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Abstract 
Canis lupus familiaris, the domestic dog, possesses a huge variability in traits such as size, 

conformation, coat color, or character, which reflects the generations of targeted human 

selection after the dog's domestication thousands of years ago. The phenotypic differences 

naturally reflect the underlying, often breed-specific, genetic variation. While heterogeneity 

between breeds is large, at the same time, the individuals within one breed are usually very 

homogeneous. This specific population structure of modern dog breeds with low genetic 

diversity favors the propagation of spontaneous occurrences of genetic mutations that might 

lead to the development of diseases, and thus makes the dog a valuable animal model. 

Inherited neurological disorders in animals as well as in human patients are incurable, often 

severe, and result in progressively worsening quality of life; early diagnosis is therefore 

beneficial for managing the disease development. DNA-based precision medicine using state-

of-the-art methods, e.g. whole-genome sequencing (WGS) has been successfully utilized in 

recent years for routine diagnosis of rare diseases in human as well as in veterinary medicine. 

Identification of disease-causing variants allows dog breeders to avoid the spread of such 

variants in the affected dog breed, ultimately improving the health of the whole population 

through better breeding management, as well as to advance the understanding of the 

molecular mechanisms involved in corresponding human disease, and may be useful for the 

development of novel therapeutic strategies. 

In this thesis, I took part in the analysis of seven specific canine neurological phenotypes 

applying different genetic mapping methods, candidate gene analysis, and WGS. I also 

generated and analyzed extensive genealogical and genomic data on the worldwide 

Leonberger dog population in regards to its diversity and disease prevalence. Despite its 

increasing size in recent years, the population lost considerable genetic diversity due to a 

bottleneck in the last century. The heavy use of popular sires led to high relatedness among 

the breeding dogs and thus to high inbreeding rates. This facilitated undesirable genetic traits 

to spread within the gene pool of the Leonberger breed. A private homozygous frameshift 

variant in the GJA9 gene was identified in Leonbergers with an adult-onset form of 

polyneuropathy using genome-wide association study (GWAS) and WGS. The GJA9 gene 

encodes a connexin gap junction family protein, which are important components of peripheral 

myelinated nerve fibers; this discovery for the first time adds GJA9 to the list of candidate 

genes for similar human conditions. During a study of additional forms of polyneuropathy 

and/or laryngeal paralysis, I found a missense variant in the CNTNAP1 gene in Leonbergers 

and Saint Bernards showing early signs of laryngeal paralysis. CNTNAP1 encodes a contactin-

associated protein important for the organization of myelinated axons and has been implicated 

in various forms of human neurological diseases. Interestingly, this variant was seen in several 
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other unrelated dog breeds and most likely predates modern breed establishment. A similar 

approach revealed two independent variants in the NAPEPLD gene in Leonberger and 

Rottweiler dogs affected by leukoencephalomyelopathy providing evidence for allelic 

heterogeneity of this disorder and the first description of NAPEPLD-associated inherited 

defects in the endocannabinoid system associated with myelin disorders. In another study, a 

form of canine neuroaxonal dystrophy occurred in young adult Rottweiler dogs. WGS data of 

two cases revealed a homozygous missense variant in the VPS11 gene, encoding a member 

of VPS class C complex, a key factor of the endosome-autophagosome-lysosome pathway, 

previously associated with an infantile-onset neurological syndrome in humans. In a family of 

Alpine dachsbracke dogs, I used linkage analysis and homozygosity mapping to discover an 

autosomal recessive variant in the puppies affected by spinocerebellar ataxia, which affects 

the SCN8A gene. The gene encodes a subunit of a channel important for sodium ion transport 

to neurons in the central nervous system and was previously implicated in human neurogenetic 

conditions. By in-depth pedigree analysis, I found a common ancestor of two geographically 

separated families of Saluki dogs in which puppies suffering from succinic semialdehyde 

dehydrogenase deficiency causing neurological abnormalities were observed. GWAS and 

subsequent filtering of WGS data of two affected Saluki cases identified a causative variant in 

the ALDH5A1 gene encoding an essential enzyme of the gamma-aminobutyric acid 

neurotransmitter metabolic pathway. Finally, the underlying genetics of a previously described 

Leigh-like subacute necrotizing encephalopathy in Yorkshire terriers was solved by discovering 

a perfectly associated loss-of-function indel variant in the SLC19A3 gene encoding thiamine 

transporter 2, which is important in brain development, and its disruption was previously seen 

in similar human neurometabolic disease. 

In conclusion, the discovery of the herein described likely pathogenic DNA variants enabled 

systematic genetic testing of breeding dogs, and selection against the corresponding disorders 

to improve the health and welfare of the respective populations. This thesis provides molecular 

descriptions of several canine neurological conditions and presents additional physiologically 

relevant models of corresponding human diseases. Apparently, species- and site-specific 

differences in pathological phenotypes for mutations within the same gene exist as seen, e.g. 

in canine VPS11-related neuroaxonal dystrophy. All these spontaneous canine models closely 

resemble rare human syndromes and provide physiologically relevant models to better 

understand poorly characterized gene functions, e.g. in defects of the endocannabinoid system 

related to NAPEPLD; and provide potential new candidate genes for corresponding human 

forms of diseases with yet unsolved genetic etiology, e.g. GJA9-associated polyneuropathy. 

Therefore, this thesis demonstrates that genomic studies of domestic animal species such as 

the dog improve the understanding of rare complex and heterogeneous groups of 

neurodegenerative disorders.  
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Introduction 
Hundreds of distinct dog breeds were formed due to human selection and breeding towards 

specific characteristics since the domestication of dogs. This development ultimately led to the 

most phenotypically diverse mammal known [1]. During the process, some breed-defining 

genetic variants underlying particular phenotypic traits such as size, shape, coat type and 

color, or certain behavior became fixed in the modern breeds. However, artificial selection of 

purebred mating pairs resulted not only in the desired and often unique phenotypes, but also 

led to reduced genetic diversity in the closed breeding populations that eventually increased 

the risk of developing an inherited disease [2]. While historically dogs served predominantly as 

herders, guardians, or hunters, nowadays they are largely considered assistants, companions, 

and family members. Therefore, the breeders and owners are increasingly more interested in 

the health of their dogs including the genetic background of various disorders. Thanks to the 

public availability of annotated canine genome sequence and the constant development of 

advanced molecular genetics methods, as well as the active participation of dog owners, all 

kinds of genotype-phenotype relationships can be studied. 

Dog as animal model 
Humans first domesticated the dog from wolf more than 15,000 years ago [3]. Archeological 

and molecular genetic data found that the domestication events happened more than once in 

different places, and dogs have followed human migration ever since [4,5]. While natural 

selection happens unintentionally when animals adapt to a changing environment, artificial 

selection is a process conducted by people during domestication in order to tame wild animals 

[6]. The popularity and rapid spread of the dog resulted in divergent populations and 

development of specialized breeds. Over the last few centuries, extreme phenotypic 

diversification of the species led to the creation of hundreds of dog breeds able to herd, guard, 

hunt, or guide [1,7–9]. Initially, the selection focused mainly on behavioral characteristics to 

create the most valuable working dogs. Later, morphological appearance became important 

and the strong selection pressure for a specific size, coat type, or color resulted in impressive 

variability among the breeds. In the 19th century, breeding became more restrictive when 

studbooks for most breeds were closed, and the different populations were reproductively 

isolated, forming so-called modern dog breeds [1]. 

Today, the Fédération Cynologique Internationale (the World Canine Organisation) recognizes 

353 registered breeds and maintains their standards [10]. This phenotypic variability is 

accompanied by specific changes in canine genetic architecture. Research of the genetic 

differences improves our understanding of the canine's diverse history, as well as the 

underlying molecular mechanisms of different traits and diseases. Restrictive breeding 
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practices, combined with the use of popular sires (i.e. preferential breeding with only a few 

individuals, especially males), along with frequent inbreeding have all increased within-breed 

relatedness, reflecting the decreased genetic diversity as many modern breeds descend from 

only a limited number of founders. As a consequence, high heterogeneity can be found 

between breeds, while homogeneity exists within breeds. The short generation times and line- 

or inbreeding to maintain breed standards lead to a higher rate of emergence of heritable 

recessive diseases compared to humans. Spontaneous mutants in purebred populations with 

such unique structure make the dog a valuable model for human disorders [11]. 

In addition to physiological and clinical similarity of canine and human conditions, pet dogs 

also share a common environment with their owners, making them a highly valuable large 

animal model [12]. The freely available database Online Mendelian Inheritance in Man (OMIM) 

contains comprehensive information on human genes, and genetic traits and disorders with a 

focus on the genotype-phenotype relationship and currently shows over 25,000 entries [13]. 

Spontaneously occurring canine common or rare diseases are highly similar to their human 

counterparts and are often caused by variants in genes that are orthologous to the human 

genes [12]. The public catalog Online Mendelian Inheritance in Animals (OMIA) currently 

records a total of 787 canine traits or disorders, of which 474 are classified as potential models 

for human disease with 245 records having gene associations [14]. Kennel clubs of purebred 

breeds usually keep detailed pedigree records, and often also additional health information for 

each privately-owned dog. Active participation of breeding organizations and individual owners 

and veterinarians in research is essential for discovery of affected dogs, and subsequent 

identification of deleterious variants associated with their disease. Many purebred dogs appear 

to have an increased risk of certain disorders suggesting a genetic predisposition [15]. 

