 2017). 
Therefore, it is reasonable to speculate that WFS1 and CISD2, acting as sensors 
for ER and redox stress, could synergize to integrate these converging signals and 
regulate cellular ER Ca2+ handling. Furthermore, WFS1 deficiency increases 
cytosolic Ca2+ to trigger apoptosis through the hyperactivation of calcium-depen-
dent cysteine proteases, the calpains (Lu et al., 2014). Interestingly, CISD2 is a 
negative regulator of calpain 2 that limits the cleavage of caspase-3 (Lu et al., 
2014).  

Our findings indicate a connection between disruptions in ER and mitochond-
rial Ca2+ homeostasis, compromised mitochondrial dynamics, and the subsequent 
delay in neuronal development in WFS1-deficient neurons. These insights shed 
new light on the pathogenesis of neuronal abnormalities in Wolfram syndrome, 
presenting it as a valuable model for identifying drugs and molecules that in-
fluence restoring ER Ca2+ levels, ER-to-mitochondrial Ca2+ flux, mitochondrial 
matrix Ca2+ levels, and normalization of mitochondrial dynamics. Our results 
offer a significant perspective for addressing neuronal diseases characterized by 
impaired ER-mitochondria contact sites, such as Parkinson’s disease, ALS, and 
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other rare neurodegenerative or neurodevelopmental conditions. Furthermore, 
our study reveals an unexpected link with implications beyond Wolfram synd-
rome. The impact of impaired mitochondrial dynamics on neuronal development 
suggests the critical role of proper mitochondrial dynamics in neurodevelopment. 
Finally, given the involvement of WFS1 function alterations in various neuro-
psychiatric disorders, our work may have broad implications for understanding 
the role of mitochondrial dynamics in neuropsychiatric diseases (Flint & Kendler, 
2014; L. Li et al., 2020; Swift et al., 1998).  
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CONCLUSIONS 

The conclusions of this study were the following: 
1. Within cultured cortical neurons, there is an equilibrium between mitochond-

rial fusion and fission processes. The cycle of fusion and fission is feedbacked 
by alterations in mitochondrial length – an increase in length post-fusion 
heightens the likelihood of subsequent fission. In contrast, a reduction in 
length post-fission diminishes this probability. Variations from the fusion and 
fission cycle in neurons function as a corrective mechanism, preventing the 
occurrence of excessively elongated or fragmented mitochondria. 

2. The fusion-fission balance is altered in several brain diseases and compromi-
ses the functioning of mitochondria and neuronal health. In an in vitro model 
of Wolfram syndrome, mitochondrial fusion rate was decreased, resulting in 
mitochondrial fragmentation. Furthermore, mitochondrial elimination by 
mitophagy was increased, leading to reduced mitochondrial density in axons. 
The disruption of mitochondrial dynamics adversely affected cellular bio-
energetics, resulting in a reduction of axonal ATP levels, and negatively im-
pacting neuronal development. 

3. The perturbations in mitochondrial dynamics and bioenergetics in an in vitro 
model of Wolfram syndrome were connected to the impaired ER Ca2+ homeo-
stasis and diminished ER-mitochondria Ca2+ flux. In WFS1 deficiency basal 
endoplasmic Ca2+ levels were decreased and mitochondrial Ca2+ uptake was 
reduced. Additionally, the cytosolic Ca2+ levels were increased due to com-
promised ER Ca2+ uptake. The chemical compounds activating ER and mito-
chondrial Ca2+ uptake restored mitochondrial dynamics and rescued neuronal 
development. Treatment of WFS1-deficient neurons with a SERCA activator 
CDN1163, an inhibitor of Ca2+ release via RyR azumolene, an inhibitor of 
Ca2+ leak through the RyR Rycal-S107, and a selective inhibitor of Ca2+ efflux 
through the mitochondrial Na+/Ca2+ exchanger CGP37157 restored mito-
chondrial density and length as well as mitophagy intensity and axonal length 
in most settings, with CPG37157 being effective in all settings. 
 

The significant role of mitochondrial dysfunction in the neuronal pathogenesis of 
Wolfram syndrome 1 broadens our understanding of the disease’s mechanisms 
and provides new targets for pharmacological interventions. 
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SUMMARY IN ESTONIAN 

Mitokondriaalse dünaamika roll Wolframi sündroomi korral 

Maailma Tervishoiu Organisatsiooni andmetel on tänapäeva üks peamisi tervena 
elatud eluaastate vähendajaid närvisüsteemi arengulised ja närvirakkude surmaga 
seotud (neurodegeneratiivsed) ajuhaigused. Viimase 20 aasta jooksul on saanud 
selgemaks, et ajuhaiguste, aga ka teiste haiguslike seisundite, nagu vähk, suhkru-
haigus, südame-veresoonkonna haigused ja rasvumine, väljakujunemises on olu-
line osa mitokondrite ehituse ja/või talitluse kõrvalekalletel (Clemente-Suárez et 
al., 2023; Kargaran et al., 2021). Mitokondreid leidub peaaegu kõikides euka-
rüootsetes rakkudes ja nad osalevad arvukates rakusisestes protsessides. Nende 
peamised ülesanded on seotud energia tootmise ja rakusisese kaltsiumi tasakaalu 
säilitamisega. Dünaamiliste organellidena liiguvad nad aktiivselt mööda närvi-
rakkude jätkeid ringi, ühinevad (fusioon) ja lahknevad (fission) omavahel ning 
vigased/üleliigsed mitokondrid suunatakse lagundamisele (mitofaagia) (H. Chen 
& Chan, 2009). Fusiooni-fissiooni tasakaal ning mitofaagia on mitokondrite ehi-
tuse ja talitluse terviklikkuse hoidmise ning närvirakkude arengu ja elulemuse 
tagamiseks väga olulised. Eelnevast järeldub, et mitokondrite funktsiooni paran-
damine ravimite ja muude sekkumiste abil võib osutuda tulevikus üheks võima-
luseks, kuidas leevendada ajuhaigustega seotud vaevuseid, invaliidsust ja 
suremust. 

Laialt levinud ja mitmete tegurite koosmõjus avalduvate haigusseisundite 
rakusiseste mehhanismide kohta uute teadmiste saamisel on abistavaks osutunud 
harvaesinevate monogeensete haiguste loom- ja katseklaasimudelid (Peltonen et 
al., 2006). Wolframi sündroomi (WS) on peetud heaks mudeliks, mille abil uurida 
närvirakkude arengu ja suremise ning aksonite kahjustuse mehhanisme. WS on 
harvikhaigus, mis avaldub ajas süvenevate neuroendokriinsete kõrvalekalletena, 
nagu magediabeet, diabeet, optiline atroofia ja kurtus. Haiguse avastamise ja 
kirjeldamise järel peeti seda kauaaegselt mitokondriaalseks haiguseks. Hiljem 
avastati, et WS põhjustavad mutatsioonid kahes erinevas geenis – WFS1 (wolfra-
miin) ja CISD2, mille poolt kodeeritud valgud paiknevad endoplasmaatilise 
retiikulumi (ER) ja mitokondrite ühenduskohtades ehk MAM-des (mitochondria-
associated ER membranes). Kuigi wolframiini ja CISD2 valkude ehitus ja oma-
dused erinevad märkimisväärselt, siis nende mutatsioonid põhjustavad inimestel 
sarnaseid sümptomeid. Senini ei ole täpselt teada, millised on WFS1 ja CISD2 
täpsed ülesanded rakkudes. WS tüüp 2 varasemad uuringud on kirjeldanud 
CISD2 defektsuse/puuduse korral avalduvaid kõrvalekaldeid nii mitokondrite 
ehituses ja talitluses kui ka paljudes teistes olulistes rakufunktsioonides, nagu 
vananemine, autofaagia, ER stress, raua ainevahetus, kaltsiumi- ja redokstasakaal 
ja programmeeritud rakusurm. Seevastu WS tüüp 1 on peetud peamiselt ER 
haiguseks ning WFS1 osaleb ER stressi ja rakusisese kaltsiumi tasakaalu regulat-
sioonis. Käesolevalt ei ole teada, milline on wolframiini roll mitokondrite 
dünaamika mõjutamisel. Samuti pole piisavalt teadmisi mehhanismide kohta, kas 
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ja kuidas saab WS korral närvirakkudes häirunud ER talitlus mõjutada mito-
kondrite talitlust.  
 
Käesoleva uurimistöö eesmärgid: 
1) Kirjeldada seaduspärasusi, mis valitsevad närvirakkude kultuuris mitokond-

rite fusiooni ja fissiooni tasakaalu hoidmisel 
2) Uurida katseklaasimudelis mitokondriaalse dünaamika olulisust Wolframi 

sündroomi rakulistes kõrvalekalletes 
3) Täpsustada Wolframi sündroomi rakulisi mehhanisme ja otsida võimalikke 

farmakoloogilisi sekkumisi, et leevendada kõrvalekaldeid mitokondrite talit-
luses ja närvirakkude arengus 

 
Antud doktoritöös kasutati mitokondrite dünaamika ja funktsiooni, kaltsiumi 
tasemete/voolude ning närvirakkude arengu/suremise kirjeldamiseks roti pri-
maarset närvirakkude kultuuri. Antud katseklaasimudelis muudeti valkude 
ekspressiooni vastavalt uurimisküsimustele ning vastavalt katse eesmärkidele 
lisati rakkudele ka raviaineid. Wolframi sündroomi mudeldamiseks transfektee-
riti primaarset närvirakkude kultuuri Wfs1 shRNA-ga, et suruda alla WFS1 valku. 
Kontrollgrupi ja katsegruppide tulemusi võrreldi raku funktsioone ja ehitust 
hindavate erinevate keemiliste markerainete abil ning kasutati fluorestents- ja 
konfokaalmikroskoopia võimalusi. 

 
Uurimistöö tulemused ja järeldused: 

Kooskõlas varasemate tulemustega leiti, et roti närvirakkudes valitseb mito-
kondrite fusioonide ja fissioonide vahel tasakaal ning tsüklilisus – fusioonile järg-
neb fissioon ja vastupidi. Kahe vastandliku protsessi oluliseks regulaatoriks on 
mitokondrite pikkus – pikemad mitokondrid lahknevad tõenäolisemalt kui 
lühemad. Lühiajalised kõrvalekalded fusiooni ja fissiooni tsüklilisuses ehk kaks 
või enam järjestikkust fusiooni või fissiooni on rakkudele vajalikud, et vältida 
mittefunktsionaalsete ja liigselt pikenenud või lühenenud mitokondrite tekkimist. 

Järgnevalt kirjeldati mitokondrite dünaamika muutuseid Wolframi sündroomi 
katseklaasimudelis. WFS1 puuduse korral leiti fusioonide sageduse vähenemist 
ja mitokondrite fragmentatsiooni. Lisaks oli suurenenud mitokondrite lagunda-
mine ja seeläbi vähenenud närvirakkude aksonites ka mitokondrite tihedus. Mito-
kondrite dünaamika muutustega käis kaasas nende membraanipotentsiaali langus 
ja ATP tootmise vähenemine, mida seostati omakorda närvirakkude arengu 
aeglustumisega. 

Seejärel leiti, et kõrvalekalded mitokondrite dünaamikas ja bioenergeetikas 
olid seotud häirunud Ca2+ tasakaaluga ER-s ja vähenenud Ca2+ vooludega ER-st 
mitokondritesse. Täpsemalt, WFS1 puuduse korral oli alanenud ER Ca2+ basaalne 
tase ja Ca2+ transport tsütoplasmast ER-i koos suurenenud tsütoplasma Ca2+ tase-
mega. Lisaks ER Ca2+ tasakaalu häirumisele oli vähenenud ka Ca2+ transport ER-
st mitokondritesse. 

