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Abstract

Congenital hypomyelinating polyneuropathy (HPN) restricted to the peripheral nervous system 

was reported in 1989 in two Golden Retriever (GR) littermates. Recently, four additional cases 

of congenital HPN in young, unrelated GRs were diagnosed via neurological examination, 

electrodiagnostic evaluation, and peripheral nerve pathology. Whole-genome sequencing was 

performed on all four GRs, and variants from each dog were compared to variants found across 

>1,000 other dogs, all presumably unaffected with HPN. Likely causative variants were identified 

for each HPN-affected GR. Two cases shared a homozygous splice donor site variant in MTMR2, 

with a stop codon introduced within six codons following the inclusion of the intron. One case 

had a heterozygous MPZ isoleucine to threonine substitution. The last case had a homozygous 

SH3TC2 nonsense variant predicted to truncate approximately one-half of the protein. Haplotype 

analysis using 524 GR established the novelty of the identified variants. Each variant occurs within 

genes that are associated with the human Charcot-Marie-Tooth (CMT) group of heterogeneous 

diseases, affecting the peripheral nervous system. Testing a large GR population (n = >200) did 

not identify any dogs with these variants. Although these variants are rare within the general GR 

population, breeders should be cautious to avoid propagating these alleles.

Keywords

animal model; dysmyelination; genetic; genocopies; electrodiagnostic testing; histopathology

1. Introduction

Abnormal myelination of the nervous system is observed in many clinical diseases. 

Both demyelination and hypomyelination can occur; the former is characterized by the 

degeneration of existing myelin, whereas the latter is characterized by the underproduction 

of myelin [1]. Surrounding the axons of neurons, myelin acts to insulate the axons 

and to increase the rate of electrical pulse transmission along the axon [2]. Myelin is 

produced by oligodendrocytes in the central nervous system (CNS) and by Schwann cells 

in the peripheral nervous system (PNS) [3,4]. Typically, hypomyelination affects either the 

CNS exclusively or the CNS in conjunction with the PNS; though rare, PNS exclusive 

hypomyelination has been reported in humans and murine models[5–7]. Here, we describe 

for the first time in a domestic animal the genetic underpinnings of four canine cases of 

congenital hypomyelinating polyneuropathy (HPN) exclusively affecting the PNS. This rare 

condition leads to weakness, slowed motor and sensory nerve conduction velocities (NCVs), 

and hypomyelination of PNS nerve fibers [8,9].

In humans, Charcot-Marie-Tooth (CMT) or hereditary motor and sensory polyneuropathy 

is the most prevalent category of inherited polyneuropathies [10]. The most common 

inheritance pattern is autosomal dominant (AD-CMT), however, X-linked and autosomal 

recessive (AR-CMT) subtypes also exist [11]. The prevalence of CMT varies in different 

populations, with AD-CMT more frequent in some countries (e.g., Western Europe, the 

United States, and Japan) and AR-CMT more frequent in other countries (e.g., the 

Mediterranean Basin) [12]. CMT patients, despite their genetic heterogeneity, present 

with a slowly progressive, indolent, length-dependent sensorimotor polyneuropathy. The 
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many types of CMT are distinguished by age of onset, mode of inheritance, and severity 

of symptoms; variants in more than 90 genes are reported to cause CMT [11,13,14]. 

MPZ variants are representative of AD-CMT and variants in MTMR2 and SH3TC2 are 

representative of AR-CMT [12,15].

Inherited CNS and PNS disorders have also been described in many breeds of dogs. CMT-

analogous or similar conditions have been reported in at least 22 breeds of dogs [16], 

with the genetic basis described in Miniature Schnauzers [17], Greyhounds [18], Alaskan 

Malamutes [19], and Saint Bernards and Leonbergers [20]. Hypomyelinating conditions, 

specifically, have been described in several dog breeds, including Samoyeds, Lurchers, 

Dalmatians, Welsh Springer Spaniels, Weimaraners, Chow-Chows, Bernese Mountain Dogs, 

Border Terriers, and German Shepherds [21–31]. In every report, the hypomyelination 

exclusively affected the CNS. In 1989, the first case of PNS-exclusive hypomyelination 

reported in any domestic animal was described in two 7-week-old Golden Retriever (GR) 

littermates [32,33]. Both dogs, one male and one female, presented with pelvic limb 

ataxia, weakness, mild muscle atrophy, and gait abnormalities. Motor nerve conduction 

velocities were markedly decreased, and peripheral nerve biopsies were consistent with a 

hypomyelinating polyneuropathy [32,33].

