Degenerative myelopathy in Hovawart dogs: molecular characterization, pathological features, and accumulation of mutant superoxide dismutase 1 protein (p.E40K)
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Abstract
Degenerative myelopathy is an adult-onset, progressive disease that finds Pembroke Welsh Corgi as a naturally occurring canine model of human amyotrophic lateral sclerosis. Either homozygosity or compound heterozygosity for the canine superoxide dismutase-1 (SOD1) gene mutations, possibly modulated by the modifier SP110 locus, are associated with a major risk. The pathophysiological mechanisms remain largely unknown; the role of mutant SOD1 causing neuronal degeneration is supposed. The monoclonal antibody 16G9 directed against the mutant SOD1 protein (p.E40K) localizes this mutant protein in heterozygous dogs.
Three Hovawarts, ranging from 9 to 12 years of age, showed slowly progressive incoordination and weakness of the pelvic limbs leading to non-ambulatory flaccid paraparesis and muscle atrophy. Neuropathological features were axonal degeneration and loss of ascending and descending spinal pathways, most severe in the mid- to caudal thoracic segments. Immunoreactivity to 16G9 antibody indicated the accumulation of mutant SOD1 protein in neurones and reactive astrocytes. All three dogs were homozygous for the presence of the c.118A allele, but no dogs of this study had the SP110 “risk” haplotype suggesting a weak association of SP110 with the onset of degenerative myelopathy in this breed.
Our data suggest that the Hovawart breed is predisposed to the SOD1:c.118G>A mutation associated with the development of DM. The prevention of DM among Hovawart could be achieved with the help of strategies based on epidemiological and genetic testing highlighted by the findings in this study.
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Introduction
Canine degenerative myelopathy (DM) is a neurodegenerative disease described in an increasing number of breeds (Pfhaler et al., 2014; Kohyama et al., 2017). DM is characterized by progressive gait abnormalities of the pelvic limbs, consisting, in the early phase, in asymmetric upper motor neurone paraparesis, general proprioceptive ataxia, lack of panniculus response and progressing over time to non-ambulatory lower motor neurone paraparesis and paraplegia (Coates and Wininger, 2010). Spontaneous missense pathogenic variants of the superoxide dismutase 1 (SOD1) gene, namely c.118G>A and c.52A>T, leading to amino acid substitutions (p.E40K and p.T18S, respectively) have been identified in dogs with DM, resembling amyotrophic lateral sclerosis (ALS) in humans (Awano et al., 2009; Wininger et al., 2011). While c.118G>A is widespread in many breeds, the c.52A>T mutation has been only reported in Bernese mountain dogs (BMDs) (Zeng et al., 2014; Donner et al., 2018). Homozygosity or compound heterozygosity limited to BMDs for these pathogenic variants are known to be associated with a major risk of developing DM (Pfhaler et al., 2014). However, great variability in phenotypic DM penetrance is observed among SOD1 homozygous mutated dogs. At least in part, such variability depends on modifier loci. In fact, in addition to the pathogenic alleles c.118A and c.52T alleles, other variants in the SP110 nuclear body protein (SP110) modifier locus was found in Cardigan Welsh Corgis and supposed in other breeds. Variants in SP110 modulate the penetrance being associated with an increased probability of occurrence, as well as shortening of the age of onset of DM (Ivansson et al., 2016). The SP110 variants occur combined in few haplotypes. One of these haplotypes has been found to increase the risk induced by SOD1 variants and, therefore, is referred as “risk haplotype” (Ivansson et al., 2016).
Histologically, DM is characterized by axonal and myelin degeneration and loss, and astrogliosis in the spinal cord funiculi, which is usually more severe in the dorsal portion of the lateral funiculus in middle to caudal thoracic segments (Vandevelde et al., 2012). The demonstration of histological lesions is mandatory for diagnosis, since, in a report, the presumptive diagnosis of DM was disproven in 21% of cases by postmortem evaluation (Zeng et al., 2014).
DM is better characterized in Pembroke Welsh Corgi (PWC), in which the clinical disease and SOD1 variant have been reported, the histopathological findings have been described and the intraneuronal presence of a mutated form of SOD1 (p.E40K) has been demonstrated (Kobatake et al., 2017). Conversely, data regarding DM in Hovawart dogs is fragmentary and mostly limited to clinical presentation and demonstration of SOD1 pathogenic variant, whereas description of lesions is lacking (Zeng et al., 2014).
[bookmark: _Hlk51840464]The aim of this study was to describe the pathological findings and investigate on the accumulation of mutated SOD1 in three Hovawart dogs with presumptive diagnosis of DM based on clinical signs, follow-up, and genetic test.