WFS1 puuduse puhuseid kõrvalekaldeid mitokondrite dünaamikas ja närvi-
rakkude arengus aitasid leevendada keemilised ained, mis taastasid Ca2+ tasa-
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kaalu ER-s ja mitokondrites. Ca2+-pumba SERCA aktivaator CDN1163, RYR 
Ca2+-väljavoolu kanalite inhibiitor asumoleen, RYR Ca2+ kanalite lekke inhibiitor 
Rycal-S107 ja mitokondrite Na+/Ca2+ vahetaja selektiivne inhibiitor CGP37157 
aitasid taastada WFS1 puuduse korral mitokondrite pikkuse, tiheduse ja/või 
vähendasid mitofaagiat ja/või leevendasid närvirakkude arenguhäiret. Seejuures 
Na+/Ca2+ vahetaja suutis seda teha kõigi eelnimetatud parameetrite osas. 

Kokkuvõttes laiendavad antud doktoritöö tulemused praeguseid teadmisi WS 
rakulistest mehhanismidest ning võivad olla abiks tulevikus uute ravimite välja-
töötamisel. Esmakordselt on kirjeldatud WS korral seost ER ja mitokondrite Ca2+ 
tasakaalu muutuste ning mitokondrite dünaamika vahel. Antud doktoritöö tule-
mustest järeldub, et WS neuroloogiliste sümptomite ilmnemisel võib olla oluline 
osa vähenenud energia tootmisel närvirakkudes. Energiadefitsiidi võimalikeks 
põhjusteks võivad omakorda olla nii mitokondrite dünaamikahäired kui ka ER-
mitokondrite Ca2+ voolude vähenemine. Lisaks võivad antud doktoritöö tule-
mused omada tähtsust mõistmaks ka teiste sagedamini esinevate neurodegene-
ratiivsete haiguste (Parkinsoni tõbi, Alzheimeri tõbi, amüotroofiline lateraal-
skleroos) mehhanisme, kus on samuti leitud muutuseid ER ja mitokondrite oma-
vahelises ühendatuses. 
  



89 

ACKNOWLEDGEMENTS 

The current work gathered to this thesis was carried out at the Department of 
Pharmacology, Institute of Biomedicine and Translational Medicine, University 
of Tartu. The study was funded by grants from the Estonian Research Council, 
the European Union’s Horizon 2020 research and innovation programme, the 
European Regional Development Fund, and Chan Zuckerberg Initiative. 

First and foremost, I would like to convey my deepest gratitude to my two 
supervisors, Professor Allen Kaasik and Associate Professor Annika Vaarmann 
for their extensive knowledge, professional and firm guidance, critical thinking 
skills, and valuable discussions going beyond the value and meaning of science. 

The work presented in this thesis is the result of coordinated teamwork and I 
would like to thank all co-authors of the publications we worked together with, 
but also co-workers from the Department of Pharmacology. Thank you sincerely 
Michal, Džamilja, Malle, Vinay, Merle, Külli, Joanna, Kelli, Akbar, Miriam, 
Ruby, professor Aleksandr, Liisa, Hiie, Kerly, Ulla, Kaili, Oili, Monika, Anti, 
Katrin S, Zuzana, Lucia, Katrin P, Przemyslaw, professor Vladimir, Nana, 
Tamara, Natalia, Anu, Aveli, Keiti, Paavo, Helerin, Mari, and the collaborators 
from Department of Physiology, University of Tartu and from the Katholieke 
Universiteit Leuven. 

I also extend my gratitude to my former colleagues at the Psychiatry Clinic of 
Tartu University Hospital and my current co-workers at Tallinn Children’s 
Hospital for their continuous support and encouragement throughout my years of 
studying. 

I also appreciate the assistance of AI chatbots ChatGPT (2023) and Gram-
marly (2024) in improving my sentence structure and clarity and identifying 
grammatical errors. 

Lastly, I am sincerely grateful to my beloved Priit, as well as my family and 
friends, for their persistent interest in my studies and their love. 
  



  



 

 

 

PUBLICATIONS  



157 

CURRICULUM VITAE 

Name:  Mailis Liiv 
Date of Birth:  May 19, 1985 
Citizenship:  Estonian 
Phone:  +372 678 7419 
E-mail:  mailis.liiv@lastehaigla.ee 
 
Education: 
2010–… University of Tartu, Faculty of Medicine, doctoral studies in 

Medicine 
2010–2022 University of Tartu, Faculty of medicine, residency in 

Psychiatry and Child and Adolescent Psychiatry 
2004–2010 University of Tartu, Faculty of Medicine (MD) cum laude 
1996–2004       Carl Robert Jakobson Gymnasium 
 
Professional employment: 
2022–… Tallinn Children’s Hospital, child and adolescent psychiatrist 
2011–2021 University of Tartu, Faculty of Medicine, Institute of Bio- and 

Translational Medicine, Department of Pharmacology, 
specialist 

 
Membership in professional organizations: 
– Estonian Psychiatric Association 
– Estonian Society of Pharmacology 
– Association of Estonian Junior Doctors 
 
Scientific work: 
The scientific work has focused mainly on the role of mitochondrial biogenesis, 
dynamics, and mitophagy in neurodegenerative diseases. 
 
List of publications: 
Liiv, M.*, Vaarmann, A.*, Safiulina, D., Choubey, V., Gupta, R., Kuum, M., 

Janickova, L., Hodurova, Z., Cagalinec, M., Zeb, A., Hickey, M. A., Huang, 
Y.-L., Gogichaishvili, N., Mandel, M., Plaas, M., Vasar, E., Loncke, J., Verv-
liet, T., Tsai, T.-F., … Kaasik, A. (2024). ER calcium depletion as a key driver 
for impaired ER-to-mitochondria calcium transfer and mitochondrial dysfunc-
tion in Wolfram syndrome. Nature Communications, 15(1), 6143. https://doi. 
org/10.1038/s41467-024-50502-x 

Zeb, A.*, Choubey, V.*, Gupta, R.*, Kuum, M., Safiulina, D., Vaarmann, A., 
Gogichaishvili, N., Liiv, M., Ilves, I., Tämm, K., Veksler, V., Kaasik, A. 
(2021). A novel role of KEAP1/PGAM5 complex: ROS sensor for inducing 
mitophagy. Redox Biology 48, 102186. Advance online publication. https:// 
doi.org/10.1016/j.redox.2021.102186 

https://www.etis.ee/Portal/Projects/Display/64acafb6-30dc-4ed0-b049-ea7cab47c6c7
https://www.etis.ee/Portal/Projects/Display/64acafb6-30dc-4ed0-b049-ea7cab47c6c7


158 

Punapart, M., Seppa, K., Jagomäe, T., Liiv, M., Reimets, R., Kirillov, S., Kaasik, 
A., Moons, L., De Groef, L., Terasmaa, A., Vasar, E., Plaas, M. (2021). The 
expression of RAAS key receptors, Agtr2 and Bdkrb1, is downregulated at an 
early stage in a rat model of Wolfram syndrome. Genes 12(11), 1717. 
https://doi.org/10.3390/genes12111717 

Safiulina, D.*, Kuum, M.*, Choubey, V.*, Gogichaishvili, N., Liiv, J., Hickey, 
M. A., Cagalinec, M., Mandel, M., Zeb, A., Liiv, M., Kaasik, A. (2019). Miro 
proteins prime mitochondria for Parkin translocation and mitophagy. The 
EMBO Journal 38(2), e99384. https://doi.org/10.15252/embj.201899384 

Puusepp, S., Kovacs-Nagy, R., Alhaddad, B., Braunisch, M., Hoffmann, G. F., 
Kotzaeridou, U., Lichvarova, L., Liiv, M., Makowski, C., Mandel, M., 
Meitinger, T., Pajusalu, S., Rodenburg, R. J., Safiulina, D., Strom, T. M., 
Talvik, I., Vaarmann, A., Wilson, C., Kaasik, A., Haack, T. B., … Õunap, K. 
(2018). Compound heterozygous SPATA5 variants in four families and func-
tional studies of SPATA5 deficiency. European Journal of Human Genetics: 
EJHG 26(3), 407–419. https://doi.org/10.1038/s41431-017-0001-6 

Cagalinec, M.*, Liiv, M.*, Hodurova, Z., Hickey, M. A., Vaarmann, A., Mandel, 
M., Zeb, A., Choubey, V., Kuum, M., Safiulina, D., Vasar, E., Veksler, V., 
Kaasik, A. (2016). Role of mitochondrial dynamics in neuronal development: 
mechanism for Wolfram syndrome. PLoS Biology 14(7), e1002511. https:// 
doi.org/10.1371/journal.pbio.1002511 

Vaarmann, A., Mandel, M., Zeb, A., Wareski, P., Liiv, J., Kuum, M., Antsov, E., 
Liiv, M., Cagalinec, M., Choubey, V., Kaasik, A. (2016). Mitochondrial 
biogenesis is required for axonal growth. Development (Cambridge, England) 
143(11), 1981–1992. https://doi.org/10.1242/dev.128926 

Choubey, V., Cagalinec, M., Liiv, J., Safiulina, D., Hickey, M. A., Kuum, M., 
Liiv, M., Anwar, T., Eskelinen, E. L., Kaasik, A. (2014). BECN1 is involved 
in the initiation of mitophagy: it facilitates PARK2 translocation to mito-
chondria. Autophagy 10(6), 1105–1119. https://doi.org/10.4161/auto.28615 

Cagalinec, M., Safiulina, D., Liiv, M., Liiv, J., Choubey, V., Wareski, P., Veks-
ler, V., Kaasik, A. (2013). Principles of the mitochondrial fusion and fission 
cycle in neurons. Journal of Cell Science 126(Pt 10), 2187–2197. https://doi. 
org/10.1242/jcs.118844 

 
* Contributed equally to this work 
  

https://doi.org/10.1371/journal.pbio.1002511
https://doi.org/10.1371/journal.pbio.1002511
https://doi.org/10.1242/jcs.118844
https://doi.org/10.1242/jcs.118844


159 

ELULOOKIRJELDUS 

Nimi: Mailis Liiv 
Sünniaeg:           19. mai 1985, Viljandi, Eesti 
Kodakondsus: Eesti 
Aadress:             SA Tallinna Lastehaigla, Tervise 28, Tallinn, 13419, Eesti 
Telefon:              +372 678 7419 
E-post:                mailis.liiv@lastehaigla.ee 
 
Hariduskäik: 
2010–… Tartu Ülikool, doktorantuur (arstiteadus) 
2010–2022 Tartu Ülikool, residentuur psühhiaatria erialal laste- ja 

noorukitepsühhiaatria kõrvalerialaga 
2004–2010 Tartu Ülikool arstiteaduskond arstiõpe cum laude 
1996–2004        C. R. Jakobsoni nimeline Gümnaasium, kuldmedal 
 
Teenistuskäik: 
2022–… SA Tallinna Lastehaigla, laste- ja noorukite psühhiaater 
2011–2021 Tartu Ülikool, Arstiteaduskond, Bio- ja siirdemeditsiini 

instituut, Farmakoloogia osakond, spetsialist  
 
Liikmelisus erialaorganisatsioonides: 
– Eesti Psühhiaatrite Selts 
– Eesti Farmakoloogia Selts  
– Eesti Nooremarstide Ühendus 
 
Teadustöö:  
Teadustöö põhisuunaks on olnud uurida mitokondrite biogeneesi, dünaamika ja 
mitofaagia rolli neurodegeneratiivsete haiguste katseklaasimudelites. 
 