In the present study, four unrelated GRs presented with early onset neuromuscular 

weakness, markedly reduced nerve conduction velocities, and peripheral nerve pathology 

consistent with hypomyelinating polyneuropathy, broadly recapitulating those described 

more than thirty years ago by Braund et al. [32,33]. Genetic and genomic tools 

have advanced significantly in the intervening decades since the first description of 

hypomyelinating polyneuropathy in GRs. Here we used whole-genome sequencing 

(WGS) data of these four GR cases to determine the variant(s) underlying each dog’s 

hypomyelinating polyneuropathy. We hypothesized that the variant(s) were likely to be in 

genes previously known to be involved in hypomyelinating conditions in humans.

2. Methods

2.1 Animals

Four young Golden Retrievers were presented to the William R. Pritchard Veterinary 

Teaching Hospital, University of California Davis (Cases 1–3, in 2007, 2011, and 

2014, respectively) and to a private veterinary specialty hospital (Case 4, in 2016) for 

evaluation of neuromuscular weakness (Table 1). All dogs were evaluated by board certified 

veterinary neurologists. For each dog, complete physical and neurological examinations 

were performed, along with minimum database evaluations including CBC and biochemistry 

panel. Electrodiagnostic examinations performed included electromyography (EMG) and 

measurement of motor NCV studies in all dogs, sensory NCV and late wave studies in 

Cases 1–3, and repetitive nerve stimulation (RNS) in Cases 2 and 3. Peripheral nerve and 

muscle biopsies were collected from Cases 1–3 under the same anesthetic episode but on 

the opposite side from the electrodiagnostic studies. Skeletal muscle biopsies containing 

small distal intramuscular nerve branches were obtained from Case 4. Videos of the gait 

and neurological examination were also obtained for Case 4 (see Supplemental Video 1). 

Peroneal nerve biopsies were immersion fixed in 2.5% glutaraldehyde. Unfixed chilled 
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biopsies from the quadriceps and triceps muscles were also collected, flash frozen in 

isopentane precooled in liquid nitrogen, then stored at −80°C until further processed. 

IACUC approval was not required as these tissues were submitted for diagnostic purposes 

under the care of the attending veterinarian.

2.2 Electrodiagnostics

All cases underwent standard electrodiagnostic testing for suspected neuromuscular disease 

while under inhalation anesthesia [34]. Specific details for all electrodiagnostic procedures 

are in the Supplemental Methods. A thorough EMG survey was performed on numerous 

appendicular and axial muscles in addition to those of the head, pharynx, and larynx. 

Insertional activity was scored as normal, prolonged, or decreased. Spontaneous activity 

was scored as 0 (normal) to 4+ (severely abnormal) based on its distribution within a given 

muscle and how much of the baseline was obliterated [35].

Motor NCV studies were performed on the sciatic/peroneal nerve in all dogs, with motor 

and sensory NCV in the ulnar nerve on Cases 1–3. An additional sensory study was 

performed on the radial nerve in Cases 1–3. Compound muscle action potential (CMAP) 

and sensory nerve action potential (SNAP) amplitudes were recorded along with NCV 

values for all sites examined. All data were compared to reference values established at 

the Clinical Electrophysiology Laboratory, University of California Davis (DC Williams, 

personal communication).

To evaluate neuromuscular transmission, RNS was performed on the peroneal nerve in Cases 

2 and 3 using trains of 10 stimuli at various repetition rates. Amplitude and area were 

determined for each CMAP in the train with the initial one serving as the baseline to which 

each subsequent potential was compared. Late wave recordings to evaluate proximal motor 

and sensory segments were attempted in Cases 1–3 using the sciatic/peroneal and ulnar 

nerves.