Case Histories
A 10-year-old spayed female (dog No. 1), her 9-year-old male offspring (dog No. 2) and a 12-year-old spayed female (dog No. 3) unrelated to the other two dogs, were referred for the evaluation of a chronic-progressive gait abnormality of the pelvic limbs.
Dog No. 1 had a 3-month history of insidious-onset and slowly progressive incoordination of the pelvic limbs. At neurological examination (supplementary videoclip 1), the dog showed signs consistent with a thoracolumbar spinal cord lesion including marked general proprioceptive ataxia, mild upper motor neurone paresis and delayed postural reactions in the pelvic limbs. The dog had no signs of spinal hyperesthesia. The clinical findings were consistent with a T3-L3 spinal cord lesion. Magnetic resonance imaging of the thoracolumbar region excluded the presence of spinal cord parenchymal lesions and extradural compression. According to the clinical data, clinical diagnosis of an early stage of DM was formulated. After the first examination, neurological signs slowly progressed, leading 8 months later to flaccid paraplegia (supplementary videoclip 2). At that time, the spinal reflexes were absent in the pelvic limbs and mildly reduced in the thoracic limbs. Muscles of the pelvic limbs were severely atrophic.
Dog No. 2 was presented with a 7-month history of slowly progressive incoordination and weakness of the pelvic limbs. At neurological examination, the dog showed severe general proprioceptive ataxia and almost non-ambulatory hind limb paresis (supplementary videoclip 3). Postural reactions in the pelvic limbs were absent. The remaining part of the clinical examination was unremarkable. The neuroanatomical localization was consistent with a T3-L3 spinal cord lesion.
Dog No. 3 had an 8-month history of slowly progressive incoordination and weakness of the pelvic limbs. At neurological examination, the dog showed non-ambulatory flaccid paraparesis and a moderate loss of muscle mass in the pelvic limbs. Postural reactions in the pelvic limbs were absent and the patellar reflex was bilaterally absent. Mental status, behaviour and cranial nerves examination were normal. The neuroanatomical localization was consistent with a spinal cord lesion affecting the cranial segment of the lumbosacral intumescence. In dogs No. 1 and 3, the neurological findings were consistent with a late stage DM, while in dog No. 2 the neurological findings were mostly indicative of an early stage DM. All dogs were euthanized for humane reasons upon owners’ request.

Material and Methods
Genetics
All genetic analyses were carried out using the genomic DNA (gDNA) purified from anticoagulated blood harvested in dipotassium ethylenediaminetetraacetic acid containing tubes using a commercial KIT (DNA Tissue Kit, Macherey Nagel) according with the manufacturer’s instructions.
[bookmark: _Hlk51840505][bookmark: _Hlk37778854]To assess the SOD1: c.118G>A variant, a genetic test was performed in all Hovawart dogs, a 14-year-old male PWC affected by DM (positive control) and a 9-year-old neurologically normal crossbred dog (negative control) by using a TaqMan MGB genotyping assay as previously reported (Turba et al., 2017). Furthermore, the SP110 modifier locus was investigated to assess the haplotype by using direct Sanger sequencing of the amplicons obtained by polymerase chain reaction (PCR). Briefly, the multiple single nucleotide variations of the haplotype were annotated in the CanFam3.1 genome plus strand (Table 1) and primers designed using primer3Plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi). Then, the loci were amplified by PCR using the Phusion Hot Start II DNA Polymerase (ThermoFisher Scientific). Forward and reverse primers are indicated in Table 2. The PCR were carried out in all cases, using a mixture containing 1x Phusion HF Buffer providing mM MgCl2, 200 nM each of forward and reverse primers, 2 µL of DNA template and molecular biology grade water to reach a final volume of 20 µL. The PCRs were carried out using a 3-step protocol: initial denaturation at 98 °C for 30 s followed by 40 cycles at 98 °C for 10 s and 66 °C for 10 s and 72 °C for 15 s in a StepOne thermal cycler (ThermoFisher, Monza, Italy). The PCR products were evaluated after electrophoresis on 1.5% agarose, purified using ExoSAP-IT® PCR Product Clean-Up kit, and direct sequenced using the Big-Dye terminator chemistry, additionally purified with Centri-Sep columns (Life Technologies, Monza, Italy) and electrophoresed on an ABI Prism 310 automated sequencer and an ABI.