The size of the dog genome is estimated to be 2.4 Gb and is organized in 38 pairs of 

autosomes and two sex chromosomes. Similarly to the number in human, ~22,000 protein-

coding genes are estimated to be present in the canine genome [16]. Since the whole 

sequence of the dog genome became available in 2005 [17], advanced sequencing technology 

and improved bioinformatics methods have eased the genetic discovery, allowing identification 

of more than 400 likely causal variants associated with diseases and traits in the domestic dog 

[14]. Even despite large population sizes of some popular dog breeds, their genetic diversity 

remains limited. This fact makes them a powerful tool to study genetic etiology of not only 

simple Mendelian, but also of more complex heterogeneous disorders, such as cancers or 

neurodegenerative diseases [18]. 

Similar to human clinical genetics [19], DNA-based precision medicine using available genomic 

information has been proven suitable for diagnosing rare diseases in veterinary medicine [20] 

due to the unprecedentedly high level of medical care standards available for companion 

animals. Finally, the discovery of causative variants enables the development of genetic tests, 
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which are used by dog breeders worldwide to stop the spread of inherited diseases and 

improve the overall health of the respective breeds, while maintaining what genetic diversity 

exists within the breed. Additionally, the molecular characterization of rare diseases in these 

affected animals might help in explaining unsolved cases of similar human diseases. 

Inherited neurological diseases 
Neurodegenerative disorders represent a heterogeneous group of diseases affecting the 

central (CNS) and/or peripheral nervous system (PNS) with the most prominently affected cell 

type being the neuron (Figure 1). 

Numerous neurological diseases have been described in humans, as well as in animals, and 

their molecular characterization improved in recent decades [21]. Diseases of the CNS include 

myelin disorders, encephalopathies, cerebellar degeneration, neuroaxonal dystrophy, and 

ataxias [22]. Peripheral neuropathies, disorders of the PNS, are one of the most common 

neurogenetic diseases, and can be distinguished depending on which part of the nerve is 

affected [23]. All these disease groups may overlap with the classification of neurometabolic 

disorder when a metabolic pathway is affected [24]. 

As in human medicine, neuropathic disorders in dogs often lead to severe phenotypes that 

negatively impact the quality of life and result in progressive lifelong disabilities, or even 

premature death because of the lack of effective treatment [25]. While some of these disorders 

are more common but may present differently (e.g. variable progression of clinical signs and 

ages of onset) across breeds, others are rare and occur in breeds that appear predisposed to 

Figure 1. Schematic representation of canine nervous system. (A) Central nervous system consists of 
brain and spinal cord, while peripheral nervous system represents the nerves connecting rest of the 
body to the CNS. (B) Structure of a typical neuron with myelinated axon. 
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particular forms of these diseases, with many conditions showing complete breed specificity 

[15]. This is most likely due to the limited genetic diversity and high relatedness levels and 

inbreeding within the modern breeds. State-of-the-art genomic tools efficiently characterize the 

DNA variants and may uncover novel molecular pathways involved in such diseases, 

highlighting the advantages of the dog model [26]. 

Neuropathies 
Hereditary peripheral neuropathies (OMIM PS118220, PS162400) are a large group of 

neurological diseases characterized by length-dependent progressive degeneration of the 

PNS with considerable phenotypic and genetic heterogeneity [26]. Charcot-Marie-Tooth 

disease (CMT) is globally the most common form of inherited neuropathy in humans with an 

estimated prevalence of 1:2,500. It is classified as hereditary motor and sensory neuropathy, 

describing its main symptoms: progressive muscle weakness and sensory loss. Additionally, 

patients often develop foot deformities, musculoskeletal complications (e.g. hip dysplasia, 

scoliosis), and some forms also affect cranial nerves and respiratory function [27]. 

In addition to CMT, hereditary neuropathy with liability to pressure palsies, hereditary motor 

neuropathies, and hereditary sensory and autonomic neuropathies are recognized and may 

be complicated by additional neurologic and non-neurologic features. Most of these subgroups 

show genetic heterogeneity, with a known association of around 100 genes, which is also 

reflected in a variety of inheritance patterns and involvement of diverse molecular 

pathomechanisms [28]. More than 30 genes have been implicated in CMT alone. However, 

only four genes (PMP22, MPZ, GJB1, and MFN2) explain over 90% of genetically confirmed 

cases of CMT [29,30]. The rate of detection of causal variants varies greatly, from as low as 

10% in hereditary motor neuropathies to up to 80% in demyelinating forms of CMT. The use 

of modern sequencing technologies is becoming the standard in precision medicine for the 

evaluation of known neuropathy genes and the detection of novel variants in patients with 

unexplained pathology [28]. 

Many canine inherited peripheral polyneuropathies with or without laryngeal paralysis (LPPN) 

(OMIA 001292, 001206) show similarities to human CMT [31]. Laryngeal paralysis may 

develop as part of a polyneuropathy complex and occurs when normally mobile laryngeal 

cartilages become immobile and dysfunctional due to damage to the recurrent laryngeal nerve. 

This leads to respiratory obstruction, noisy and distressed breathing, as well as reduced 

exercise and heat tolerance [32]. It is often treated surgically by unilateral arytenoid 

lateralization surgery to improve breathing and, therefore, quality of life. However, it may 

increase the risk of lifelong complications, such as aspiration pneumonia [33]. Different forms 

of motor and sensory neuropathies often have comparable clinical and histopathological 

features, including gait abnormalities, muscle atrophy, laryngeal paralysis, bark changes, 
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excessive panting or swallowing difficulties, and severe nerve fiber loss resulting from chronic 

axonal degeneration and myelin sheath degradation [34]. Sensory and autonomic 

neuropathies are less frequent but also described in dogs that often exhibit automutilation 

syndrome with insensitivity to painful stimuli [26]. Currently, variants in nine genes are recorded 

in OMIA [14] for various forms of neuropathy in several dog breeds (Table 1). 

Table 1. A list of breeds representing selected forms of canine neuropathies (OMIA#), for which the 
genes harboring candidate causative variants are described, and human disorders (OMIM#) caused by 
variants in the corresponding orthologs, if known. 

Breed MOI1 Associated 
gene Variant2 OMIA# 

[14] Human diseases OMIM# 
[13] 

Polyneuropathy and/or laryngeal paralysis 
Leonberger 
Saint Bernard ? ARHGEF10 SS 001917 Slowed nerve conduction 

velocity 608136 

Leonberger 
Labrador 
retriever 
Saint Bernard 

AR CNTNAP1 MS 002301 

Congenital hypomyelinating 
neuropathy 
Lethal congenital contracture 
syndrome 

602346 

Leonberger AD GJA9 FS 002119 unknown 611923 
Alaskan 
malamute 
Greyhound 

AR NDRG1 MS 
FS 002120 CMT 605262 

Alaskan husky 
Black Russian 
terrier 
Rottweiler 

AR RAB3GAP1 
SS 
FS 
FS 

001970 Warburg micro syndrome 602536 

Miniature bull 
terrier MF RAPGEF6 SS 002222 unknown 610499 

Miniature 
schnauzer AR SBF2 SS 002284 CMT 607697 

Sensory neuropathy 
Border collie 
mixed breed AR FAM134B SS 002032 Hereditary sensory and 

autonomic neuropathy 613114 

Golden 
retriever MT tRNA-Tyr FS 001467 Exercise intolerance 590100 
1 MOI = mode of inheritance as follows: AR = autosomal recessive, AD = autosomal dominant, 
MT = mitochondrial, MF = multifactorial, ? = unclear. 
2 Type of variant as follows: MS = missense, FS = frameshift, SS = splice-site variant. Multiple entries 
correspond to different variant types found in respective breeds. 

Myelin disorders 
Myelin sheaths are formed by neuroglia and cover the axon of many neurons in the CNS as 

well as PNS. They differ in origin, but share similar structure and function, i.e. to help increase 

the speed of axonal transmission of neural impulses. The nodes of Ranvier form short 

segments of the axon not covered by myelin (Figure 1), where ion channels are located and 

are critical to the normal function [35]. Extensive damage and loss of myelin are followed by 

degeneration of the axon and often also the cell body; this interrupts nerve transmission and 

results in forms of polyneuropathy in PNS or white matter diseases in CNS [36]. Primary myelin 
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disorders of CNS are caused by defects in myelin formation and/or its maintenance and may 

be grouped into dysmyelinating, hypomyelinating, and spongiform disorders [37]. 

In human patients, heritable white matter diseases, or leukodystrophies (OMIM PS312080), 

are classified based on neuroimaging and exhibit a wide range of progressive clinical signs 

including ataxia, spasticity, dysmetria, or developmental delay. More than 30 distinct disorders 

meet the defined criteria of the consensus definition of leukodystrophy, while more than 60 

other disorders are classified as genetic leukoencephalopathies as a broader group with 

heterogeneous clinical and pathological manifestations [38]. In some instances, because of 

the close connection between neuroglia and neurons/axons, it may be difficult to differentiate 

between a process that primarily affects the myelin (strict leukodystrophy) and a process that 

primarily affects the grey matter (genetic leukoencephalopathy), especially when the pathology 

is unclear and performed at the advanced stage of the disease [39]. Recent studies show that 

almost half of all patients whose clinical manifestations and neuroimaging indicate an inherited 

white matter disease do not receive a specific diagnosis with pathogenic variant, even when 

genetic screening of more than 100 leukoencephalopathy-related genes is performed [40,41]. 