Publikatsioonid: 
Liiv, M.*, Vaarmann, A.*, Safiulina, D., Choubey, V., Gupta, R., Kuum, M., 

Janickova, L., Hodurova, Z., Cagalinec, M., Zeb, A., Hickey, M. A., Huang, 
Y.-L., Gogichaishvili, N., Mandel, M., Plaas, M., Vasar, E., Loncke, J., 
Vervliet, T., Tsai, T.-F., … Kaasik, A. (2024). ER calcium depletion as a key 
driver for impaired ER-to-mitochondria calcium transfer and mitochondrial 
dysfunction in Wolfram syndrome. Nature Communications, 15(1), 6143. 
https://doi.org/10.1038/s41467-024-50502-x 

Zeb, A.*, Choubey, V.*, Gupta, R.*, Kuum, M., Safiulina, D., Vaarmann, A., 
Gogichaishvili, N., Liiv, M., Ilves, I., Tämm, K., Veksler, V., Kaasik, A. 
(2021). A novel role of KEAP1/PGAM5 complex: ROS sensor for inducing 
mitophagy. Redox Biology 48, 102186. Advance online publication. https:// 
doi.org/10.1016/j.redox.2021.102186 



160 

Punapart, M., Seppa, K., Jagomäe, T., Liiv, M., Reimets, R., Kirillov, S., Kaasik, 
A., Moons, L., De Groef, L., Terasmaa, A., Vasar, E., Plaas, M. (2021). The 
expression of RAAS key receptors, Agtr2 and Bdkrb1, is downregulated at an 
early stage in a rat model of Wolfram syndrome. Genes 12(11), 1717. 
https://doi.org/10.3390/genes12111717 

Safiulina, D.*, Kuum, M.*, Choubey, V.*, Gogichaishvili, N., Liiv, J., Hickey, 
M. A., Cagalinec, M., Mandel, M., Zeb, A., Liiv, M., Kaasik, A. (2019). Miro 
proteins prime mitochondria for Parkin translocation and mitophagy. The 
EMBO Journal 38(2), e99384. https://doi.org/10.15252/embj.201899384 

Puusepp, S., Kovacs-Nagy, R., Alhaddad, B., Braunisch, M., Hoffmann, G. F., 
Kotzaeridou, U., Lichvarova, L., Liiv, M., Makowski, C., Mandel, M., 
Meitinger, T., Pajusalu, S., Rodenburg, R. J., Safiulina, D., Strom, T. M., 
Talvik, I., Vaarmann, A., Wilson, C., Kaasik, A., Haack, T. B., … Õunap, K. 
(2018). Compound heterozygous SPATA5 variants in four families and func-
tional studies of SPATA5 deficiency. European Journal of Human Genetics: 
EJHG 26(3), 407–419. https://doi.org/10.1038/s41431-017-0001-6 

Cagalinec, M.*, Liiv, M.*, Hodurova, Z., Hickey, M. A., Vaarmann, A., Mandel, 
M., Zeb, A., Choubey, V., Kuum, M., Safiulina, D., Vasar, E., Veksler, V., 
Kaasik, A. (2016). Role of mitochondrial dynamics in neuronal development: 
mechanism for Wolfram syndrome. PLoS Biology 14(7), e1002511. 
https://doi.org/10.1371/journal.pbio.1002511 

Vaarmann, A., Mandel, M., Zeb, A., Wareski, P., Liiv, J., Kuum, M., Antsov, E., 
Liiv, M., Cagalinec, M., Choubey, V., Kaasik, A. (2016). Mitochondrial 
biogenesis is required for axonal growth. Development (Cambridge, England) 
143(11), 1981–1992. https://doi.org/10.1242/dev.128926 

Choubey, V., Cagalinec, M., Liiv, J., Safiulina, D., Hickey, M. A., Kuum, M., 
Liiv, M., Anwar, T., Eskelinen, E. L., Kaasik, A. (2014). BECN1 is involved 
in the initiation of mitophagy: it facilitates PARK2 translocation to mito-
chondria. Autophagy 10(6), 1105–1119. https://doi.org/10.4161/auto. 28615 

Cagalinec, M., Safiulina, D., Liiv, M., Liiv, J., Choubey, V., Wareski, P., Veks-
ler, V., Kaasik, A. (2013). Principles of the mitochondrial fusion and fission 
cycle in neurons. Journal of Cell Science 126(Pt 10), 2187–2197. https://doi. 
org/10.1242/jcs.118844 

 
* Jagatud esimene autorlus 
 
 

https://doi.org/10.1371/journal.pbio.1002511
https://doi.org/10.1242/jcs.118844
https://doi.org/10.1242/jcs.118844


161 

DISSERTATIONES MEDICINAE  
UNIVERSITATIS TARTUENSIS 

 
 1. Heidi-Ingrid Maaroos. The natural course of gastric ulcer in connection 

with chronic gastritis and Helicobacter pylori. Tartu, 1991. 
 2. Mihkel Zilmer. Na-pump in normal and tumorous brain tissues: Structural, 

functional and tumorigenesis aspects. Tartu, 1991. 
 3. Eero Vasar. Role of cholecystokinin receptors in the regulation of beha-

viour and in the action of haloperidol and diazepam. Tartu, 1992. 
 4. Tiina Talvik. Hypoxic-ischaemic brain damage in neonates (clinical, bio-

chemical and brain computed tomographical investigation). Tartu, 1992. 
 5. Ants Peetsalu. Vagotomy in duodenal ulcer disease: A study of gastric aci-

dity, serum pepsinogen I, gastric mucosal histology and Helicobacter 
pylori. Tartu, 1992. 

 6. Marika Mikelsaar. Evaluation of the gastrointestinal microbial ecosystem 
in health and disease. Tartu, 1992. 

 7. Hele Everaus. Immuno-hormonal interactions in chronic lymphocytic leu-
kaemia and multiple myeloma. Tartu, 1993. 

 8. Ruth Mikelsaar. Etiological factors of diseases in genetically consulted 
children and newborn screening: dissertation for the commencement of the 
degree of doctor of medical sciences. Tartu, 1993. 

 9. Agu Tamm. On metabolic action of intestinal microflora: clinical aspects. 
Tartu, 1993. 

 10. Katrin Gross. Multiple sclerosis in South-Estonia (epidemiological and 
computed tomographical investigations). Tartu, 1993. 

 11. Oivi Uibo. Childhood coeliac disease in Estonia: occurrence, screening, 
diagnosis and clinical characterization. Tartu, 1994. 

 12. Viiu Tuulik. The functional disorders of central nervous system of che-
mistry workers. Tartu, 1994. 

 13. Margus Viigimaa. Primary haemostasis, antiaggregative and anticoagulant 
treatment of acute myocardial infarction. Tartu, 1994. 

 14. Rein Kolk. Atrial versus ventricular pacing in patients with sick sinus 
syndrome. Tartu, 1994. 

 15. Toomas Podar. Incidence of childhood onset type 1 diabetes mellitus in 
Estonia. Tartu, 1994. 

 16. Kiira Subi. The laboratory surveillance of the acute respiratory viral 
infections in Estonia. Tartu, 1995. 

17.  Irja Lutsar. Infections of the central nervous system in children (epidemi-
ologic, diagnostic and therapeutic aspects, long term outcome). Tartu, 1995. 

18.  Aavo Lang. The role of dopamine, 5-hydroxytryptamine, sigma and 
NMDA receptors in the action of antipsychotic drugs. Tartu, 1995. 

19.  Andrus Arak. Factors influencing the survival of patients after radical 
surgery for gastric cancer. Tartu, 1996. 



162 

20.  Tõnis Karki. Quantitative composition of the human lactoflora and 
method for its examination. Tartu, 1996. 

21. Reet Mändar. Vaginal microflora during pregnancy and its transmission 
to newborn. Tartu, 1996.  

22. Triin Remmel. Primary biliary cirrhosis in Estonia: epidemiology, clinical 
characterization and prognostication of the course of the disease. Tartu, 
1996. 

23. Toomas Kivastik. Mechanisms of drug addiction: focus on positive rein-
forcing properties of morphine. Tartu, 1996.  

24.  Paavo Pokk. Stress due to sleep deprivation: focus on GABAA receptor-
chloride ionophore complex. Tartu, 1996. 

25. Kristina Allikmets. Renin system activity in essential hypertension. As-
sociations with atherothrombogenic cardiovascular risk factors and with 
the efficacy of calcium antagonist treatment. Tartu, 1996. 

26. Triin Parik. Oxidative stress in essential hypertension: Associations with 
metabolic disturbances and the effects of calcium antagonist treatment. 
Tartu, 1996. 

27.  Svetlana Päi. Factors promoting heterogeneity of the course of rheumatoid 
arthritis. Tartu, 1997.  

28. Maarike Sallo. Studies on habitual physical activity and aerobic fitness in 
4 to 10 years old children. Tartu, 1997. 

29. Paul Naaber. Clostridium difficile infection and intestinal microbial eco-
logy. Tartu, 1997. 

30. Rein Pähkla. Studies in pinoline pharmacology. Tartu, 1997. 
31. Andrus Juhan Voitk. Outpatient laparoscopic cholecystectomy. Tartu, 1997. 
32. Joel Starkopf. Oxidative stress and ischaemia-reperfusion of the heart. 

Tartu, 1997. 
33.  Janika Kõrv. Incidence, case-fatality and outcome of stroke. Tartu, 1998. 
34. Ülla Linnamägi. Changes in local cerebral blood flow and lipid peroxida-

tion following lead exposure in experiment. Tartu, 1998. 
35. Ave Minajeva. Sarcoplasmic reticulum function: comparison of atrial and 

ventricular myocardium. Tartu, 1998. 
36. Oleg Milenin. Reconstruction of cervical part of esophagus by revascular-

ised ileal autografts in dogs. A new complex multistage method. Tartu, 
1998. 

37. Sergei Pakriev. Prevalence of depression, harmful use of alcohol and 
alcohol dependence among rural population in Udmurtia. Tartu, 1998. 

38. Allen Kaasik. Thyroid hormone control over β-adrenergic signalling 
system in rat atria. Tartu, 1998. 

39. Vallo Matto. Pharmacological studies on anxiogenic and antiaggressive 
properties of antidepressants. Tartu, 1998. 

40. Maire Vasar. Allergic diseases and bronchial hyperreactivity in Estonian 
children in relation to environmental influences. Tartu, 1998. 

41. Kaja Julge. Humoral immune responses to allergens in early childhood. 
Tartu, 1998. 



163 

42. Heli Grünberg. The cardiovascular risk of Estonian schoolchildren. 
A cross-sectional study of 9-, 12- and 15-year-old children. Tartu, 1998. 

43. Epp Sepp. Formation of intestinal microbial ecosystem in children. Tartu, 
1998. 

44. Mai Ots. Characteristics of the progression of human and experimental 
glomerulopathies. Tartu, 1998. 

45. Tiina Ristimäe. Heart rate variability in patients with coronary artery 
disease. Tartu, 1998. 

46. Leho Kõiv. Reaction of the sympatho-adrenal and hypothalamo-pituitary-
adrenocortical system in the acute stage of head injury. Tartu, 1998. 