2.3 Histopathology and Electron Microscopy

Frozen sections of muscle biopsies were cut (8 μm thick) and evaluated using a standard 

panel of histochemical stains and reactions [36], including hematoxylin & eosin, modified 

Gomori trichrome, periodic acid-Schiff, oil red O, myofibrillar adenosine triphosphatase 

(ATPase) reactions at pH 9.8 and 4.3, acid and alkaline phosphatase, the reduced form 

of nicotinamide-adenine dinucleotide-tetrazolium reductase, and succinic dehydrogenase. 

Peroneal nerves from Cases 1–3 were fixed in 2.5% glutaraldehyde then processed and 

embedded in araldite resin as previously described [37]. Thick sections (1 μm) were cut with 

glass knives and stained with toluidine blue-basic fuchsin or paraphenylenediamine prior to 

light microscopic examination. Thin sections (60–90 nm) were cut with a diamond knife and 

stained with uranyl acetate and lead citrate before electron microscopic examination.

2.4 Genome Wide Association Study

DNA was extracted from archived, surplus frozen muscle tissue after manual tissue 

disruption using either the Qiagen DNeasy Blood and Tissue kit or the Qiagen Puregene 

Blood and Tissue kit following the manufacturer’s protocol. Assuming all affected dogs 
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had the same causal variant, Cases 1, 2, and 3 were genotyped on the Illumina CanineHD 

BeadChip (n ~ 170,000 SNPs). Standard quality control was performed and a GWAS was 

conducted via PLINK [38] with data from 34 control GRs from a previous ophthalmic study. 

Briefly, SNPs with >10% missing genotypes or with a minor allele frequency <0.01 were 

pruned, as well as individuals with >10% of SNPs with missing genotypes. In total, 122,177 

SNPs and 33 dogs (3 cases and 30 controls) remained for GWAS analysis.

2.5 Whole Genome Sequencing

DNA from each dog (Cases 1–4) was subjected to WGS (Illumina HiSeq 2 × 150 bp 

paired-end reads, Genewiz, South Plainfield, NJ), with an average of 28X coverage per dog. 

A previously described standardized bioinformatics pipeline was used for variant calling 

from the WGS data [39]. The sequence reads were trimmed via Trimmomatic [40] and 

aligned to the CanFam3 reference sequence [41] using Burrows-Wheeler Aligner (BWA) 

[42]. Genome Analysis Toolkit (GATK) 3.7 was used to prepare the aligned reads for further 

analysis [43]. Variant calls were made via GATK’s HaplotypeCaller, which identifies both 

SNPs and indels.

Affymetrix Axiom Canine HD array SNP-level data (n ~ 710,000 SNPs) from 478 GRs (a 

mix of publicly available data and internal data for different ongoing projects), inclusive of 

the four HPN-affected dogs, was used to estimate relationships between the affected dogs, as 

pedigree information was not available. After pruning SNPs with a minor allele frequency of 

<0.1, 303,027 SNPs remained. A relationship matrix and pi-hats were calculated in PLINK 

[38]. Inbreeding values were estimated for each affected dog using the --het command in 

PLINK [38].

VCFtools 0.1.16 [44] was used to determine which variants were private to the four affected 

GRs compared to WGS from 1,023 dogs, under the assumption that the disease allele is 

absent in this WGS dog population. The control genomes represented 158 breeds as well 

as mixed breeds, wild canids, and village dogs. A total of 301 genomes were from the 

University of Minnesota’s private WGS database [45] and 722 genomes were publicly 

available [46]. Initially, all four GRs were analyzed together under the assumption of a 

shared homozygous causative variant, then under the assumption of a shared heterozygous 

causative variant. Next, each of the four affected dogs had its data analyzed separately, 

compared to all other dogs in the database while excluding the three other affected 

GRs. A list of private variants for each of the four affected GRs was generated; these 

private variants were processed through the Ensembl Variant Effect Predictor (VEP) [47]. 