Similar myelin disorders are also known in animal species, including dogs [22,42,43]. Canine 

forms of this rare group of disorders include several types of myelopathy with lysis of the white 

matter (Table 2). The age of onset, progression, and severity varies greatly between the 

different myelin disorders [36,44]. For example, degenerative myelopathy is most common in 

older dogs who show axonal and myelin degeneration in the spinal cord, as well as 

hypomyelination and secondary demyelination in peripheral nerves. The clinical signs include 

hyporeflexia, slowly progressive paresis, and spasticity in the pelvic limbs, with general 

proprioceptive ataxia [45]. Leukodystrophies and leukoencephalomyelopathies are examples 

of infantile- or juvenile-onset neurodegenerative disorders characterized by progressive 

neurological worsening, gait abnormalities, especially in the thoracic limbs, and generalized 

weakness, spasticity, ataxia, and loss of conscious proprioception. Affected dogs usually have 

characteristic lesions in the spinal cord white matter, while peripheral nerve and muscle 

biopsies remain generally unremarkable [46,47]. The historical reports of individual cases and 

lack of precise classification reflect the heterogeneity of such disorders termed as 

leukodystrophy, leukoencephalomyelopathy, necrotizing myelopathy, hypomyelination of the 

CNS, or degenerative myelopathy. The mode of inheritance is mostly autosomal recessive, 

but a mitochondrial form has also been described (Table 2). 
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Table 2. A list of breeds representing selected forms of canine myelin disorders (OMIA#), for which the 
genes harboring candidate causative variants are described, and human disorders (OMIM#) caused by 
variants in the corresponding orthologs, if known. 

Breed MOI1 Associated 
gene Variant2 OMIA# 

[14] Human diseases OMIM# 
[13] 

Leukodystrophy 

Standard schnauzer AR TSEN54 MS 002215 Pontocerebellar 
hypoplasia 608755 

Cairn terrier 
Irish setter 
West Highland white 
terrier 

AR GALC 
MS 
IFI 
MS 

000578 Krabbe disease 606890 

Hypomyelination of the central nervous system 

Weimaraner AR FNIP2 FS 000526 unknown 612768 

Leukoencephalomyelopathy 

Australian cattle dog 
Shetland sheepdog MT CYTB MS 001130 

Encephalopathy 
Leber hereditary optic 
neuropathy 

516020 

Great Dane 
Leonberger 
Rottweiler 

AR NAPEPLD 
FS 
MS 
FS 

001788 unknown 612334 

Degenerative myelopathy 
Bernese mountain dog 
Boxer 
Chesapeake Bay 
retriever 
German shepherd 
Hovawart 
Pembroke Welsh corgi 
Rhodesian ridgeback 

AR SOD1 
(SP110) MS 000263 

Amyotrophic lateral 
sclerosis 
Spastic tetraplegia and 
axial hypotonia 

147450 

1 MOI = mode of inheritance as follows: AR = autosomal recessive, MT = mitochondrial. 
2 Type of variant as follows: MS = missense, FS = frameshift, IFI = in-frame insertion. Multiple entries 
correspond to different variant types found in respective breeds. 

Neuroaxonal dystrophies 
Neuroaxonal dystrophy (NAD) represents a clinically and genetically heterogeneous group of 

rare diseases of CNS development, with motor neuron degeneration characterized by localized 

axonal swelling and secondary myelin changes [48]. NAD in humans (OMIM PS234200) are 

mostly infantile or juvenile diseases diagnosed histopathologically by the formation of 

dystrophic axons seen as large spheroids mostly in the grey matter in the brain and spinal cord 

[49]. The clinical signs include progressive ataxia, paraplegia, hypermetria, proprioceptive 

deficits, head incoordination, and tremors. Due to neuromuscular dysfunction leading to joint 

contracture and respiratory failure, this condition is often lethal [50]. Nine forms of NAD are 

described in humans and termed neurodegeneration with brain iron accumulation (NBIA) or 

infantile neuroaxonal dystrophy (INAD) following mostly autosomal recessive, but also 

autosomal dominant and X-linked dominant inheritance. The genetic basis of NBIA/INAD is 
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known in about 85% of patients and involves variants in eight genes (PANK2, PLA2G6, FTL, 

C19orf12, WDR45, COASY, REPS1, and CRAT) [48]. 

In veterinary medicine, NAD has been described previously in numerous species 

(OMIA 000715). However, the underlying genetic etiology is currently known only in sheep [51] 

and dogs [52–54]. The affected dogs present typical early onset of signs such as hypermetria 

of thoracic limbs, nystagmus, ataxia, behavioral deficits, and progressive limb paralysis. 

Although some species differences are described, such as lack of brain iron accumulation in 

dogs compared to humans, common pathological pathways are involved in the disease [22]. 

Three of the four canine breed-specific forms are associated with genes in which variants are 

found associated with different human disorders such as neuropathies, paraplegia, or 

leukodystrophy (Table 3). 

Table 3. A list of breeds representing selected forms of canine neuroaxonal dystrophies (OMIA#), for 
which the genes harboring candidate causative variants are described, and human disorders (OMIM#) 
caused by variants in the corresponding orthologs, if known. 

Breed MOI1 Associated 
gene Variant2 OMIA# 

[14] Human diseases OMIM# 
[13] 

Neuroaxonal dystrophy 

Schnauzer-
Beagle cross AR MFN2 IFD 002153 

CMT 
Hereditary motor and sensory 
neuropathy 

608507 

Papillon AR PLA2G6 MS 002105 
INAD 
NBIA 
Parkinson disease 

603604 

Spanish water 
dog AR TECPR2 MS 001975 Spastic paraplegia 615000 

Rottweiler AR VPS11 MS 002152 Hypomyelinating leukodystrophy 608549 
1 MOI = mode of inheritance as follows: AR = autosomal recessive. 
2 Type of variant as follows: MS = missense, IFD = in-frame deletion. 

Spinocerebellar ataxias 
Ataxia is a relatively non-specific clinical sign of uncoordinated movements. This might lead to 

confusion and therefore, standardized terminology has been proposed to distinguish the 

complex spinocerebellar degenerative disorders in human medicine. This group includes 

hereditary cerebellar ataxias (HCA) and hereditary spastic ataxias (SPAX) mostly subdivided 

according to the mode of inheritance and the mutated gene, although some conditions may 

overlap [21]. More than 70 forms of autosomal dominant (OMIM PS164400) and autosomal 

recessive (OMIM PS213200) spinocerebellar ataxias are described to date, with more than 60 

implicated genes. The definitions are even more complicated by the obvious pleiotropy when 

a mutation in the same gene may induce various phenotypes [55]. HCA are associated with 

cerebellar degeneration, and the disease signs include imbalance, poor hand-eye 

coordination, visual loss, seizures, behavioral symptoms, and peripheral neuropathy [56]. 
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In dogs, phenotypically similar neurodegenerative disorders are described as either cerebellar 

or spinocerebellar ataxia in several breeds. The classification is currently based mainly on 

clinicopathological features and lacks clear consensus, which might lead to misdiagnosis. Due 

to the cerebellar dysfunction, the affected dogs typically show rapidly progressing generalized 

ataxia, tremors, and general failure to thrive [57]. So far, causative variants in twelve genes 

have been described, clearly showing the locus heterogeneity of this phenotype (Table 4). 

Table 4. A list of breeds representing selected forms of canine hereditary ataxias (OMIA#), for which 
the genes harboring candidate causative variants are described, and human disorders (OMIM#) caused 
by variants in the corresponding orthologs, if known. 

Breed MOI1 Associated 
gene Variant2 OMIA# 

[14] Human diseases OMIM# 
[13] 

Spinocerebellar ataxia 
Parson Russell terrier AR CAPN1 MS 001820 Spastic paraplegia 114220 

Italian spinone AR ITPR1 IRE 002097 Gillespie syndrome 
Spinocerebellar ataxia 147265 

Alpine dachsbracke AR SCN8A MS 002194 

Myoclonus 
Cognitive impairment with 
or without cerebellar ataxia 
Developmental and 
epileptic encephalopathy 
Benign seizures 

600702 

Belgian shepherd AR SLC12A6 FS 002279 
Agenesis of the corpus 
callosum with peripheral 
neuropathy 

604878 

Beagle AR SPTBN2 FS 002092 Spinocerebellar ataxia 604985 
Cerebellar ataxia 
Belgian shepherd AR ATP1B2 SS 002110 unknown 182331 
Coton de Tulear AR GRM1 SS 000078 Spinocerebellar ataxia 604473 
Norwegian buhund AR KCNIP4 MS 002240 unknown 608182 
Belgian shepherd 
Jack Russell terrier 
Parson Russell terrier 
Fox terrier (smooth) 

AR KCNJ10 

MS 
MS/FS 
MS 
MS 

002089 
SESAME syndrome, 
enlarged vestibular 
aqueduct 

602208 

Gordon setter 
Old English 
sheepdog 

AR RAB24 MS 001913 unknown 612415 

Finnish hound AR SEL1L MS 001692 unknown 602329 
Hungarian vizsla AR SNX14 SS 002034 Spinocerebellar ataxia 616105 
1 MOI = mode of inheritance as follows: AR = autosomal recessive. 
2 Type of variant as follows: MS = missense, FS = frameshift, SS = splice-site variant, IRE = intronic 
repeat expansion. Multiple entries correspond to different variant types found in respective breeds. 