Pathology
[bookmark: _Hlk51840329]A complete necropsy was carried out on dogs No. 1 and No. 3, whereas in dog No. 2 the post-mortem examination was limited to the spinal cord since the owners did not allow a complete necropsy. In order to compare the spinal cord changes, tissues were also obtained from the neurologically normal crossbred dog (negative control) and the PWC dog (positive control).
Brain and spinal cord were fixed in 10% buffered formalin solution and routinely processed for histology. Four-µm-thick transverse and longitudinal sections of cervical, thoracic, and lumbar spinal cord were stained with haematoxylin and eosin (H&E), Luxol Fast Blue (LFB)-H&E, and Bielchowsky silver stain method. Selected sections were stained immunohistochemically with antibody against glial fibrillary acidic protein (GFAP; 1:1000, Dako, Carpinteria, USA). The EnVision Plus System-HRP (3,3’-diaminobenzidine, Dako) was used to detect antibody binding. Negative controls were obtained by omitting the primary antibody. Immunohistochemistry with 16G9 (canine E40K-SOD1 specific monoclonal antibody) and rabbit polyclonal anti-SOD1 (SOD-100, Assay Designs Stressgen, Ann Arbor, MI, USA; dilution 1:800) antibodies, recognizing mutated SOD1 protein (p.E40K) and normal SOD1 respectively, was performed according to the methods previously described (Kobatake et al., 2017).

Results
Genetics
All Hovawart dogs and the PWC dog had the SOD1 c.118A allele in homozygosis, whereas the neurologically normal crossbred dog was homozygous for wild type SOD1 gene. No dogs of this study had the SP110 “risk” haplotype. In dogs No. 1 and No. 2, one copy of the GCTAA haplotype and one copy of the ACTAA haplotype were found, while dog No. 3 had two copies of the GCTAA haplotype (Table 1).

Pathology
Gross findings in dog No. 1 were severe bilateral muscular atrophy of the pelvic limbs, mostly evident at the level of the muscles of the regio glutea and regio femoris. A non-compressive atrophy of the thoracic spinal cord characterized by thinning of the cord and enlargement of the subdural space was observed in dog No. 3. In all Hovawart dogs, multifocal osseous metaplasia of the spinal meninges was found.
Lesions in the spinal cord of Hovawart and PWC dogs were similar in all cases and were more severe in the thoracic and lumbar spinal cord segments and were randomly distributed in all funiculi with prevalence in the dorsolateral and ventral funiculi. Lesions were bilateral asymmetrical and characterized by axonal loss and secondary myelin degeneration (Fig. 1), and different degrees of axonal swelling and fragmentation, accompanied by ballooning of the myelin sheath and phagocytosis of axonal and myelin debris (Fig. 2). A mild to moderate astrogliosis (Fig. 3) was associated with axonal and myelin changes. Concurrent chromatolysis of large motor neurones of the ventral horns in association with moderate astrogliosis was observed. In all dogs, the histopathological findings were consistent with the clinical diagnosis of DM. Additional histopathological changes in the other segments of the spinal cord, dorsal root ganglia, and other CNS regions, particularly the brain stem and cerebellum, included accumulation of lipofuscin, widely distributed in the neuronal cytoplasm and mild to moderate astrogliosis. The dural multifocal osseous metaplasia found histological confirmation and was interpreted as an age-related change (Cantile and Youssef, 2016).
All three Hovawarts showed strong immunoreactivity with the 16G9 antibody: neurones and astrocytes (Fig. 4) were immunolabeled similarly to the DM affected PWC (Fig. 4 inset), whereas in the unaffected crossbred dog the spinal neurones were negative. In this latter case, no morphological changes were detected in all spinal cord segments.