47. Bela Adojaan. Immune and genetic factors of childhood onset IDDM in 
Estonia. An epidemiological study. Tartu, 1999. 

48. Jakov Shlik. Psychophysiological effects of cholecystokinin in humans. 
Tartu, 1999. 

49. Kai Kisand. Autoantibodies against dehydrogenases of α-ketoacids. Tartu, 
1999. 

50. Toomas Marandi. Drug treatment of depression in Estonia. Tartu, 1999. 
51. Ants Kask. Behavioural studies on neuropeptide Y. Tartu, 1999. 
52. Ello-Rahel Karelson. Modulation of adenylate cyclase activity in the rat 

hippocampus by neuropeptide galanin and its chimeric analogs. Tartu, 1999. 
53. Tanel Laisaar. Treatment of pleural empyema — special reference to 

intrapleural therapy with streptokinase and surgical treatment modalities. 
Tartu, 1999. 

54. Eve Pihl. Cardiovascular risk factors in middle-aged former athletes. 
Tartu, 1999. 

55. Katrin Õunap. Phenylketonuria in Estonia: incidence, newborn screening, 
diagnosis, clinical characterization and genotype/phenotype correlation. 
Tartu, 1999. 

56. Siiri Kõljalg. Acinetobacter – an important nosocomial pathogen. Tartu, 
1999. 

57.  Helle Karro. Reproductive health and pregnancy outcome in Estonia: 
association with different factors. Tartu, 1999. 

58. Heili Varendi. Behavioral effects observed in human newborns during 
exposure to naturally occurring odors. Tartu, 1999.  

59. Anneli Beilmann. Epidemiology of epilepsy in children and adolescents in 
Estonia. Prevalence, incidence, and clinical characteristics. Tartu, 1999. 

60. Vallo Volke. Pharmacological and biochemical studies on nitric oxide in 
the regulation of behaviour. Tartu, 1999. 

61.  Pilvi Ilves. Hypoxic-ischaemic encephalopathy in asphyxiated term infants. 
A prospective clinical, biochemical, ultrasonographical study. Tartu, 1999. 

62. Anti Kalda. Oxygen-glucose deprivation-induced neuronal death and its 
pharmacological prevention in cerebellar granule cells. Tartu, 1999. 

63.  Eve-Irene Lepist. Oral peptide prodrugs – studies on stability and 
absorption. Tartu, 2000. 



164 

64. Jana Kivastik. Lung function in Estonian schoolchildren: relationship 
with anthropometric indices and respiratory symptomas, reference values 
for dynamic spirometry. Tartu, 2000. 

65. Karin Kull. Inflammatory bowel disease: an immunogenetic study. Tartu, 
2000. 

66. Kaire Innos. Epidemiological resources in Estonia: data sources, their 
quality and feasibility of cohort studies. Tartu, 2000. 

67. Tamara Vorobjova. Immune response to Helicobacter pylori and its 
association with dynamics of chronic gastritis and epithelial cell turnover 
in antrum and corpus. Tartu, 2001. 

68. Ruth Kalda. Structure and outcome of family practice quality in the 
changing health care system of Estonia. Tartu, 2001. 

69. Annika Krüüner. Mycobacterium tuberculosis – spread and drug resis-
tance in Estonia. Tartu, 2001. 

70. Marlit Veldi. Obstructive Sleep Apnoea: Computerized Endopharyngeal 
Myotonometry of the Soft Palate and Lingual Musculature. Tartu, 2001. 

71. Anneli Uusküla. Epidemiology of sexually transmitted diseases in Estonia 
in 1990–2000. Tartu, 2001. 

72. Ade Kallas. Characterization of antibodies to coagulation factor VIII. 
Tartu, 2002. 

73. Heidi Annuk. Selection of medicinal plants and intestinal lactobacilli as 
antimicrobil components for functional foods. Tartu, 2002.  

74. Aet Lukmann. Early rehabilitation of patients with ischaemic heart 
disease after surgical revascularization of the myocardium:  assessment of 
health-related quality of life, cardiopulmonary reserve and oxidative stress. 
A clinical study. Tartu, 2002. 

75. Maigi Eisen. Pathogenesis of Contact Dermatitis: participation of Oxida-
tive Stress. A clinical – biochemical study. Tartu, 2002. 

76. Piret Hussar. Histology of the post-traumatic bone repair in rats. Elabora-
tion and use of a new standardized experimental model – bicortical per-
foration of tibia compared to internal fracture and resection osteotomy. 
Tartu, 2002. 

77. Tõnu Rätsep. Aneurysmal subarachnoid haemorrhage: Noninvasive moni-
toring of cerebral haemodynamics. Tartu, 2002. 

78. Marju Herodes. Quality of life of people with epilepsy in Estonia. Tartu, 
2003. 

79. Katre Maasalu. Changes in bone quality due to age and genetic disorders 
and their clinical expressions in Estonia. Tartu, 2003. 

80. Toomas Sillakivi. Perforated peptic ulcer in Estonia: epidemiology, risk 
factors and relations with Helicobacter pylori. Tartu, 2003. 

81. Leena Puksa. Late responses in motor nerve conduction studies. F and A 
waves in normal subjects and patients with neuropathies. Tartu, 2003. 

82. Krista Lõivukene. Helicobacter pylori in gastric microbial ecology and  
its antimicrobial susceptibility pattern. Tartu, 2003. 



165 

83. Helgi Kolk. Dyspepsia and Helicobacter pylori infection: the diagnostic 
value of symptoms, treatment and follow-up of patients referred for upper 
gastrointestinal endoscopy by family physicians. Tartu, 2003. 

84. Helena Soomer. Validation of identification and age estimation methods 
in forensic odontology. Tartu, 2003. 

85. Kersti Oselin. Studies on the human MDR1, MRP1, and MRP2 ABC 
transporters: functional relevance of the genetic polymorphisms in the 
MDR1 and MRP1 gene. Tartu, 2003. 

86. Jaan Soplepmann. Peptic ulcer haemorrhage in Estonia: epidemiology, 
prognostic factors, treatment and outcome. Tartu, 2003. 

87. Margot Peetsalu. Long-term follow-up after vagotomy in duodenal ulcer 
disease: recurrent ulcer, changes in the function, morphology and Helico-
bacter pylori colonisation of the gastric mucosa. Tartu, 2003. 

88. Kersti Klaamas. Humoral immune response to Helicobacter pylori a study 
of host-dependent and microbial factors. Tartu, 2003. 

89. Pille Taba. Epidemiology of Parkinson’s disease in Tartu, Estonia. Pre-
valence, incidence, clinical characteristics, and pharmacoepidemiology. 
Tartu, 2003.  

90. Alar Veraksitš. Characterization of behavioural and biochemical pheno-
type of cholecystokinin-2 receptor deficient mice: changes in the function 
of the dopamine and endopioidergic system. Tartu, 2003. 

91. Ingrid Kalev. CC-chemokine receptor 5 (CCR5) gene polymorphism in 
Estonians and in patients with Type I and Type II diabetes mellitus. Tartu, 
2003. 

92. Lumme Kadaja. Molecular approach to the regulation of mitochondrial 
function in oxidative muscle cells. Tartu, 2003. 

93. Aive Liigant. Epidemiology of primary central nervous system tumours in 
Estonia from 1986 to 1996. Clinical characteristics, incidence, survival and 
prognostic factors. Tartu, 2004. 

94. Andres, Kulla. Molecular characteristics of mesenchymal stroma in human 
astrocytic gliomas. Tartu, 2004. 

95. Mari Järvelaid. Health damaging risk behaviours in adolescence. Tartu, 
2004. 

96. Ülle Pechter. Progression prevention strategies in chronic renal failure and 
hypertension. An experimental and clinical study. Tartu, 2004. 

97. Gunnar Tasa. Polymorphic glutathione S-transferases – biology and role 
in modifying genetic susceptibility to senile cataract and primary open 
angle glaucoma. Tartu, 2004. 

98. Tuuli Käämbre. Intracellular energetic unit: structural and functional 
aspects. Tartu, 2004. 

99.  Vitali Vassiljev. Influence of nitric oxide syntase inhibitors on the effects  
of ethanol after acute and chronic ethanol administration and withdrawal. 
Tartu, 2004. 



166 

100. Aune Rehema. Assessment of nonhaem ferrous iron and glutathione 
redox ratio as markers of pathogeneticity of oxidative stress in different 
clinical groups. Tartu, 2004. 

101.  Evelin Seppet. Interaction of mitochondria and ATPases in oxidative 
muscle cells in normal and pathological conditions. Tartu, 2004. 

102. Eduard Maron. Serotonin function in panic disorder: from clinical expe-
riments to brain imaging and genetics. Tartu, 2004.  

103. Marje Oona. Helicobacter pylori infection in children: epidemiological 
and therapeutic aspects. Tartu, 2004. 

104. Kersti Kokk. Regulation of active and passive molecular transport in the 
testis. Tartu, 2005.  

105. Vladimir Järv. Cross-sectional imaging for pretreatment evaluation and 
follow-up of pelvic malignant tumours. Tartu, 2005. 

106. Andre Õun. Epidemiology of adult epilepsy in Tartu, Estonia. Incidence, 
prevalence and medical treatment. Tartu, 2005. 

107. Piibe Muda. Homocysteine and hypertension: associations between 
homocysteine and essential hypertension in treated and untreated hyper-
tensive patients with and without coronary artery disease. Tartu, 2005. 

108. Külli Kingo. The interleukin-10 family cytokines gene polymorphisms in 
plaque psoriasis. Tartu, 2005.  

109. Mati Merila. Anatomy and clinical relevance of the glenohumeral joint  
capsule and ligaments. Tartu, 2005. 

110. Epp Songisepp. Evaluation of technological and functional properties of 
the new probiotic Lactobacillus fermentum ME-3. Tartu, 2005. 

111. Tiia Ainla. Acute myocardial infarction in Estonia: clinical characte-
ristics, management and outcome. Tartu, 2005. 

112. Andres Sell. Determining the minimum local anaesthetic requirements for 
hip replacement surgery under spinal anaesthesia – a study employing a 
spinal catheter. Tartu, 2005. 

113. Tiia Tamme. Epidemiology of odontogenic tumours in Estonia. Patho-
genesis and clinical behaviour of ameloblastoma. Tartu, 2005. 

114. Triine Annus. Allergy in Estonian schoolchildren: time trends and 
characteristics. Tartu, 2005. 

115. Tiia Voor. Microorganisms in infancy and development of allergy: com-
parison  of  Estonian  and Swedish  children. Tartu, 2005. 

116. Priit Kasenõmm. Indicators for tonsillectomy in adults with recurrent 
tonsillitis – clinical, microbiological and pathomorphological investiga-
tions. Tartu, 2005. 

117. Eva Zusinaite. Hepatitis C virus: genotype identification and interactions 
between viral proteases. Tartu, 2005. 

118. Piret Kõll. Oral lactoflora in chronic periodontitis and periodontal health. 
Tartu, 2006. 

119. Tiina Stelmach. Epidemiology of cerebral palsy and unfavourable neuro-
developmental outcome in child population of Tartu city and county, 
Estonia Prevalence, clinical features and risk factors. Tartu, 2006. 



167 

120. Katrin Pudersell. Tropane alkaloid production and riboflavine excretion 
in the field and tissue cultures of henbane (Hyoscyamus niger L.). Tartu, 
2006.  

121. Külli Jaako. Studies on the role of neurogenesis in brain plasticity. Tartu, 
2006.  

122. Aare Märtson. Lower limb lengthening: experimental studies of bone 
regeneration and long-term clinical results. Tartu, 2006. 