Neurometabolic disorders 
Neurometabolic disorders, including various forms of storage diseases, are inborn errors of 

metabolism (IEM), a group of diseases caused by an enzyme deficiency in a metabolic 

pathway. Individually these diseases are rare, but as a group, they are relatively common, with 

more than 500 IEMs reported in human medicine. Accumulation of toxic compounds due to 
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defects in intermediary metabolic pathways, energy deficiency related to mitochondrial 

respiratory chain defects, and defects in the synthesis of complex molecules in certain cellular 

organelles are the main disease-causing mechanisms [58]. About a quarter of IEMs manifests 

in the first few weeks of age, but the clinical signs may also present later in childhood or even 

much later in adulthood, depending on the enzyme deficiency and involved pathway. IEMs are 

challenging to diagnose because the signs are usually non-specific, and may include 

decreased activity, movement abnormalities, mental retardation, developmental delay, 

respiratory distress, lethargy, or seizures [59]. Genes involved in IEMs encode enzymes, 

cofactors, or transmembrane transporters. The absence or abnormal function of these proteins 

results in deficiency or accumulation of specific metabolites, which may lead to lysosomal 

storage disorders. Most neurometabolic disorders are autosomal recessive, but autosomal 

dominant and X-linked forms are also known. Furthermore, different mutations in the same 

gene may result in a wide phenotypic spectrum of diseases [24]. Due to the progressive 

neurologic deterioration involved in many IEM, the classification of some disorders overlaps 

with other grouping systems, such as several neuropathies, encephalopathies, spinocerebellar 

ataxias, NAD, as well as myelin disorders [60]. 

Various canine neurodegenerative conditions resemble the human neurometabolic disorders, 

e.g. thiamine-responsive dysfunction syndrome (OMIM PS249270), succinic semialdehyde 

dehydrogenase deficiency (OMIM 271980), mucopolysaccharidosis (OMIM PS607014), or 

neuronal ceroid lipofuscinosis (OMIM PS256730). These disorders generally show 

considerable phenotypic and genetic heterogeneity with similar health problems as in human 

patients (Table 5). Therefore, studying these naturally occurring dog models furthers the 

understanding of such a complex group of disorders and the biochemical and molecular 

pathogenesis [61]. 

Table 5. A list of breeds representing selected forms of canine neurometabolic disorders (OMIA#), for 
which the genes harboring candidate causative variants are described, and human disorders (OMIM#) 
caused by variants in the corresponding orthologs, if known. 

Breed MOI1 Associated 
gene Variant2 OMIA# 

[14] Human diseases OMIM# 
[13] 

Leigh-like subacute necrotizing encephalopathy 
Alaskan husky 
Yorkshire terrier AR SLC19A3 FS 001097 Thiamine metabolism 

dysfunction syndrome 606152 

Succinic semialdehyde dehydrogenase deficiency 

Saluki AR ALDH5A1 MS 002250 
Succinic semialdehyde 
dehydrogenase 
deficiency 

610045 

Neurodegenerative vacuolar storage disease 
Lagotto Romagnolo AR ATG4D MS 001954 unknown 611340 
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continued 

Breed MOI1 Associated 
gene Variant2 OMIA# 

[14] Human diseases OMIM# 
[13] 

Mucopolysaccharidosis 
Great Dane 
Miniature pinscher 
Miniature poodle 
Miniature schnauzer 

AR ARSB 

NS 
MS 
FS 
SL 

000666 Mucopolysaccharidosis 611542 

Brazilian terrier 
German shepherd AR GUSB MS 000667 Mucopolysaccharidosis 611499 

Boston terrier 
Golden retriever 
Plott hound 

AR IDUA 
FS 
IFD 
SS 

000664 Mucopolysaccharidosis 252800 

Schipperke AR NAGLU FS 001342 CMT 
Mucopolysaccharidosis 609701 

Dachshund 
Huntaway dog AR SGSH IFD 

FS 001309 Mucopolysaccharidosis 605270 

Neuronal ceroid lipofuscinosis (NCL) 
Australian cattle dog 
Tibetan terrier AR ATP13A2 MS 

SS 001552 Kufor-Rakeb syndrome 
Spastic paraplegia 610513 

Australian cattle dog 
Border collie 
Golden retriever 

AR CLN5 
NS 
NS 
FS 

001482 NCL 608102 

Australian shepherd AR CLN6 MS 001443 NCL 606725 
Alpine dachsbracke 
Australian shepherd 
English setter 
German shorthaired 
pointer 
Saluki 

AR CLN8 

EGD 
NS 
MS 
NS 
NS 

001506 NCL 607837 

American bulldog AR CTSD MS 001505 NCL 116840 

Chihuahua 
Chinese crested dog AR MFSD8 FS 001962 

NCL 
Macular dystrophy with 
central cone involvement 

611124 

Dachshund 
Italian cane corso AR PPT1 FS 

SS 001504 NCL 600722 

Dachshund AR TPP1 FS 001472 NCL 
Spinocerebellar ataxia 607998  

1 MOI = mode of inheritance as follows AR = autosomal recessive. 
2 Type of variant as follows MS = missense, NS = nonsense, FS = frameshift, SS = splice-site variant, 
SL = loss of the canonical start codon, EGD = deletion of the entire gene, IFD = in-frame deletion. 
Multiple entries correspond to different variant types found in respective breeds. 
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Selected methods in genomic analyses 
In the late 20th century, the applications of DNA-based diagnostics in animals included 

cytogenetic and chromosomal techniques for individual identification, parentage control, and 

discovery of deleterious alleles in inherited disorders [62]. Biological knowledge of the specific 

disorder and its underlying etiology was a prerequisite for identifying the causal variant in 

candidate gene approaches. In the 1990s, the first canine genetic linkage map was developed 

by typing 150 microsatellite markers as a hypothesis-free approach for mapping trait-

associated loci [63]. 

More recently, species-specific single nucleotide polymorphism (SNP) arrays based on 

simultaneously genotyping thousands of markers with known chromosomal positions have 

become a routine tool in the field of genetics [64]. This enabled rapid mapping of various traits 

by methods of linkage [65], homozygosity [66], and genome-wide association studies (GWAS) 

[67,68]. Lastly, major improvements in molecular biology and computer science in the 21st 

century allowed the whole-genome sequencing (WGS) technologies to become a powerful 

routine tool in personalized and precision medicine for humans, as well as companion animals, 

such as dogs [69,70]. 

The types of canine variants implicated in disease range from single-nucleotide variants 

(i.e. substitutions, insertions, or deletions of 1 bp) [71–74] through small indels (i.e. insertions 

and deletions of <50 bp) [75,76] to complex large structural variants (i.e. genomic 

rearrangements and copy number variation) [77–79], and may be efficiently identified with SNP 

array genotyping and/or WGS of individuals, families, or large populations. 

In this thesis, a combination of relevant methods has been utilized for mapping, detection, and 

validation of putative disease-causing genetic variants based on each project's hypothesis that 

slightly differed due to observed family structure and available samples. 

Single nucleotide polymorphism (SNP) genotyping arrays 
Canine geneticists were among the first to drive the production of high-quality SNP genotyping 

arrays for companion animals. The polymorphic SNPs were selected from a 2.5 million SNP 

map generated as part of the dog genome project [17] and allowed several large-scale SNP 

genotyping platforms to emerge. These platforms enabled the study of the population structure 

within and across different dog breeds, as well as genetic variation associated with common 

and rare diseases relevant to humans. The earliest array versions established around 2007 

contained as low as 1,500 SNP markers, and later extended to 22k, 27k, or 49k by different 

manufactures. In 2011, a high-density SNP array with 172k SNPs was developed in 

collaboration with the LUPA consortium [80]. The most common currently used versions have 

220k (CanineHD BeadChip, Illumina, San Diego, CA, USA) or 710k markers (Axiom CanineHD 
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Array, Thermo Fisher Scientific, Waltham, MA, USA). In addition, high-quality imputation from 

a lower to a higher level of SNP array density or even to a whole-genome sequencing density 

is possible and has been shown successfully in dogs [81,82]. 

Linkage analysis 
Genetic linkage analysis is a mapping approach used to examine the segregation of a 

particular trait in a given pedigree and to identify chromosomal regions harboring the gene 

responsible for the studied trait. Linkage and recombination are key concepts in the parameter-

based and parameter-free linkage analysis [83]. Genetic linkage occurs when two loci are 

inherited together due to their proximity more often than expected by chance. Two loci 

separated by one centimorgan (corresponding to approximately one million base pairs) have 

a chance of 1% to be separated during a recombination event in one meiosis. With each 

separation, non-random association of alleles of two loci (the linkage disequilibrium) decreases 

and only persists over generations if the two loci are physically close to each other [84]. In 

parameter-based linkage analysis, the co-segregation of genetic markers and a trait is studied 

under a specific model based on known information about mode of inheritance and penetrance. 

Parameter-free linkage analysis studies the probability of alleles being identical by descent 

and does not require a mode of inheritance to be specified [83]. 

The power of linkage between the trait and marker loci is commonly assessed by the LOD 

(logarithm of the odds) score. Generally, a LOD score of higher than 3 is understood as 

genome-wide significant evidence for linkage, while a LOD score of lower than -2 excludes 

linkage. However, the genome-wide significance threshold is of less concern when using 

whole-genome sequencing data as it allows for relatively easy study of even multiple regions 

with only suggestive LOD scores obtained in small pedigrees [84]. 

Runs of homozygosity 
Homozygosity, also known as autozygosity, mapping is a powerful method based on the 

hypothesis that an individual inherited two copies of an allele from a common ancestor. In 

dogs, inbreeding and high relatedness within breeds contribute to a high number of long 

genomic regions that are homozygous [85]. Subsequently, this method is most useful for 

detecting the disease-associated alleles in monogenic autosomal recessive disorders. The 

putative disease locus is typically flanked by a few kilobases (kb) to several megabases (Mb) 

of identical-by-descent markers because chromosomal regions tend to be transmitted 

together. Both SNP array genotyping or WGS data can be investigated for such extended 

regions of homozygosity, also known as runs of homozygosity (ROH) [86]. Rarely, a disease 

may be caused by compound heterozygous variants in a consanguineous pedigree, in which 

case the homozygosity mapping approach will not yield the expected results [84]. In addition 
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to the detection of deleterious variants shared by affected individuals, the characterization of 

ROHs is utilized in population genetics. ROH's length decreases with genetic distance due to 

recombination events and thus may be used as an indication of recent or ancient inbreeding 

in the breed's population history. Genomic inbreeding coefficients estimated from ROHs have 

been shown to be more reliable and precise than pedigree-based coefficients, especially in 

case of incomplete, unreliable, or missing pedigree information [87]. 