Discussion
The Hovawart dogs of this study showed morphological patterns of axonal degeneration and secondary demyelination as reported in DM of PWC and other breeds (Vandevelde et al., 2012). To the authors’ knowledge, this study is the first description of lesions in DM affected Hovawarts demonstrating the overlapping histopathological features with the disease described in PWC. Hovawarts were cited for the first time as being suspected to be affected by DM in a paper that focused on physiotherapy (Kathmann et al., 2006). However, data about this breed and DM are scarce, although it is listed among the canine breeds affected by DM in a veterinary neuropathology textbook (Vandevelde et al., 2012).
Lesions were similar in all affected dogs and were characterized by axonal degeneration, demyelination and astroglial proliferation, more severe in the thoracic and lumbar spinal cord segments. Astrocyte activation was described in dogs with DM and in human patients with ALS (Golubczyk et al., 2019), and it was reported that co-culture of astrocytes from ALS patients is toxic and leads to the death of motor neurones (Haidet-Phillips et al., 2011). In dogs affected with DM, reactive astrocytes and spinal neurones were shown to accumulate 16G9-reactive SOD1 (Kobatake et al., 2017), and the same pattern was observed in our study. These results suggest that mutant SOD1 protein accumulated in reactive astrocytes may contribute to neuronal degeneration, as proposed for ALS (Sangwan and Eisenberg, 2016). The accumulated lipofuscin pigment suggests the possibility that may have played an active role, since in neurodegenerative disorders lipofuscin aggregates appear to increase with pathological processes such as neuronal loss, proliferation and activation of glial cells, and a repertoire of cellular alterations, including oxidative stress, proteasome, lysosomal and mitochondrial dysfunctions (Moreno-Garcia et al., 2018). However, no evidence of the actual role of lipofuscin pigment is reported so far in canine DM and hence this finding could be regarded as normal in aged animals.
[bookmark: _Hlk52004990]Mutated SOD1 was expressed in neurones of affected Hovawarts, compared to the neurologically normal crossbred dog, paralleling the data reported in PWC (Kobatake et al., 2017). Genetic data on Hovawarts are lacking and the breed has been included in only two studies. In one survey, testing genotypes at SOD1:c118 and A allele frequencies in 64 dogs included a single Hovawart affected by histologically confirmed DM (Zeng et al., 2014). In another study, a genomic insertion in intron 2 of SOD1 caused allelic drop-out during routine diagnostic testing for canine DM in three Hovawarts (Turba et al., 2017). The “risk” haplotype associated with an increased probability and earlier onset of DM in PWC and possibly in other breeds was not found in the Hovawarts of our study. Nevertheless, besides carrying the SOD1 c.118A pathogenic variant in homozygosity, they developed the disease, in one case even earlier than generally reported, suggesting a weak association of SP110 with the onset of DM in this breed.
In conclusion, our results suggest that the Hovawart breed may be predisposed to DM associated with c.118G>A, and the prevention of DM in this canine breed should be addressed through epidemiological and genetic testing strategies.
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Figure legends

[bookmark: _Hlk37698036]Figure 1. Hovawart No. 2, thoracic spinal cord. Bilateral axonal loss and myelin vacuolation of dorsolateral and ventral funiculi. (Luxol Fast Blue and Haematoxylin-eosin, x25; bar = 1.6 mm).
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[bookmark: _Hlk37698057]Figure 2. Hovawart No. 2, thoracic spinal cord, longitudinal section of ventrolateral funiculus. Axonal fragmentation and phagocytosis of axonal and myelin debris (arrows). (Bielchowsky silver stain, x500; bar = 80 µm).
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[bookmark: _Hlk37698077]Figure 3. Hovawart No. 1, thoracic spinal cord. Multifocal axonal degeneration (arrows) and moderate astrogliosis (arrowheads). (Immunohistochemistry for GFAP, x400; bar = 100 µm).
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[bookmark: _Hlk37698094]Figure 4. Hovawart No. 1, thoracic spinal cord. Neurones and astrocytes are strongly immunoreactive (brown) with 16G9 antibody. Inset: Pembroke Welsh Corgi, thoracic spinal cord. The cytoplasm of neurones and astrocytes is immunoreactive with 16G9 antibody. (Immunohistochemistry for 16G9 antibody, x200; bar = 200 µm).
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Fig. 3. Dog, degenerative myelopathy, thoracic spinal cord, Hovawart no. 1. Multifocal axonal
degeneration (arrows) and moderate astrogliosis (arrowheads). IHC for GEAP. Bar, 100 ym.
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Fig. 4. Dog, degenerative myelopathy, thoracic spinal cord, Hovawart no. 1. Neurons and
astrocytes strongly immunoreactive with 16G9 antibody. Bar, 200 mm. Inset: Pembroke Welsh
Corgi, degenerative myelopathy, thoracic spinal cord. Cytoplasm of neurons and astrocytes

i mmunoreactive to 16G9 antibodv. THC.
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Fig. 1. Dog, degenerative myelopathy, thoracic spinal cord, Hov-
awart no. 2. Bilateral axonal loss and myelin vacuolation of
dorsolateral and ventral funiculi. LFB—HE. Bar, 1.6 mm.
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Dog, degenerative myelopathy, thoracic spinal cord, Hov-
awart no. 2. Axonal fragmentation and phagocytosis of
axonal and myelin debris (arrows) in longi
of ventrolateral funiculus. Bielschowsky silver stain. Bar,
80 pm.
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