123.  Heli Tähepõld. Patient consultation in family medicine. Tartu, 2006. 
124. Stanislav Liskmann. Peri-implant disease: pathogenesis, diagnosis and 

treatment in view of both inflammation and oxidative stress profiling. 
Tartu, 2006. 

125. Ruth Rudissaar. Neuropharmacology of atypical antipsychotics and an 
animal model of psychosis. Tartu, 2006. 

126. Helena Andreson. Diversity of Helicobacter pylori genotypes in Esto-
nian patients with chronic inflammatory gastric diseases. Tartu, 2006. 

127. Katrin Pruus. Mechanism of action of antidepressants: aspects of sero-
toninergic system and its interaction with glutamate. Tartu, 2006. 

128. Priit Põder. Clinical and experimental investigation: relationship of 
ischaemia/reperfusion injury with oxidative stress in abdominal aortic 
aneurysm repair and in extracranial brain artery endarterectomy and possi-
bilities of protection against ischaemia using a glutathione analogue in a 
rat model of global brain ischaemia. Tartu, 2006.   

129. Marika Tammaru. Patient-reported outcome measurement in rheumatoid 
arthritis. Tartu, 2006. 

130.   Tiia Reimand. Down syndrome in Estonia. Tartu, 2006. 
131. Diva Eensoo. Risk-taking in traffic and Markers of Risk-Taking Beha-

viour in Schoolchildren and Car Drivers. Tartu, 2007. 
132. Riina Vibo. The third stroke registry in Tartu, Estonia from 2001 to 2003: 

incidence, case-fatality, risk factors and long-term outcome. Tartu, 2007.  
133. Chris Pruunsild. Juvenile idiopathic arthritis in children in Estonia. 

Tartu, 2007. 
134. Eve Õiglane-Šlik. Angelman and Prader-Willi syndromes in Estonia. 

Tartu, 2007. 
135. Kadri Haller. Antibodies to follicle stimulating hormone. Significance in 

female infertility. Tartu, 2007. 
136.  Pille Ööpik. Management of depression in family medicine. Tartu, 2007. 
137. Jaak Kals. Endothelial function and arterial stiffness in patients with 

atherosclerosis and in healthy subjects. Tartu, 2007. 
138.  Priit Kampus. Impact of inflammation, oxidative stress and age on arte-

rial stiffness and carotid artery intima-media thickness. Tartu, 2007. 
139.  Margus Punab. Male fertility and its risk factors in Estonia. Tartu, 2007. 
140. Alar Toom. Heterotopic ossification after total hip arthroplasty: clinical 

and pathogenetic investigation. Tartu, 2007. 



168 

141. Lea Pehme. Epidemiology of tuberculosis in Estonia 1991–2003 with 
special regard to extrapulmonary tuberculosis and delay in diagnosis of 
pulmonary tuberculosis. Tartu, 2007. 

142.  Juri Karjagin. The pharmacokinetics of metronidazole and meropenem 
in septic shock. Tartu, 2007. 

143. Inga Talvik. Inflicted traumatic brain injury shaken baby syndrome in 
Estonia – epidemiology and outcome. Tartu, 2007. 

144.  Tarvo Rajasalu. Autoimmune diabetes: an immunological study of type 
1 diabetes in humans and in a model of experimental diabetes (in RIP-
B7.1 mice). Tartu, 2007. 

145. Inga Karu. Ischaemia-reperfusion injury of the heart during coronary sur-
gery: a clinical study investigating the effect of hyperoxia. Tartu, 2007. 

146. Peeter Padrik. Renal cell carcinoma: Changes in natural history and 
treatment of metastatic disease. Tartu, 2007.  

147.  Neve Vendt. Iron deficiency and iron deficiency anaemia in infants aged 
9 to 12 months in Estonia. Tartu, 2008.  

148. Lenne-Triin Heidmets. The effects of neurotoxins on brain plasticity: 
focus on neural Cell Adhesion Molecule. Tartu, 2008. 

149.  Paul Korrovits. Asymptomatic inflammatory prostatitis: prevalence, etio-
logical factors, diagnostic tools. Tartu, 2008. 

150.   Annika Reintam. Gastrointestinal failure in intensive care patients. Tartu, 
2008. 

151.   Kristiina Roots. Cationic regulation of Na-pump in the normal, Alzhei-
mer’s and CCK2 receptor-deficient brain. Tartu, 2008. 

152. Helen Puusepp. The genetic causes of mental retardation in Estonia: 
fragile X syndrome and creatine transporter defect. Tartu, 2009. 

153. Kristiina Rull. Human chorionic gonadotropin beta genes and recurrent 
miscarriage: expression and variation study. Tartu, 2009. 

154.  Margus Eimre. Organization of energy transfer and feedback regulation 
in oxidative muscle cells. Tartu, 2009. 

155. Maire Link. Transcription factors FoxP3 and AIRE: autoantibody as-
sociations. Tartu, 2009. 

156.  Kai Haldre. Sexual health and behaviour of young women in Estonia. 
Tartu, 2009. 

157.  Kaur Liivak. Classical form of congenital adrenal hyperplasia due to  
21-hydroxylase deficiency in Estonia: incidence, genotype and phenotype 
with special attention to short-term growth and 24-hour blood pressure. 
Tartu, 2009. 

158. Kersti Ehrlich. Antioxidative glutathione analogues (UPF peptides) – 
molecular design, structure-activity relationships and testing the protec-
tive properties. Tartu, 2009. 

159. Anneli Rätsep. Type 2 diabetes care in family medicine. Tartu, 2009. 
160. Silver Türk. Etiopathogenetic aspects of chronic prostatitis: role of 

mycoplasmas, coryneform bacteria and oxidative stress. Tartu, 2009. 



169 

161.  Kaire Heilman. Risk markers for cardiovascular disease and low bone 
mineral density in children with type 1 diabetes. Tartu, 2009. 

162.  Kristi Rüütel. HIV-epidemic in Estonia: injecting drug use and quality of 
life of people living with HIV. Tartu, 2009. 

163. Triin Eller. Immune markers in major depression and in antidepressive 
treatment. Tartu, 2009. 

164.  Siim Suutre. The role of TGF-β isoforms and osteoprogenitor cells in the 
pathogenesis of heterotopic ossification. An experimental and clinical 
study of hip arthroplasty. Tartu, 2010. 

165.  Kai Kliiman. Highly drug-resistant tuberculosis in Estonia: Risk factors 
and predictors of poor treatment outcome. Tartu, 2010.  

166.  Inga Villa. Cardiovascular health-related nutrition, physical activity and 
fitness in Estonia. Tartu, 2010. 

167. Tõnis Org. Molecular function of the first PHD finger domain of Auto-
immune Regulator protein. Tartu, 2010.  

168. Tuuli Metsvaht. Optimal antibacterial therapy of neonates at risk of early 
onset sepsis. Tartu, 2010. 

169.  Jaanus Kahu. Kidney transplantation: Studies on donor risk factors and 
mycophenolate mofetil. Tartu, 2010.  

170.  Koit Reimand. Autoimmunity in reproductive failure: A study on as-
sociated autoantibodies and autoantigens. Tartu, 2010. 

171. Mart Kull. Impact of vitamin D and hypolactasia on bone mineral den-
sity: a population based study in Estonia. Tartu, 2010. 

172. Rael Laugesaar. Stroke in children – epidemiology and risk factors. 
Tartu, 2010.  

173.  Mark Braschinsky. Epidemiology and quality of life issues of hereditary 
spastic paraplegia in Estonia and implemention of genetic analysis in 
everyday neurologic practice. Tartu, 2010. 

174. Kadri Suija. Major depression in family medicine: associated factors, 
recurrence and possible intervention. Tartu, 2010. 

175. Jarno Habicht. Health care utilisation in Estonia: socioeconomic determi-
nants and financial burden of out-of-pocket payments. Tartu, 2010. 

176. Kristi Abram. The prevalence and risk factors of rosacea. Subjective 
disease perception of rosacea patients. Tartu, 2010. 

177.  Malle Kuum. Mitochondrial and endoplasmic reticulum cation fluxes: 
Novel roles in cellular physiology. Tartu, 2010. 

178.  Rita Teek. The genetic causes of early onset hearing loss in Estonian 
children. Tartu, 2010. 

179. Daisy Volmer. The development of community pharmacy services in 
Estonia – public and professional perceptions 1993–2006. Tartu, 2010. 

180. Jelena Lissitsina. Cytogenetic causes in male infertility. Tartu, 2011. 
181.  Delia Lepik. Comparison of gunshot injuries caused from Tokarev, Ma-

karov and Glock 19 pistols at different firing distances. Tartu, 2011. 
182.  Ene-Renate Pähkla. Factors related to the efficiency of treatment of 

advanced periodontitis. Tartu, 2011.  



170 

183. Maarja Krass. L-Arginine pathways and antidepressant action. Tartu, 
2011.  

184.  Taavi Lai. Population health measures to support evidence-based health 
policy in Estonia. Tartu, 2011.  

185. Tiit Salum. Similarity and difference of temperature-dependence of the 
brain sodium pump in normal, different neuropathological, and aberrant 
conditions and its possible reasons. Tartu, 2011.  

186.  Tõnu Vooder. Molecular differences and similarities between histo-
logical subtypes of non-small cell lung cancer. Tartu, 2011.  

187.  Jelena Štšepetova. The characterisation of intestinal lactic acid bacteria 
using bacteriological, biochemical and molecular approaches. Tartu, 2011.  

188. Radko Avi. Natural polymorphisms and transmitted drug resistance in 
Estonian HIV-1 CRF06_cpx and its recombinant viruses. Tartu, 2011, 116 p. 

189.  Edward Laane. Multiparameter flow cytometry in haematological malig-
nancies. Tartu, 2011, 152 p. 

190.  Triin Jagomägi. A study of the genetic etiology of nonsyndromic cleft lip 
and palate. Tartu, 2011, 158 p. 

191.  Ivo Laidmäe. Fibrin glue of fish (Salmo salar) origin: immunological 
study and development of new pharmaceutical preparation. Tartu, 2012, 
150 p. 

192.  Ülle Parm. Early mucosal colonisation and its role in prediction of inva-
sive infection in neonates at risk of early onset sepsis. Tartu, 2012, 168 p. 

193.  Kaupo Teesalu. Autoantibodies against desmin and transglutaminase 2 in 
celiac disease: diagnostic and functional significance. Tartu, 2012, 142 p. 

194. Maksim Zagura. Biochemical, functional and structural profiling of 
arterial damage in atherosclerosis. Tartu, 2012, 162 p. 

195. Vivian Kont. Autoimmune regulator: characterization of thymic gene 
regulation and promoter methylation. Tartu, 2012, 134 p. 

196.  Pirje Hütt. Functional properties, persistence, safety and efficacy of 
potential probiotic lactobacilli. Tartu, 2012, 246 p. 

197.  Innar Tõru. Serotonergic modulation of CCK-4- induced panic. Tartu, 
2012, 132 p. 

198.  Sigrid Vorobjov. Drug use, related risk behaviour and harm reduction 
interventions utilization among injecting drug users in Estonia: impli-
cations for drug policy. Tartu, 2012, 120 p. 

199.  Martin Serg. Therapeutic aspects of central haemodynamics, arterial 
stiffness and oxidative stress in hypertension. Tartu, 2012, 156 p.  

200.  Jaanika Kumm. Molecular markers of articular tissues in early knee 
osteoarthritis: a population-based longitudinal study in middle-aged sub-
jects. Tartu, 2012, 159 p. 

201. Kertu Rünkorg. Functional changes of dopamine, endopioid and endo-
cannabinoid systems in CCK2 receptor deficient mice. Tartu, 2012, 125 p. 