Genome-wide association study (GWAS) 
In case-control studies, GWAS is the common method for identifying candidate genomic 

regions statistically associated with the studied trait or disease by comparison of allele 

frequency between unrelated affected and unaffected individuals. Most often this approach 

uses the SNP array genotyping data with thousands of polymorphic markers. Therefore, the 

SNP significantly associated with the investigated trait is not causative but considered to be in 

linkage disequilibrium with the true causal variant [88]. The results of GWAS are often 

displayed as a Manhattan plot with chromosome numbers on the X-axis and the negative 

logarithm of the association p-value for each SNP on the Y-axis (Figure 2) [89]. 

The power of GWAS to detect a true association depends on various factors, such as well-

defined phenotype, sample size, or data structure. Mode of inheritance determines the 

minimum number of cases and controls needed for the GWAS. About 10-20 dogs per group 

should be sufficient for mapping a simple recessive trait with high penetrance, while for a 

dominant trait at least 50 cases and 50 controls are needed. Much larger sample sizes are 

Figure 2. Illustration of GWAS used to detect disease-associated SNPs by comparison of two groups 
of dogs: cases (red) and controls (grey). The red line represents the Bonferroni correction level used to 
identify the genome-wide significantly associated SNPs (highlighted in green box). The Manhattan plot 
of GWAS in ARHGEF10-related polyneuropathy was reproduced with permission from [89]. 
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required for complex or polygenic traits [64]. Spurious associations might arise due to 

population stratification, family structure, and cryptic relatedness. These are commonly 

corrected for by the use of principal component analyses, multidimensional scaling methods, 

or mixed models including pair-wise genetic relationship matrices [90]. Additionally, the results 

have to be adjusted for multiple testing in order to avoid false-positive significant associations 

because of the thousands, potentially millions, of markers used. To set a meaningful 

significance threshold, Bonferroni correction, permutation testing, or false discovery rate 

methods are commonly implemented [88]. 

Whole-genome sequencing (WGS) 
Sequencing of an individual's whole genome has become affordable and the main genetic 

technique in human, as well as veterinary, precision medicine [19,91]. Since the development 

of the Sanger sequencing method (the first generation) in the 1970s, the technology for whole-

genome sequencing has evolved and been perfected in all aspects. Around the year 2000, the 

second-generation, also known as next-generation sequencing (NGS) methods emerged 

allowing the entire genome to be sequenced at once. Later around 2008, the third-generation 

sequencing methods further significantly improved the throughput, accuracy, time and cost 

efficiency of WGS [69]. A major challenge that these technologies bring is the production of a 

large amount of data that requires considerable computational resources and advanced 

bioinformatics tools for storage, handling, and downstream analyses [92]. 

The different NGS platforms vary in methodology, throughput, speed, and read lengths. 

Illumina's platform is the current leader in short-read sequencing using massively parallel 

sequencing by synthesis with optical base calling, which generates single or paired-end reads 

of ~150 bp on average. A major disadvantage of this technology is the inability to reliably 

resolve repetitive regions and detect larger structural variants in the genome. Long-read 

technologies, such as single-molecule real-time sequencing from Pacific Biosciences or 

nanopore sequencing from Oxford Nanopore Technologies, strive to overcome these 

challenges. Both platforms produce long to ultra-long reads (>1 kb to 2 Mb) enabling not only 

the analysis of structural variants but also high-quality de novo genome assemblies [93]. 

Although these techniques revolutionized genomic research and enabled the use of WGS for 

diagnostic purposes, Sanger sequencing is still used for targeted sequencing of candidate 

genes and validation of NGS output due to its highly accurate results of up to one kb long 

fragments for a low price [69]. 
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Discovery of private, shared, rare, or breed-specific variants 
Using the WGS data, it is possible to identify putative causal variants even without previous 

mapping strategies in cases where only a single or a limited number of affected animals are 

available. Short-read sequencing data may be analyzed to reveal a large portion of the genetic 

variation comprising single nucleotide variants (SNV) and small indels. The number of 

identified SNVs largely exceeds the number of genotyping array markers [20,94]. This 

extensive SNV dataset represents a part of an individual's normal variation. However, it may 

also contain the causative genetic variant underlying the inherited disease the individual 

suffers from. The pathogenic variants may be identified by comparing different individual 

datasets with each other. Especially for rare monogenic diseases, this approach is highly 

effective and has led to a rapid increase in the number of identified causative variants [94]. 

In order to find such variants, the reads obtained from WGS have to be filtered, deduplicated, 

and aligned to a reference genome sequence. Subsequently, the SNVs and small indels are 

called, filtered for quality, and annotated for prediction of each variant's impact on the protein 

level [95,96]. This approach is usually applied to a set of case and control animals and 

generates millions of variants across the genome. Therefore, hierarchical filtering strategies 

are used to reduce the number of variants. Figure 3 illustrates the most commonly used filtering 

options when using a large set of variants detected from WGS data. 

Usually, one or more cases (affected animals) are compared to controls, which may be 

represented either by known unaffected animals for the given phenotype or by population 

controls even with unknown health status of the same breed, or by all other genomes including 

different breeds (Figure 3A). In the case of rare and enriched variants, the alternative allele 

frequency in all genomes can be calculated to detect disease-associated variants that are 

Figure 3. Illustration of different strategies used when filtering variants detected from a large set of 
whole-genome sequences. Red- and grey-filled dogs represent cases and controls, respectively. The 
striped dogs represent control dogs that might also carry the variants. (A) Detection of private variants 
unique to the case or shared by multiple cases, and absent from controls. (B) Detection of rare or 
enriched variants present in one or more cases as well as a subset of controls. (C) Detection of breed-
specific variants present in all animals of one breed and absent from all other breeds. 



 

17 

potentially shared by several breed controls due to e.g. reduced penetrance or carrier status 

in recessive traits, or animals from other related breeds due to their shared history (Figure 3B). 

For detecting fixed breed-specific variants, all animals from one breed regardless of their 

phenotype are compared to all animals of various other breeds (Figure 3C). To further narrow 

down the list of trait-associated variants, filtering based on the mode of inheritance, especially 

in trio-based datasets, on a known list of candidate genes, in the region of interest from 

previous mapping approaches, or based on estimated functional impacts, is often performed. 

Estimation of functional impact remains challenging as genetic variants may have different 

effects from protein-changing variants altering gene function to non-coding variants with no 

clear impact. Apart from larger structural variants such as deletions of several Mb 

encompassing the entire gene, the SNVs easiest to detect and assess include start/stop codon 

alterations and frameshifts, followed by non-synonymous amino acid changes. However, the 

majority of the variant dataset consists of non-coding variants. The evaluation of the potential 

impact of synonymous or non-coding SNVs requires an advanced experimental setup [97]. 

In dogs, hundreds of whole genomes are already publically available and further efforts are 

underway to characterize and catalog the existing variation across canine populations, 

including ancient and modern dog breeds, village dogs, wolves, and other wild canids 

[20,98,99]. Despite the several described challenges, this kind of easily accessible resource 

makes the discovery of deleterious variants in rare canine neurogenetic diseases possible. 

Dog reference assembly 
In the mid-2000s, two consecutive assemblies were released (the initial CanFam1.0 and the 

CamFam2.0) and represented the first draft of the dog genome sequence published by the 

Dog Genome Sequencing Consortium at the Broad Institute [100] (Figure 4). This assembly 

spanned 2.41 Gb representing 99% of a female Boxer genome, but still contained many gaps, 

and was subsequently improved to the latest version CanFam3.1 [101]. Until recently, this 

genome build served as the annotated reference sequence for canine genomic studies, and is 

also used as such throughout my thesis. 

In the last years, new developments and better accessibility of NGS methods including long-

read technologies, together with ever-decreasing costs, resulted in superior and breed-specific 

de novo genome assemblies. Currently, five different breed reference sequences with 

annotations are available for the dog in the National Center for Biotechnology Information 

(NCBI) [102]. 
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This NCBI list includes an improved version of the original Boxer assembly 

(Dog10K_Boxer_Tasha, GCF_000002285.5) [103], and new assemblies from a Great Dane 

(UMICH_Zoey_3.1, GCF_005444595.1) [104], a German Shepherd (UU_Cfam_GSD_1.0, 

GCF_011100685.1) [105], a Basenji (UNSW_CanFamBas_1.0, GCF_013276365.1) [106], 

and a Labrador retriever (ROS_Cfam_1.0, GCF_014441545.1) [107] (Figure 4). 

The latest and still on-going development of multiple high-quality assemblies and annotations, 

representing distinct breeds (Figure 4) will enhance the accuracy of future genomic diversity 

and disease analyses. 

  

Figure 4. An overview of the development of canine annotated reference genomes over time 
highlighting the obvious breed differences. Photos adapted with permission from [100,104–107]. 
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Aim and hypothesis of the thesis 
The main aim of this thesis was to characterize the genetic etiology of rare forms of canine 

neurological diseases as potential models for similar human diseases. The general hypothesis 

assumed simple Mendelian inheritance and a breed-specific underlying variant. The results 

were expected to improve the health status of respective dog breeds by selective breeding 

against the unraveled deleterious variants, as well as to provide spontaneous animal models 

and possible new candidate genes for similar human inherited rare neurological disorders with 

yet unknown genetic causes. 

The following disorders were investigated in detail: 

1. peripheral polyneuropathy in Leonbergers, 

2. laryngeal paralysis and polyneuropathy in Leonbergers and Saint Bernards, 

3. inherited leukoencephalomyelopathy in Leonbergers and Rottweilers, 

4. neuroaxonal dystrophy in Rottweilers, 

5. spinocerebellar ataxia in a family of Alpine dachsbracke dogs, 

6. succinic semialdehyde dehydrogenase deficiency in Saluki dogs, 

7. Leigh-like subacute necrotizing encephalopathy in Yorkshire terriers. 

In the light of the extensive cohort of available samples and genomic data from purebred 

Leonbergers and their high prevalence of inherited diseases, an additional aim was to collect 

current phenotype information about the dogs in order to better define their health status to 

facilitate the identification of further disease-associated genomic regions. Therefore, an 

exhaustive genealogical and genomic description of this breed's current population and 

diversity was performed and is presented in the first chapter of the results section. 

  



 

20 

 



 

21 

Results 
  



 

22 

  



 

23 

Genomic diversity and population structure of the Leonberger dog 
breed 
 

 

Journal: BMC Genetics Selection Evolution 

Manuscript status: published 

Contributions: Conceptualization, Formal analysis, Investigation, Methodology, 

Visualization, Writing – original draft, Writing – review & editing 

 



 24 



 25   



 26   



 27   



 28   



 29   



 30   



 31   



 32   



 33   



 34   



 35   



 36   



 

37 

A GJA9 frameshift variant is associated with polyneuropathy in 
Leonberger dogs 
 

 

Journal: BMC Genomics 

Manuscript status: published 

Contributions: Investigation, Visualization, Writing – original draft, 

Writing – review & editing 

 



 38 

  



 39   



 40   



 41   



 42   



 43   



 44   



 45   



 46   



 47 



 48 



 

49 

A CNTNAP1 missense variant is associated with canine laryngeal 
paralysis and polyneuropathy 
 

 

Journal: Genes 

Manuscript status: published 

Contributions: Formal analysis, Investigation, Methodology, Visualization, 

Writing – original draft, Writing – review & editing 

 



 50 

  



 51   



 52   



 53   



 54   



 55   



 56   



 57   



 58   



 59   



 60   



 61   



 62   



 63   



 64   



 

65 

Canine NAPEPLD-associated models of human myelin disorders 
 

 

Journal: Scientific Reports 

Manuscript status: published 

Contributions: Investigation, Formal analysis, Visualization, Writing – original 

draft, Writing – review & editing 

 



 66 

  



 67   



 68   



 69   



 70   



 71   



 72   



 73   



 74   



 75   



 76   



 77   



 78 

  



 

79 

A missense mutation in the vacuolar protein sorting 11 (VPS11) gene 
is associated with neuroaxonal dystrophy in Rottweiler dogs 
 

 

Journal: G3 Genes|Genomes|Genetics 

Manuscript status: published 

Contributions: Resources, Validation, Writing – review & editing 

 



 80 

  



 81   



 82   



 83   



 84   



 85   



 86   



 87   



 88   



 

89 

A missense variant in SCN8A in Alpine dachsbracke dogs affected 
by spinocerebellar ataxia 
 

 

Journal: Genes 

Manuscript status: published 

Contributions: Investigation, Formal analysis, Methodology, Visualization, 

Writing – original draft, Writing – review & editing 

 



 90 



 91   



 92   



 93   



 94   



 95   



 96   



 97   



 98 



 99   



 100   



 

101 

A missense variant in ALDH5A1 associated with canine succinic 
semialdehyde dehydrogenase deficiency (SSADHD) in the Saluki 
dog 
 

 

Journal: Genes 

Manuscript status: published 

Contributions: Investigation, Formal analysis, Visualization, 

Writing – review & editing 

 



 102 

  



 103  



 104   



 105   



 106   



 107   



 108   



 109   



 110   



 111   



 112   



 113   



 114   



 115   



 116   



 117   



 118   



 119 



 120   



 121   



 122   



 

123 

SLC19A3 loss-of-function variant in Yorkshire terriers with Leigh-like 
subacute necrotizing encephalopathy 
 

 

Journal: Genes 

Manuscript status: published 

Contributions: Formal analysis, Visualization, Writing – original draft, 

Writing – review & editing 

 



 124 

  



 125   



 126   



 127   



 128   



 129   



 130   



 131   



 132  



 

133 

Discussion and perspectives 
In this thesis, I investigated the molecular basis of seven different rare forms of canine 

neurological diseases as well as the population diversity and disease prevalence of one 

particular breed, the Leonberger. I was able to use different methods of genetic analysis and 

in all of these studies, compelling candidate genetic variants were successfully identified. The 

studied disorders represent a wide phenotypic spectrum of nervous system abnormalities and 

fall into different groups of neurogenetic diseases affecting various parts of the nervous system 

and diverse biological processes (Figure 5). 

The dramatic inbreeding situation in some dog populations often leads to breed-specific 

increased prevalence of inherited diseases. In the course of this thesis, I intensively studied 

the Leonberger breed as extensive genealogical, SNP array, as well as WGS data was 

available for more than 140,000, 1,200, and 39 dogs, respectively. In similar studies of within-

breed diversity performed for different breeds, comparably smaller SNP array datasets have 

been previously explored, e.g. 34 German shorthaired pointers [108], 48 Braque Français 

[109], 188 Bullmastiff dogs [110], or 255 Border collies [111]. Also WGS data of a limited 

number of dogs, e.g. 15 Standard poodles [112] or 6 Norwegian lundehund dogs [113], have 

been used before to characterize the ROH and explore fixed or enriched variants present in 

the breeds. My study of the Leonberger breed provided the first comprehensive 

characterization of the worldwide population and confirmed the assumed reduced genetic 

diversity after a historical bottleneck, as well as recent inbreeding despite the ever-growing 

Figure 5. Simplified representation of the investigated canine neurological diseases showing the 
different parts of the nervous system they primarily affect, including the genes harboring the identified 
variants associated with each disorder (in red). 
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number of dogs. Analysis of pedigree and medical records of thousands of purebred 

Leonbergers revealed a serious popular sire effect, high relatedness among the dogs, a slow 

continuous decrease of average life expectancy across time (from 9.4 years in 1989 to 7.7 

years in 2004), and a high prevalence of various forms of cancer, orthopedic, and neurological 

disorders. Using SNP array data I found no obvious subpopulations in the dataset collected 

worldwide from 28 countries, and investigated the ROH to estimate the average genomic 

inbreeding coefficient (FROH) of 0.28. This was expected in an inbred modern dog breed and 

falls within the range reported in breeds, such as Rottweiler (FROH=0.29), German shepherd 

(FROH=0.31), or Bernese mountain dog (FROH=0.30) [114]. However, many breeds show 

comparably lower values, such as Czechoslovakian wolfdog (FROH=0.17) [115], Braque 

Français (FROH=0.18), Poodle (FROH=0.18), Border collie (FROH=0.15), or Jack Russell terrier 

(FROH=0.08) [114]. On the other hand, the Norwegian lundehund breed that is highly inbred 

and known to be at risk for a breed-specific multifactorial life-threatening syndrome has an 

inbreeding coefficient as high as 0.87 [116]. Furthermore, the WGS data provided evidence for 

breed-specific non-coding variants as well as private (unique to Leonbergers) and enriched 

(rarely seen in other breeds) potentially pathogenic variants in 38 Leonbergers affected by 

neurological disease. In addition, only two haplotypes were detected in their mitochondrial 

genomes. The overall high relatedness underlines the elevated risk for the occurrence of 

recessive Mendelian diseases. On the other hand, fixation or enrichment of many 

uncharacterized alleles in various genes due to the excessive usage of a few popular sires 

might explain the overall general predisposition towards more complex neurological disorders 

[117]. Besides the technical limitations of using only short-read sequencing methods, late-

onset forms of disorders, and possible complex underlying genetics complicate the discovery 

of disease-associated variants and illustrate the limitation of current genomic approaches. In 

the light of the low diversity and always new emerging diseases in the Leonberger breed, 

outcrossing might be a prospective solution to increase heterozygosity and improve the overall 

health and well-being of the dogs in the long term. It has to be, however, performed 

continuously and ideally complemented with changes in population structure and breeding 

organization to have a lasting effect [118]. 

Studies of inherited neuropathies are challenging due to their complexity and heterogeneity of 

clinicopathological signs, as well as other features such as varying age of onset. I described 

two novel forms of canine polyneuropathy and/or laryngeal paralysis (LPPN) during this thesis. 