202. Mai Blöndal. Changes in the baseline characteristics, management and 
outcomes of acute myocardial infarction in Estonia. Tartu, 2012, 127 p.        



171 

203. Jana Lass. Epidemiological and clinical aspects of medicines use in 
children in Estonia. Tartu, 2012, 170 p. 

204. Kai Truusalu. Probiotic lactobacilli in experimental persistent Salmo-
nella infection. Tartu, 2013, 139 p.  

205. Oksana Jagur. Temporomandibular joint diagnostic imaging in relation 
to pain and bone characteristics. Long-term results of arthroscopic treat-
ment. Tartu, 2013, 126 p. 

206. Katrin Sikk. Manganese-ephedrone intoxication – pathogenesis of neuro-
logical damage and clinical symptomatology. Tartu, 2013, 125 p. 

207. Kai Blöndal. Tuberculosis in Estonia with special emphasis on drug-
resistant tuberculosis: Notification rate, disease recurrence and mortality. 
Tartu, 2013, 151 p. 

208. Marju Puurand. Oxidative phosphorylation in different diseases of 
gastric mucosa. Tartu, 2013, 123 p.  

209. Aili Tagoma. Immune activation in female infertility: Significance of 
autoantibodies and inflammatory mediators. Tartu, 2013, 135 p. 

210.  Liis Sabre. Epidemiology of traumatic spinal cord injury in Estonia. 
Brain activation in the acute phase of traumatic spinal cord injury. Tartu, 
2013, 135 p. 

211. Merit Lamp. Genetic susceptibility factors in endometriosis. Tartu, 2013, 
125 p. 

212.  Erik Salum. Beneficial effects of vitamin D and angiotensin II receptor 
blocker on arterial damage. Tartu, 2013, 167 p.   

213.  Maire Karelson. Vitiligo: clinical aspects, quality of life and the role of 
melanocortin system in pathogenesis. Tartu, 2013, 153 p.  

214. Kuldar Kaljurand. Prevalence of exfoliation syndrome in Estonia and its 
clinical significance. Tartu, 2013, 113 p.  

215.  Raido Paasma. Clinical study of methanol poisoning: handling large out-
breaks, treatment with antidotes, and long-term outcomes. Tartu, 2013,  
96 p. 

216.  Anne Kleinberg. Major depression in Estonia: prevalence, associated 
factors, and use of health services. Tartu, 2013, 129 p. 

217.  Triin Eglit. Obesity, impaired glucose regulation, metabolic syndrome 
and their associations with high-molecular-weight adiponectin levels. 
Tartu, 2014, 115 p. 

218.  Kristo Ausmees. Reproductive function in middle-aged males: Associa-
tions with prostate, lifestyle and couple infertility status. Tartu, 2014, 125 p.  

219.  Kristi Huik. The influence of host genetic factors on the susceptibility to 
HIV and HCV infections among intravenous drug users. Tartu, 2014, 
144 p.  

220. Liina Tserel. Epigenetic profiles of monocytes, monocyte-derived macro-
phages and dendritic cells. Tartu, 2014, 143 p. 

221.  Irina Kerna. The contribution of ADAM12 and CILP genes to the 
development of knee osteoarthritis. Tartu, 2014, 152 p. 



172 

222. Ingrid Liiv. Autoimmune regulator protein interaction with DNA-depen-
dent protein kinase and its role in apoptosis. Tartu, 2014, 143 p. 

223.  Liivi Maddison. Tissue perfusion and metabolism during intra-abdominal 
hypertension. Tartu, 2014, 103 p. 

224.  Krista Ress. Childhood coeliac disease in Estonia, prevalence in atopic 
dermatitis and immunological characterisation of coexistence. Tartu, 
2014, 124 p. 

225.  Kai Muru. Prenatal screening strategies, long-term outcome of children 
with marked changes in maternal screening tests and the most common 
syndromic heart anomalies in Estonia. Tartu, 2014, 189 p. 

226. Kaja Rahu. Morbidity and mortality among Baltic Chernobyl cleanup 
workers: a register-based cohort study. Tartu, 2014, 155 p.  

227.  Klari Noormets. The development of diabetes mellitus, fertility and 
energy metabolism disturbances in a Wfs1-deficient mouse model of 
Wolfram syndrome. Tartu, 2014, 132 p. 

228. Liis Toome. Very low gestational age infants in Estonia. Tartu, 2014,  
183 p. 

229.  Ceith Nikkolo. Impact of different mesh parameters on chronic pain and 
foreign body feeling after open inguinal hernia repair. Tartu, 2014, 132 p. 

230.  Vadim Brjalin. Chronic hepatitis C: predictors of treatment response in 
Estonian patients. Tartu, 2014, 122 p. 

231.  Vahur Metsna. Anterior knee pain in patients following total knee arthro-
plasty: the prevalence, correlation with patellar cartilage impairment and 
aspects of patellofemoral congruence. Tartu, 2014, 130 p. 

232.  Marju Kase. Glioblastoma multiforme: possibilities to improve treatment 
efficacy. Tartu, 2015, 137 p.  

233. Riina Runnel. Oral health among elementary school children and the 
effects of polyol candies on the prevention of dental caries. Tartu, 2015, 
112 p. 

234. Made Laanpere. Factors influencing women’s sexual health and repro-
ductive choices in Estonia. Tartu, 2015, 176 p. 

235.  Andres Lust. Water mediated solid state transformations of a polymorphic 
drug – effect on pharmaceutical product performance. Tartu, 2015, 134 p.  

236. Anna Klugman. Functionality related characterization of pretreated wood 
lignin, cellulose and polyvinylpyrrolidone for pharmaceutical applications. 
Tartu, 2015, 156 p. 

237. Triin Laisk-Podar. Genetic variation as a modulator of susceptibility to 
female infertility and a source for potential biomarkers. Tartu, 2015, 155 p. 

238. Mailis Tõnisson. Clinical picture and biochemical changes in blood in 
children with acute alcohol intoxication. Tartu, 2015, 100 p. 

239. Kadri Tamme. High volume haemodiafiltration in treatment of severe 
sepsis – impact on pharmacokinetics of antibiotics and inflammatory 
response. Tartu, 2015, 133 p.  

 
 



173 

240. Kai Part. Sexual health of young people in Estonia in a social context: the 
role of school-based sexuality education and youth-friendly counseling 
services. Tartu, 2015, 203 p. 

241.  Urve Paaver. New perspectives for the amorphization and physical stabi-
lization of poorly water-soluble drugs and understanding their dissolution 
behavior. Tartu, 2015, 139 p. 

242. Aleksandr Peet. Intrauterine and postnatal growth in children with HLA-
conferred susceptibility to type 1 diabetes. Tartu. 2015, 146 p. 

243. Piret Mitt. Healthcare-associated infections in Estonia – epidemiology 
and surveillance of bloodstream and surgical site infections. Tartu, 2015, 
145 p. 

244.  Merli Saare. Molecular Profiling of Endometriotic Lesions and Endo-
metria of Endometriosis Patients. Tartu, 2016, 129 p. 

245.  Kaja-Triin Laisaar. People living with HIV in Estonia: Engagement in 
medical care and methods of increasing adherence to antiretroviral therapy 
and safe sexual behavior. Tartu, 2016, 132 p. 

246. Eero Merilind. Primary health care performance: impact of payment and 
practice-based characteristics. Tartu, 2016, 120 p. 

247. Jaanika Kärner. Cytokine-specific autoantibodies in AIRE deficiency. 
Tartu, 2016, 182 p. 

248. Kaido Paapstel. Metabolomic profile of arterial stiffness and early bio-
markers of renal damage in atherosclerosis. Tartu, 2016, 173 p. 

249.  Liidia Kiisk. Long-term nutritional study: anthropometrical and clinico-
laboratory assessments in renal replacement therapy patients after inten-
sive nutritional counselling. Tartu, 2016, 207 p. 

250. Georgi Nellis. The use of excipients in medicines administered to neo-
nates in Europe. Tartu, 2017, 159 p. 

251.  Aleksei Rakitin. Metabolic effects of acute and chronic treatment with 
valproic acid in people with epilepsy. Tartu, 2017, 125 p. 

252. Eveli Kallas. The influence of immunological markers to susceptibility to 
HIV, HBV, and HCV infections among persons who inject drugs. Tartu, 
2017, 138 p. 

253.  Tiina Freimann. Musculoskeletal pain among nurses: prevalence, risk 
factors, and intervention. Tartu, 2017, 125 p. 

254.  Evelyn Aaviksoo. Sickness absence in Estonia: determinants and 
influence of the sick-pay cut reform. Tartu, 2017, 121 p. 

255. Kalev Nõupuu. Autosomal-recessive Stargardt disease: phenotypic hetero-
geneity and genotype-phenotype associations. Tartu, 2017, 131 p. 

256. Ho Duy Binh. Osteogenesis imperfecta in Vietnam. Tartu, 2017, 125 p. 
257.  Uku Haljasorg. Transcriptional mechanisms in thymic central tolerance. 

Tartu, 2017, 147 p.  
258.  Živile Riispere. IgA Nephropathy study according to the Oxford Classi-

fication: IgA Nephropathy clinical-morphological correlations, disease 
progression and the effect of renoprotective therapy. Tartu, 2017, 129 p. 



174 

259. Hiie Soeorg. Coagulase-negative staphylococci in gut of preterm neonates 
and in breast milk of their mothers. Tartu, 2017, 216 p. 

260.  Anne-Mari Anton Willmore. Silver nanoparticles for cancer research. 
Tartu, 2017, 132 p. 

261.  Ott Laius. Utilization of osteoporosis medicines, medication adherence 
and the trend in osteoporosis related hip fractures in Estonia. Tartu, 2017,  
134 p.  

262.  Alar Aab. Insights into molecular mechanisms of asthma and atopic 
dermatitis. Tartu, 2017, 164 p. 

263. Sander Pajusalu. Genome-wide diagnostics of Mendelian disorders:  
from chromosomal microarrays to next-generation sequencing. Tartu, 
2017, 146 p. 

264.  Mikk Jürisson. Health and economic impact of hip fracture in Estonia. 
Tartu, 2017, 164 p. 

265. Kaspar Tootsi. Cardiovascular and metabolomic profiling of osteo-
arthritis. Tartu, 2017, 150 p. 

266.  Mario Saare. The influence of AIRE on gene expression – studies of 
transcriptional regulatory mechanisms in cell culture systems. Tartu, 2017, 
172 p. 

267. Piia Jõgi. Epidemiological and clinical characteristics of pertussis in 
Estonia. Tartu, 2018, 168 p. 

268. Elle Põldoja. Structure and blood supply of the superior part of the 
shoulder joint capsule. Tartu, 2018, 116 p. 

269. Minh Son Nguyen. Oral health status and prevalence of temporo-
mandibular disorders in 65–74-year-olds in Vietnam. Tartu, 2018, 182 p. 

270.  Kristian Semjonov. Development of pharmaceutical quench-cooled 
molten and melt-electrospun solid dispersions for poorly water-soluble 
indomethacin. Tartu, 2018, 125 p. 

271.  Janne Tiigimäe-Saar. Botulinum neurotoxin type A treatment for 
sialorrhea in central nervous system diseases. Tartu, 2018, 109 p. 

272. Veiko Vengerfeldt. Apical periodontitis: prevalence and etiopathogenetic 
aspects. Tartu, 2018,  150 p.  

273. Rudolf Bichele. TNF superfamily and AIRE at the crossroads of thymic 
differentiation and host protection against Candida albicans infection. 
Tartu, 2018, 153 p.  