The affected dogs showed diverse phenotypes of clinical signs and severity. As known from 

human medicine, the nomenclature of CMT forms is complicated and has been regularly 

revised due to the continuous identification of new genetic causes [21]. In dogs, the situation 

is comparably complicated and a classification based solely on clinicopathological 

observations is usually not precise enough [26,31]. The success of finding the causal variant 



 

135 

by genomic analysis is dependent on the available sample size, especially in the presence of 

significant disease heterogeneity. In two studies of canine forms of polyneuropathy, different 

strategies of GWAS combined with WGS were applied. First, we assumed a breed-specific 

variant for an adult-onset form of polyneuropathy observed in Leonbergers. Using SNP array 

genotypes of more than 200 cases and controls we fine-mapped the associated ~7.7 Mb-sized 

genomic region in which private case-specific variants were then filtered in WGS data. This 

approach revealed a private homozygous 2 bp deletion leading to a frameshift in the GJA9 

gene encoding a connexin protein involved in the formation of gap junctions. This likely 

pathogenic small indel was present in about a quarter of the studied cases illustrating the 

challenge of genetic heterogeneity. Following segregation analysis by genotyping thousands 

of Leonbergers suggested a dominant mode of inheritance with incomplete penetrance as 

some heterozygous dogs did not show any clinical signs at the age of 8 years. Other gap 

junction proteins have been associated with diverse nervous system disorders in humans, 

including a form of CMT [119,120]. Thus, our study adds GJA9 for the first time to the list of 

candidate genes for human neuropathy patients with unsolved etiology. 

In the subsequently performed study aiming to detect the causes of further forms of LPPN, I 

found an autosomal recessive missense variant in the CNTNAP1 gene in two closely related 

dog breeds, the Leonberger and Saint Bernard, showing early signs of laryngeal paralysis as 

the main disease sign. Using strict inclusion criteria for the cases and controls, across-breed 

GWAS with imputed SNP array data of more than 500 dogs was successful in mapping the 

disease-associated genomic region to about 1 Mb. Exploring this region in the WGS data of 5 

cases from both breeds for shared variants identified a single protein-changing missense 

variant in the CNTNAP1 gene. CNTNAP1 encodes a contactin-associated protein important 

for the organization of myelinated axons and variants in this gene have been previously 

implicated in human childhood-onset CMT, and hypomyelinating neuropathy, including vocal 

cord palsy and severe respiratory distress [121,122]. The canine LPPN form seems therefore 

clinically equivalent to the human disease. Only 4% of the analyzed affected Leonbergers and 

42% of Saint Bernards were homozygous mutant for this variant illustrating once more the 

challenge of large genetic heterogeneity of different forms of canine LPPN. Interestingly, when 

searching the Dog biomedical variant database [20] of >700 publicly available dogs of 131 

different breeds and wolves, I found the CNTNAP1 variant in several other unrelated dog 

breeds, indicating it likely predates modern breed establishment. Using targeted genotyping 

by Sanger sequencing of almost 5,000 animals, the variant occurred in 25 different dog breeds 

with mostly unknown precise health history. However, we were able to evaluate available 

LPPN phenotypes in one breed, the Labrador retriever, where homozygosity for the described 

variant explained a portion of cases with a younger age of onset. Whether this variant is 

disease-causing also in smaller dog breeds segregating for this variant needs to be evaluated 
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in the future when detailed disease phenotypes are available. Furthermore, the breed 

differences might be due to different genetic background and/or differences in size and 

correspondingly shorter laryngeal nerves. Such relationship was previously suggested by 

correlation between height and laryngeal neuropathy in horses [123]. 

Leukoencephalomyelopathy (LEMP) in Leonberger and Rottweiler dogs is classified as a 

myelin disorder. I used similar methodological approaches in this study of a limited number of 

affected dogs from the two breeds as in the previously described polyneuropathies. Within-

breed GWAS was performed and subsequent WGS and targeted genotyping by Sanger 

sequencing revealed a private deleterious variant in the same gene in each breed. Both 

variants, a missense and a frameshift, occurred in the NAPEPLD gene encoding an enzyme 

of the endocannabinoid system showing evidence for obvious allelic heterogeneity of this 

disorder in dogs. Similar heterogeneity was previously found e.g. in RAB3GAP1-related 

polyneuropathy that is associated with a large insertion in Alaskan husky [124], and a 

frameshift variant in Black Russian terrier and Rottweiler [125] (OMIA 001970-9615). The first 

description of NAPEPLD-associated inherited defects in the endocannabinoid system might 

be important for future investigation of myelin disorders, as the neuromodulatory system has 

important functions in central nervous system development, synaptic plasticity, and the 

response to endogenous and environmental insults [126]. Interestingly, when screening other 

related breeds for the NAPEPLD frameshift variant, I found it was present heterozygously in 

several unaffected Great Danes indicating an older origin of this mutation compared to the 

missense variant found in Leonbergers. However, until now no homozygous mutant dog was 

seen in this third breed. The identification of different independently occurring variants in the 

same gene and diverse dog breeds affected by one disease with heterogeneous pathological 

features implicates the NAPEPLD enzyme as important in myelin homeostasis. Therefore, this 

study provides NAPEPLD as a new functional candidate gene for LEMP, a canine model for 

the corresponding human myelin disorders, to establish molecular diagnosis and potential pre-

clinical trials in dogs, and highlights dog as a model to study the functions and molecular 

pathology of the NAPEPLD gene. 

Another herein described disease is the neuroaxonal dystrophy seen in young Rottweilers, 

which has clinicopathological features in common with the human neuroaxonal dystrophy. 

DNA samples from seven affected and almost 300 normal Rottweilers were available. 

Interestingly, three of the cases examined during the study were not closely related, while the 

other four were halfsiblings born around 1980 [127]. This suggested a relatively older mutation 

event and silent transmission of the recessive disease-causing allele through many 

generations. Therefore, homozygosity mapping was performed to narrow down the associated 

genomic region detected by GWAS. By WGS of two cases and comparison of their data with 

~100 controls of 25 different breeds, only a single case-specific homozygous protein-changing 
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variant in the VPS11 gene was found. Further targeted genotyping of more than 400 dogs from 

20 breeds confirmed the suspected breed-specificity of the VPS11 missense variant and an 

estimated allele frequency of ~2% in the Rottweiler population. VPS11 encodes a protein with 

a known function in vesicle transport to vacuoles and an essential role in the endosomal-

autophagy-lysosomal pathways [128]. In humans, VPS11 mutations are associated with an 

infantile-onset neurological syndrome characterized as hypomyelinating leukodystrophy and 

lysosomal storage disease [129]. The human and canine phenotypes have distinct differences, 

clearly pointing out the spectrum of phenotypic heterogeneity caused by variants within the 

same gene disrupting an important biological system. Therefore, VPS11 represents a potential 

candidate for unexplained forms of human neuroaxonal dystrophy patients. 

Spinocerebellar ataxia in Alpine dachsbracke dogs is an example of a simple monogenic 

recessive disease. Four puppies from two litters showed signs of cerebellar dysfunction, while 

all parents of the affected dogs were phenotypically normal. By pedigree analysis of the two 

ataxia-affected litters, I revealed an obvious recent inbreeding loop. Although only a very 

limited number of cases and their relatives was available, the outcome of the genetic analyses 

was unambiguous. Assuming the recessive mode of inheritance, homozygosity and linkage 

analyses were performed to map the ~5.5 Mb-sized disease-associated locus, followed by 

WGS filtering for homozygous SNVs unique to the sequenced case. This led to the 

identification of a single non-synonymous variant in the SCN8A gene, which segregated 

perfectly with the phenotype in the pedigree; after further targeted genotyping of ~200 

unrelated Alpine dachsbracke dogs, the variant occurred homozygously only in the original 

four studied cases. SCN8A encodes a voltage-gated sodium channel [130] and variants in this 

gene were previously reported in human patients exhibiting ataxia, cerebellar atrophy, 

cognitive disability, as well as early-onset epileptic encephalopathies [131,132]. The developed 

DNA test enables informed breeding decisions and provides an important tool in the precise 

diagnosis of canine ataxia as it is a relatively non-specific condition. 

Finally, I investigated two canine neurometabolic disorders, namely succinic semialdehyde 

dehydrogenase deficiency (SSADHD) in Saluki dogs and subacute necrotizing 

encephalopathy in Yorkshire terriers. Even though both diseases fall into the same category 

of inborn errors of metabolism, they represent very different clinicopathological phenotypes, 

also reflected in the diverse underlying genetics. Consequently, different samples were 

available, and various methods for genomic analysis were used. In the SSADHD-affected 

Saluki dogs, independent studies were initially conducted in Europe and the USA in different 

Saluki litters showing the identical rare disease phenotype. Through international collaboration 

the available data was then combined, strengthening the power of detection of the disease-

associated variant. All seven cases had striking similarities to SSADHD in humans, although 

the canine phenotype was more severe. By in-depth pedigree analysis, I showed the presence 
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of a common male ancestor connecting the American and European dog families and 

suspected an autosomal recessive mode of inheritance. GWAS with only a limited number of 

dogs and subsequent filtering of WGS data of cases from geographically different locations 

revealed a breed-specific missense variant in the ALDH5A1 gene. This gene encodes a 

mitochondrial enzyme SSADH involved in the catabolism of major inhibitory neurotransmitter 

in the CNS [133]. Disruption of this metabolic pathway leads to an accumulation of potentially 

toxic metabolites in brain, and was previously described in human neurological disease with 

wide phenotypic heterogeneity [134]. Elevated levels of such metabolites were also detected 

in the Saluki cases and can be used as biomarkers in urine or serum for canine SSADHD. As 

there is no effective treatment, the dog provides a potential model for evaluation of therapeutic 

approaches that have so far not been tested in SSADHD, such as pharmacological treatment 

by targeting neurotransmitter receptors, enzyme-replacement therapy, or gene therapy. This 

large-animal model could be especially important because of early lethality in the existing 

Aldh5a−/− knockout mouse model, which makes any treatment trials problematic [135]. 

The second metabolic disorder occurred in ten mostly unrelated Yorkshire terriers that were 

diagnosed with subacute necrotizing encephalopathy (SNE) according to the previous 

neuropathological description of the condition, which closely resembled a form of SNE in a 

different dog breed [136] as well as Leigh syndrome (LS) in humans [137]. Human LS is an 

early-onset, often fatal progressive mitochondrial respiratory chain disease affecting the CNS 

with considerable genetic heterogeneity. Apart from the mutations of respiratory chain protein 

complexes, a biochemical defect in thiamine metabolism was also suggested in LS. 

Pathogenic variants in over 60 different genes of the mitochondrial or nuclear genome still do 

not explain all described human cases [138]. In the previous study of SNE in Yorkshire terriers, 

Baiker et al. used targeted sequencing and Southern blot analysis to exclude mitochondrial 

tRNA mutations and large genetic rearrangements as the possible underlying cause [137]. In 

our study, I used homozygosity analysis combined with WGS comparison of the SNE-affected 

dog with 60 unrelated Yorkshire terriers and more than 600 other breed controls to identify a 

small structural variant in SLC19A3 gene. Sanger sequencing of the variant confirmed its 

homozygous presence in all SNE-affected dogs and revealed the detailed features of this indel 

that affects ~45 nucleotides and disturbs the reading frame. Notably, the initial automatic 

variant calling reported a simple 8 bp deletion highlighting the need for experimental validation 

of the WGS output in the lab. The SLC19A3 gene encodes a thiamine transporter 2 important 

in brain development. Its disruption by homozygous or compound heterozygous variants was 

previously seen in human thiamine metabolism dysfunction syndrome, also known as 

thiamine-responsive encephalopathy [139,140]. A different small indel in the same gene was 

also reported in Alaskan huskies with SNE [141]. The identification of a second, independent 

variant in Yorkshire terriers, therefore, adds evidence to the causal relationship between 
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SLC19A3 and this form of neurometabolic disorder. The availability of naturally occurring dogs 

with a Leigh-like disease may provide a feasible approach for an investigation of mitochondrial 

disease mechanisms, and serve as a model for further comparative and translational research. 

In summary, the eight developed DNA tests (Table 6) provide breeders a tool to improve 

animal health and welfare. Although directly eliminating all carriers from the breeds would 

quickly decrease the mutant allele frequency, it might have negative consequences on genetic 

diversity of the closed populations. Therefore, genetic testing of breeding dogs to avoid carrier 

matings and slowly decreasing the allele frequency is usually recommended [117]. This 

strategy has been successfully adopted in recent years as shown by the decline in the number 

of affected dogs as well as the disease-associated variant frequencies within several breeds 

following the commercial availability of DNA tests [142]. Notably, the various sizes of the 

mapped critical regions together with the variant occurrence in other breeds support the 

different assumptions about the age of mutation events, as e.g. the CNTNAP1-associated 

region was almost eight times shorter compared to the GJA9 haplotype. Furthermore, recent 

inbreeding loops result in relatively larger associated regions as seen in the ataxia-affected 

Alpine dachsbracke dogs as opposed to a probably older and more widespread variants in the 

SNE-affected Yorkshire terriers or SSADHD-affected Saluki dogs (Table 6). 

Table 6. A list of likely causative variants in the seven investigated phenotypes showing the size of 
mapped associated genomic regions, the total number of genotyped dogs in each study, and the 
estimated variant allele frequencies in the respective cohorts of genotyped dogs. 

Breed MOI1 Critical 
region (Mb) 

Associated 
gene Variant2 Genotyped 

dogs 
Variant allele 
frequency (%) 

Polyneuropathy and/or laryngeal paralysis 
Leonberger AD 7.68 GJA9 FS 7,455 3.2 
Leonberger 
Saint Bernard 
Labrador retriever 

AR 0.98 CNTNAP1 MS 
2,738 

305 
1,524 

6.6 
13.9 
5.2 

Myelin disorder 
Leonberger 
Rottweiler 
Great Dane 

AR 
0.95 
0.05 
0.05 

NAPEPLD 
MS 
FS 
FS 

7,086 
233 
262 

8.5 
5.4 
4.6 

Neuroaxonal dystrophy 
Rottweiler AR 4.46 VPS11 MS 288 4.7 
Spinocerebellar ataxia 
Alpine dachsbracke AR 5.53 SCN8A MS 285 4.9 
Neurometabolic disorder 
Saluki AR 2.68 ALDH5A1 MS 72 21.5 
Yorkshire terrier AR 1.71 SLC19A3 FS 232 5.0 
1 MOI = mode of inheritance as follows: AR = autosomal recessive, AD = autosomal dominant. 
2 Type of variant as follows: MS = missense, FS = frameshift. Multiple entries correspond to different 
variant types found in respective breeds. 
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In theory, access to a single affected animal is sufficient to find the genetic cause of a simple 

recessive condition if a candidate gene is affected by a variant that is detectable by standard 

bioinformatics pipeline (i.e. SNV or small indel), and has a relatively easily predictable effect 

on the encoded protein. Many more related and unrelated case and control animals are needed 

for genetic analysis in situations of complex phenotypes with more complicated modes of 

inheritance, presence of phenocopies, and large structural, silent, or non-coding variants with 

difficult effect predictions. For example, a synonymous variant in an exon of the bovine MFN2 

gene has been perfectly associated with degenerative axonopathy in Tyrolean grey cattle 

[143]. The impact of such variant was unclear until further transcript analysis by Northern blot 

and RT-PCR was performed, which revealed partial intron retention leading to a premature 

stop codon [143]. Furthermore, the effect and impact prediction of non-coding variants has 

become one of the main challenges of the NGS era. To correctly interpret and finally prove the 

causality of an identified variant, several conditions should be met [144,145]. With appropriate 

sample sizes and properly described phenotypes, sufficient proof of causality is usually 

achieved with genomic data for highly penetrant variants following Mendelian inheritance. In 

complex traits, robust evidence of pathogenicity is more challenging and often requires 

additional functional validation studies with sophisticated tools such as expression studies in 

different model systems, or CRISPR/Cas9 gene editing [146]. For example, successful 

preservation of myelin was previously shown in a mouse model of the PMP22-associated form 

of CMT after targeted editing by CRISPR/Cas9, and the approach partially rescued the axonal 

demyelination even after the onset of disease [147].  

Due to the small number of human patients with rare neurogenetic diseases, and the large lists 

of variants identified from WGS, it might be difficult to pinpoint the pathogenic variant. Thus, 

the availability of clinically relevant, reproducible, and representative animal models is crucial 

[148]. Naturally occurring inherited disorders in companion animals, such as dogs and cats, 

are often orthologous to those found in humans and, in comparison with mouse models, 

provide a more relevant large-animal system enabling the development of e.g. accurate 

biodistribution studies due to increased brain and body size, or long-term efficacy and safety 

studies due to longer lifespan [148]. Several dog models of inherited musculoskeletal and 

neurodegenerative disorders, such as various myelin disorders or neurometabolic diseases, 

have been already described and proven invaluable for developing therapies for humans as 

well as for dogs in the frame of precision medicine [44]. The usefulness of naturally occurring 

canine models is evident from many examples, such as enzyme replacement therapy and 

adeno-associated viral gene therapy tested in the Dachshund model of CLN2-related NCL 

[149,150]. Both treatment studies showed a delay in the onset of neurological deficits and an 

increased lifespan in the dogs, and led to the initiation of human clinical trials [149,150]. 

Globoid cell leukodystrophy (GLD) is an example of myelin disorder affecting both the CNS 
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and PNS that often results in early death. As the current and only available treatment is 

hematopoietic stem cell transplantation in pre-symptomatic patients, the evaluation of different 

approaches in canine pre-clinical trials is important [44]. Bradbury et al. showed that adeno-

associated viral gene therapy in the naturally occurring canine model of GALC-associated GLD 

improved myelination in both the CNS and PNS, delayed the onset of clinical signs, and 

doubled the lifespan of GLD-affected dogs. These results may offer dramatic improvements 

for treatment of human patients [151]. The herein described spontaneous canine models of 

neurometabolic disorders related to SLC19A3 and ALDH5A1 defects may serve similarly in 

the future. 

Furthermore, the assignment of novel functions to disease-associated genes in dog studies 

leads to new functional candidates for similar human conditions. Previously, for example, 

SERPINH1-related osteogenesis imperfecta in Dachshunds [66] or ASPRV1-related skin 

disorder in German shepherds [152] have been characterized before the first variants in these 

genes were discovered in human patients with unexplained forms of the corresponding 

disorders [153,154], and thus provided additional evidence to the causal relationship. The 

herein described association of GJA9 with neuropathy or NAPEPLD with myelin disorders 

provides a basis for such discoveries in human patients. 

In conclusion, this thesis shows the great potential of WGS-based precision diagnosis in 

veterinary medicine using large datasets produced with affordable NGS techniques and thus 

confirms numerous similar reports in companion animals [91,155–157]. The typical structure 

of dog populations allows for efficient use of high-density SNP array data in various genetic 

mapping methods. With a combination of these approaches, I described the genetic etiology 

of seven canine forms of rare inherited neurological diseases. My results provide an immediate 

translation into breeding practice as genetic tests are adopted by breeders of the respective 

dog populations to avoid producing affected dogs and eradicate the described conditions. 

Beyond aspects of dog breeding and veterinary medicine, the disease association of 

pathogenic variants in genes that are not yet known to be involved in corresponding human 

genetic disorders provides valuable insights into the molecular mechanisms and biological 

functions, and contributes novel candidate genes for human patients with unsolved genetic 

etiology. Further research into different forms of canine neurological diseases, with an in-depth 

description of the pathology, may help the development of therapeutic interventions benefiting 

both human and canine patients.  
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