274. Olga Tšuiko. Unravelling Chromosomal Instability in Mammalian Pre-
implantation Embryos Using Single-Cell Genomics. Tartu, 2018, 169 p. 

275.  Kärt Kriisa. Profile of acylcarnitines, inflammation and oxidative stress 
in first-episode psychosis before and after antipsychotic treatment. Tartu, 
2018, 145 p. 

276.  Xuan Dung Ho. Characterization of the genomic profile of osteosarcoma. 
Tartu, 2018, 144 p. 

277.  Karit Reinson. New Diagnostic Methods for Early Detection of Inborn 
Errors of Metabolism in Estonia. Tartu, 2018, 201 p. 



175 

278.  Mari-Anne Vals. Congenital N-glycosylation Disorders in Estonia. Tartu, 
2019, 148 p. 

279. Liis Kadastik-Eerme. Parkinson’s disease in Estonia: epidemiology, 
quality of life, clinical characteristics and pharmacotherapy. Tartu, 2019,  
202 p. 

280. Hedi Hunt. Precision targeting of intraperitoneal tumors with peptide-
guided nanocarriers. Tartu, 2019, 179 p. 

281.  Rando Porosk. The role of oxidative stress in Wolfram syndrome 1 and 
hypothermia. Tartu, 2019, 123 p. 

282. Ene-Ly Jõgeda. The influence of coinfections and host genetic factor on 
the susceptibility to HIV infection among people who inject drugs. Tartu, 
2019, 126 p. 

283.  Kristel Ehala-Aleksejev. The associations between body composition, 
obesity and obesity-related health and lifestyle conditions with male re-
productive function. Tartu, 2019, 138 p. 

284.  Aigar Ottas. The metabolomic profiling of psoriasis, atopic dermatitis 
and atherosclerosis. Tartu, 2019, 136 p. 

285.  Elmira Gurbanova. Specific characteristics of tuberculosis in low de-
fault, but high multidrug–resistance prison setting. Tartu, 2019, 129 p. 

286.  Van Thai Nguyeni. The first study of the treatment outcomes of patients 
with cleft lip and palate in Central Vietnam. Tartu, 2019, 144 p. 

287.  Maria Yakoreva. Imprinting Disorders in Estonia. Tartu, 2019, 187 p. 
288.  Kadri Rekker. The putative role of microRNAs in endometriosis patho-

genesis and potential in diagnostics. Tartu, 2019, 140 p. 
289. Ülle Võhma. Association between personality traits, clinical characteris-

tics and pharmacological treatment response in panic disorder. Tartu, 
2019, 121 p. 

290. Aet Saar. Acute myocardial infarction in Estonia 2001–2014: towards 
risk-based prevention and management. Tartu, 2019, 124 p. 

291.  Toomas Toomsoo. Transcranial brain sonography in the Estonian cohort 
of Parkinson’s disease. Tartu, 2019, 114 p. 

292.  Lidiia Zhytnik. Inter- and intrafamilial diversity based on genotype and 
phenotype correlations of Osteogenesis Imperfecta. Tartu, 2019, 224 p. 

293.  Pilleriin Soodla. Newly HIV-infected people in Estonia: estimation of 
incidence and transmitted drug resistance. Tartu, 2019, 194 p. 

294. Kristiina Ojamaa. Epidemiology of gynecological cancer in Estonia. 
Tartu, 2020, 133 p. 

295. Marianne Saard. Modern Cognitive and Social Intervention Techniques 
in Paediatric Neurorehabilitation for Children with Acquired Brain Injury. 
Tartu, 2020, 168 p. 

296. Julia Maslovskaja. The importance of DNA binding and DNA breaks for 
AIRE-mediated transcriptional activation. Tartu, 2020, 162 p. 

297. Natalia Lobanovskaya. The role of PSA-NCAM in the survival of retinal 
ganglion cells. Tartu, 2020, 105 p. 



176 

298.  Madis Rahu. Structure and blood supply of the postero-superior part of 
the shoulder joint capsule with implementation of surgical treatment after 
anterior traumatic dislocation. Tartu, 2020, 104 p. 

299. Helen Zirnask. Luteinizing hormone (LH) receptor expression in the 
penis and its possible role in pathogenesis of erectile disturbances. Tartu, 
2020, 87 p. 

300.  Kadri Toome. Homing peptides for targeting of brain diseases. Tartu, 
2020, 152 p. 

301.  Maarja Hallik. Pharmacokinetics and pharmacodynamics of inotropic 
drugs in neonates. Tartu, 2020,  172 p. 

302.  Raili Müller. Cardiometabolic risk profile and body composition in early 
rheumatoid arthritis. Tartu, 2020, 133 p. 

303. Sergo Kasvandik. The role of proteomic changes in endometrial cells – 
from the perspective of fertility and endometriosis. Tartu, 2020, 191 p. 

304.  Epp Kaleviste. Genetic variants revealing the role of STAT1/STAT3 
signaling cytokines in immune protection and pathology. Tartu, 2020, 
189 p. 

305.  Sten Saar. Epidemiology of severe injuries in Estonia. Tartu, 2020, 104 p. 
306.  Kati Braschinsky. Epidemiology of primary headaches in Estonia and 

applicability of web-based solutions in headache epidemiology research. 
Tartu, 2020, 129 p. 

307. Helen Vaher. MicroRNAs in the regulation of keratinocyte responses in 
psoriasis vulgaris and atopic dermatitis. Tartu, 2020, 242 p. 

308. Liisi Raam. Molecular Alterations in the Pathogenesis of Two Chronic 
Dermatoses – Vitiligo and Psoriasis. Tartu, 2020, 164 p. 

309.  Artur Vetkas. Long-term quality of life, emotional health, and associated 
factors in patients after aneurysmal subarachnoid haemorrhage. Tartu, 
2020, 127 p. 

310. Teele Kasepalu. Effects of remote ischaemic preconditioning on organ 
damage and acylcarnitines’ metabolism in vascular surgery. Tartu, 2020, 
130 p. 

311.  Prakash Lingasamy. Development of multitargeted tumor penetrating 
peptides. Tartu, 2020, 246 p. 

312.  Lille Kurvits. Parkinson’s disease as a multisystem disorder: whole trans-
criptome study in Parkinson’s disease patients’ skin and blood. Tartu, 
2021, 142 p. 

313.  Mariliis Põld. Smoking, attitudes towards smoking behaviour, and nico-
tine dependence among physicians in Estonia: cross-sectional surveys 
1982–2014. Tartu, 2021, 172 p. 

314. Triin Kikas. Single nucleotide variants affecting placental gene expression 
and pregnancy outcome. Tartu, 2021, 160 p. 

315.  Hedda Lippus-Metsaots. Interpersonal violence in Estonia: prevalence, 
impact on health and health behaviour. Tartu, 2021, 172 p. 

 



177 

316. Georgi Dzaparidze. Quantification and evaluation of the diagnostic signi-
ficance of adenocarcinoma-associated microenvironmental changes in the 
prostate using modern digital pathology solutions. Tartu, 2021, 132 p. 

317. Tuuli Sedman. New avenues for GLP1 receptor agonists in the treatment 
of diabetes. Tartu, 2021, 118 p. 

318. Martin Padar. Enteral nutrition, gastrointestinal dysfunction and intes-
tinal biomarkers in critically ill patients. Tartu, 2021, 189 p. 

319. Siim Schneider. Risk factors, etiology and long-term outcome in young 
ischemic stroke patients in Estonia. Tartu, 2021, 131 p. 

320. Konstantin Ridnõi. Implementation and effectiveness of new prenatal 
diagnostic strategies in Estonia. Tartu, 2021, 191 p. 

321. Risto Vaikjärv. Etiopathogenetic and clinical aspects of peritonsillar 
abscess. Tartu, 2021, 115 p. 

322. Liis Preem. Design and characterization of antibacterial electrospun drug 
delivery systems for wound infections. Tartu, 2022, 220 p. 

323.  Keerthie Dissanayake. Preimplantation embryo-derived extracellular 
vesicles: potential as an embryo quality marker and their role during the 
embryo-maternal communication. Tartu, 2022, 203 p. 

324.  Laura Viidik. 3D printing in pharmaceutics: a new avenue for fabricating 
therapeutic drug delivery systems. Tartu, 2022, 139 p. 

325. Kasun Godakumara. Extracellular vesicle mediated embryo-maternal 
communication – A tool for evaluating functional competency of pre-
implantation embryos. Tartu, 2022, 176 p. 

326. Hindrek Teder. Developing computational methods and workflows for 
targeted and whole-genome sequencing based non-invasive prenatal 
testing. Tartu, 2022, 138 p. 

327. Jana Tuusov. Deaths caused by alcohol, psychotropic and other sub-
stances in Estonia: evidence based on forensic autopsies. Tartu, 2022, 157 p. 

328. Heigo Reima. Colorectal cancer care and outcomes – evaluation and pos-
sibilities for improvement in Estonia. Tartu, 2022, 146 p.  

329. Liisa Kuhi. A contribution of biomarker collagen type II neoepitope C2C 
in urine to the diagnosis and prognosis of knee osteoarthritis. Tartu, 2022, 
157 p.  

330. Reeli Tamme. Associations between pubertal hormones and physical 
activity levels, and subsequent bone mineral characteristics: a longitudinal 
study of boys aged 12–18. Tartu, 2022, 118 p. 

331. Deniss Sõritsa. The impact of endometriosis and physical activity on 
female reproduction. Tartu, 2022, 152 p. 

332. Mohammad Mehedi Hasan. Characterization of follicular fluid-derived 
extracellular vesicles and their contribution to periconception environ-
ment. Tartu, 2022, 194 p.  

333. Priya Kulkarni. Osteoarthritis pathogenesis: an immunological passage 
through synovium-synovial fluid axis. Tartu, 2022, 268 p.  



178 

334. Nigul Ilves. Brain plasticity and network reorganization in children with 
perinatal stroke: a functional magnetic resonance imaging study. Tartu, 
2022, 169 p. 

335.  Marko Murruste. Short- and long-term outcomes of surgical manage-
ment of chronic pancreatitis. Tartu, 2022, 180 p. 

336.  Marilin Ivask. Transcriptomic and metabolic changes in the WFS1-defi-
cient mouse model. Tartu, 2022, 158 p. 

337. Jüri Lieberg. Results of surgical treatment and role of biomarkers in 
pathogenesis and risk prediction in patients with abdominal aortic aneu-
rysm and peripheral artery disease. Tartu, 2022, 160 p. 

338.  Sanna Puusepp. Comparison of molecular genetics and morphological 
findings of childhood-onset neuromuscular disorders. Tartu, 2022, 216 p. 

339. Khan Nguyen Viet. Chemical composition and bioactivity of extracts and 
constituents isolated from the medicinal plants in Vietnam and their nano-
technology-based delivery systems. Tartu, 2023, 172 p. 

340. Getnet Balcha Midekessa. Towards understanding the colloidal stability 
and detection of Extracellular Vesicles. Tartu, 2023, 172 p.  

341. Kristiina Sepp. Competency-based and person-centred community phar-
macy practice – development and implementation in Estonia. Tartu, 2023, 
242 p.  

342.  Linda Sõber. Impact of thyroid disease and surgery on patient’s quality 
of voice and swallowing. Tartu, 2023, 114 p. 

343. Anni Lepland. Precision targeting of tumour-associated macrophages in 
triple negative breast cancer. Tartu, 2023, 160 p.  

344. Sirje Sammul. Prevalence and risk factors of arterial hypertension and 
cardiovascular mortality: 13-year longitudinal study among 35- and 55-
year-old adults in Estonia and Sweden. Tartu, 2023, 158 p. 

345. Maarjaliis Paavo. Short-Wavelength and Near-Infrared Autofluorescence 
Imaging in Recessive Stargardt Disease, Choroideremia, PROM1-Macular 
Dystrophy and Ocular Albinism. Tartu, 2023, 202 p. 

346. Kaspar Ratnik. Development of predictive multimarker test for pre-
eclampsia in early and late pregnancy. Tartu, 2023, 134 p. 

347. Kärt Simre. Development of coeliac disease in two populations with 
different environmental backgrounds. Tartu, 2023, 161 p. 

348.  Qurat Ul Ain Reshi. Characterization of the maternal reproductive tract 
and spermatozoa communication during periconception period via extra-
cellular vesicles. Tartu, 2023, 182 p. 

349. Stanislav Tjagur. Mycoplasma genitalium and other sexually transmitted 
infections causing urethritis – their prevalence, impact on male fertility 
parameters and prostate health. Tartu, 2023, 225 p. 

350. Lagle Lehes. The first study of voice and resonance related treatment out-
comes of Estonian cleft palate children. Tartu, 2023, 126 p. 

351.  Liis Ilves. Metabolomic profiling of chronic inflammatory skin diseases. 
Tartu, 2023, 146 p. 



179 

352. Marina Šunina. Flow cytometric analysis of T and B cell properties in 
healthy donors and subjects with vitiligo. Tartu, 2023, 164 p. 

353. Jaanus Suumann. Gastric biomarkers and their dynamics as a less inva-
sive method to evaluate stomach health in bariatric surgery patients. Tartu, 
2023, 122 p. 

354. Ele Hanson. Clinical and biochemical markers for the prediction and 
early diagnosis of pregnancy related complications. Tartu, 2023, 145 p. 

355. Priit Pauklin. Hemodynamic and biochemical characteristics of patients 
with atrial fibrillation and anticoagulation of ≥65-year-old patients with 
atrial fibrillation in Estonia. Tartu, 2023, 144 p. 

356. Triinu Keskpaik. Quality Indicators and Non-Ischemic Myocardial In-
jury in Emergency Medicine. Tartu, 2023, 121 p.  

357. Laura Roht. Hereditary colorectal cancer syndromes in Estonia. Tartu, 
2023, 178 p. 

358.  Norman Ilves. Risk factors and onset time of periventricular hemorrhagic 
infarction in preterm born children and periventricular venous infarction 
in term born children. Tartu, 2024, 177 p. 

359. Edgar Lipping. Postoperative antibacterial therapy in complicated appen-
dicitis and appendectomy in pregnancy. Tartu, 2024, 121 p. 

360. Celia Teresa Pozo Ramos. Preparation and assessment of antimicrobial 
electrospun matrices for prospective applications in wound healing. Tartu, 
2024, 203 p. 

361. Karl Kuusik. Effects of remote ischaemic preconditioning on arterial 
stiffness, organ damage and metabolomic profile in patients with lower 
extremity artery disease. Tartu, 2024, 173 p. 

362. Kelli Somelar-Duracz. The molecular and cellular mechanisms of brain 
plasticity impairing factors. Tartu, 2024, 245 p. 

363. Aleksei Baburin. Breast cancer incidence, mortality and survival in Esto-
nia in the context of health care system changes and screening. Tartu, 
2024, 130 p. 

364. Marina Loid. Molecular and cellular determinants of healthy receptive 
and aged endometrium. Tartu, 2024, 159 p.  

365. Ulvi Vaher. Epilepsy after ischemic perinatal stroke in term born children: 
neuroimaging predictors, clinical course and cognitive outcome. Tartu, 
2024, 160 p.  

366.  Allan Tobi. Development of Smart Nanoparticles for Experimental Treat-
ment of Cancer. Tartu, 2024, 160 p.  

367. Leho Rips. The influence of vitamin D on the physical performance of 
conscripts in the Estonian Defence Forces. Tartu, 2024, 147 p. 

368.  Kati Kärberg. Factors and markers predicting subclinical atherosclerosis 
in type 2 diabetes. Tartu, 2024, 161 p. 

369.  Valeria Sidorenko. Novel anthracycline-loaded nanoparticles for preci-
sion cancer therapy. Tartu, 2024, 183 p. 



370. Kadri Kõivumägi. Acute gastroenteritis hospitalizations in Estonia after 
implementation of universal mass vaccination against rotavirus. Tartu, 
2024, 150 p. 

371. Ingrid Oit-Wiscombe. Genetic markers of enzymatics in the patho-
genesis of chronic obstructive pulmonary disease as a systemic disease 
and the effects of antioxidant peptides. Tartu, 2025, 170 p. 

372.  Gerli Mõts. Ethical issues in nursing before and during the COVID-19 
pandemic: a multi-method study. Tartu, 2025, 150 p. 

373. Annika Valner. Changes in structure and function of extremities in early 
rheumatoid arthritis. Tartu, 2025, 129 p. 

374. Meruert Sarsenova. Molecular and cellular landscape of endometriosis. 
Tartu, 2025, 157 p. 


	CONTENTS
	LIST OF ORIGINAL PUBLICATIONS
	ABBREVIATIONS
	INTRODUCTION
	1. REVIEW OF LITERATURE
	1.1. The dynamic nature of mitochondria
	1.1.1. Fusion and fission
	1.1.2. Mitochondrial movement
	1.1.3. Mitophagy

	1.2. Mitochondrial dynamics in brain disorders
	1.3. Wolfram syndrome
	1.3.1. The clinical picture of Wolfram syndrome
	1.3.2. The WFS1 and CISD2 genes and the corresponding proteins
	1.3.3. The pathogenesis of Wolfram syndrome
	1.3.4. Molecular mechanisms of Wolfram syndrome 1
	1.3.5. The treatment perspectives for Wolfram syndrome

	1.4. Summary of literature review

	2. AIMS OF THE STUDY
	3. MATERIAL AND METHODS
	3.1. Cell culture and transfection
	3.2. Plasmid and chemical list
	3.3. Mitochondrial fusion rate
	3.4. Mitochondrial density and length
	3.5. Mitophagy assays
	3.6. Mitochondrial membrane potential
	3.7. Axonal growth and synaptic density
	3.8. Neuronal viability
	3.9. Ca2+ measurements
	3.10. ATP measurements
	3.11. Statistics

	4. RESULTS
	4.1. Mitochondrial fusion-fission balance  in cortical neurons (Paper I)
	4.1.1. Fusions and fissions are balanced and sequential events
	4.1.2. Fission rate is determined by mitochondrial length

	4.2. Role of mitochondrial dynamics in the disease mechanisms of Wolfram syndrome 1 (Paper II)
	4.2.1. Mitochondrial dynamics is impaired in WFS1 deficiency
	4.2.2. Mitochondrial membrane potential and ATP production decrease in WFS1-deficient cells

	4.3. Alterations in intracellular Ca2+ homeostasis in Wolfram syndrome (Paper III)
	4.3.1. Intracellular compartmental Ca2+ levels  are altered in Wolfram syndrome
	4.3.2. Pharmacological manipulation of intracellular Ca2+ homeostasis improves mitochondrial health  in WFS1-deficient neurons

	4.4. WFS1 deficiency leads to delayed neuronal development which can be rescued by normalizing mitochondrial dynamics and/or restoring intracellular  Ca2+ balance (Paper II and III)
	4.4.1. WFS1-deficient neurons show delayed neuronal development and impaired neuronal survival in vitro
	4.4.2. Delayed neuronal development in WS is rescued by correction of mitochondrial dynamics and/or restoring intracellular Ca2+ balance


	5. DISCUSSION
	5.1. The practical principles of mitochondrial fusion-fission balance in cortical neurons (Paper I)
	5.2. Role of mitochondrial dynamics in the disease mechanisms of Wolfram syndrome 1 (Paper II)
	5.3. Alterations in intracellular Ca2+ homeostasis in Wolfram syndrome influencing mitochondrial function (Paper III)
	5.4. WFS1 deficiency leads to delayed neuronal development (Paper II and III)
	5.5. Clinical relevance of mitochondrial dysfunction and intracellular Ca2+ dysbalance in WS (Paper II and III)
	5.6. Methodological limitations
	5.7. Concluding remarks and future directions

	CONCLUSIONS
	REFERENCES
	SUMMARY IN ESTONIAN
	Mitokondriaalse dünaamika roll Wolframi sündroomi korral

	ACKNOWLEDGEMENTS
	PUBLICATIONS
	CURRICULUM VITAE
	ELULOOKIRJELDUS
	Cagalinec et al 2013 JCS.pdf
	Fig 1
	Fig 2
	Fig 3
	Fig 4
	Fig 5
	Fig 6
	Fig 7
	Fig 8
	Ref 1
	Ref 2
	Ref 3
	Ref 4
	Ref 5
	Ref 6
	Ref 7
	Ref 8
	Ref 9
	Ref 10
	Ref 11
	Ref 12
	Ref 13
	Ref 14
	Ref 15
	Ref 16
	Ref 17
	Ref 18
	Ref 19
	Ref 20
	Ref 21
	Ref 22
	Ref 23
	Ref 24

	Liiv and Vaarmann et al 2024 Nat Commun.pdf
	Liiv and Vaarmann et al 2024 Nat Commun.pdf
	ER calcium depletion as a key driver for impaired ER-to-mitochondria calcium transfer and mitochondrial dysfunction in Wolfram syndrome
	Results
	Decreased capacity of SERCA to transport Ca2+ from axoplasm to ER
	Leak through RyR receptors contributes to ER Ca2+ loss
	Diminished ER to mitochondria Ca2+ flux decreases basal mitochondrial Ca2+ levels
	Ca2+ transfer through MAMs is involved in the decreased mitochondrial Ca2+ uptake
	Low mitochondrial Ca2+ contributes to poor ATP production
	WFS1 and CISD2 interact functionally and compensate for each other
	Pharmacological intervention improves mitochondrial and axonal health

	Discussion
	Methods
	Reagents and resources
	Cell culture and transfection
	Live-cell confocal microscopy
	Calcium measurements
	ATP/ADP ratio
	NADH/NAD+ ratio
	Quantification of MAMs
	Mitochondrial membrane potential
	Mitochondrial density and length
	Mitophagy
	Axonal growth
	Immunoprecipitation
	Statistics and reproducibility
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information



	medicinae.pdf
	65. Karin Kull. Inflammatory bowel disease: an immunogenetic study. Tartu, 2000.
	119. Tiina Stelmach. Epidemiology of cerebral palsy and unfavourable neurodevelopmental outcome in child population of Tartu city and county, Estonia Prevalence, clinical features and risk factors. Tartu, 2006.
	135. Kadri Haller. Antibodies to follicle stimulating hormone. Significance in female infertility. Tartu, 2007.
	148. Lenne-Triin Heidmets. The effects of neurotoxins on brain plasticity: focus on neural Cell Adhesion Molecule. Tartu, 2008.
	201. Kertu Rünkorg. Functional changes of dopamine, endopioid and endocannabinoid systems in CCK2 receptor deficient mice. Tartu, 2012, 125 p.
	231.  Vahur Metsna. Anterior knee pain in patients following total knee arthroplasty: the prevalence, correlation with patellar cartilage impairment and aspects of patellofemoral congruence. Tartu, 2014, 130 p.