The variants predicted to have a high, medium, or low impact were further explored 

to determine which genes were affected. The function of each gene and any associated 

diseases were noted via Ensembl BioMart [48]. Each gene with a private variant of high 

or moderate impact was filtered through VarElect [49], which ranked each gene based on 

its relation to the phenotypic keywords “hypomyelination,” “peripheral nervous system,” 

and “polyneuropathy.” The predicted effect of splice site variants in candidate genes was 

tested with NNSplice 0.9, Spliceator, Human Splice Finder, and maximum entropy software 

programs [50–53]. All identified likely causative variants had their positions updated to their 

CanFam4 [54] positions, and as such, all locations listed below are for CanFam4.
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2.6 Population Testing

To test the three WGS-identified variants in a larger GR population, both restricted 

fragment length polymorphism (RFLP) analysis and Sanger sequencing were used. DNA 

from GRs unrelated at the parent level (n = 255), and originally collected for ongoing, 

unrelated projects, were either already banked and frozen or were frozen as whole 

blood in EDTA tubes. For the latter, DNA was extracted via standard phenol-chloroform 

extraction. Polymerase chain reactions (PCR) were performed using KOD Xtreme Hot 

Start DNA Polymerase (Millipore-Sigma, Burlington, MA) with standard conditions to 

amplify the three regions of interest followed by either RFLP or Sanger sequencing to 

determine each dog’s genotype. The MTMR2 variant was amplified using primers: F-5’- 

CCATTTCGAGCATCCCATGTC-3’ and R-5’- AGAACACAACTGAACCTACTGC-3’, 

creating a 730 bp product for Sanger sequence genotyping. For the RFLP, a mismatch 

forward primer was used in order to differentiate between the wild-type and mutant alleles: 

F-5’- GTGTCTGGCAAATGACAAGCC-3’ together with the same reverse primer (R-5’- 

AGAACACAACTGAACCTACTGC-3’), for a 421 bp product. The enzyme MvaI (Thermo 

Scientific, Waltham, MA) was used, cutting the 421 bp product with the wild-type allele 

twice (product sizes of 305, 95, and 21 bp) and the mutant allele once (product sizes of 326 

and 95 bp). Dogs were genotyped via visualization of RFLP products on 3% agarose gels 

and/or via visual inspection of Sanger sequence electropherogram in Sequencher 5.4.6 [55]

The MPZ variant was amplified using primers: F-5’-ACAAGCTTCCCCTCATTCCTC-3’ 

and R-5’-GAGGGAAGAGAAGGACAGGAG-3’ for Sanger sequencing, and with a 

mismatch reverse primer for RFLP: R-5’-TGTGACCTGAGAAGTCTTGCAC-3’ (together 

with the original forward primer, F-5’-ACAAGCTTCCCCTCATTCCTC-3’). These created 

product sizes of 435 and 220 bp, respectively. The AdeI (Thermo Scientific, Waltham, MA) 

enzyme cut only PCR products with the mutant allele (leaving the wild-type allele products 

uncut), producing 198 and 22 bp fragments out of the mutant allele product. As before, 

samples were genotyped via visualization on a 3% agarose gel and/or electropherogram.

Primers were designed for the SH3TC2 variant: F-5’- TTGATGGGGCATTTGAAGACC-3’ 

and R-5’- GAGCTTGGTGGTGTTCTGAAG-3’, with an overall product size of 491 bp. 

This product was subjected to the enzyme BseGI (Thermo Scientific, Waltham, MA) in an 

RFLP; DNA strands with the wild-type allele were cut three times (product sizes of 231, 

117, 101, and 42 bp) and those with the mutant allele were cut twice (product sizes of 348, 

101, and 42 bp). Dogs were genotyped via visualization of RFLP products on 3% agarose 

gels. The same primer pair was used for Sanger sequence genotyping (a subset of samples) 

and each dog was genotyped by visual inspection of electropherogram.

Manufacturer recommended digestion protocols were followed for each enzyme, using the 

maximum amount of enzyme. The BseGI enzyme digested the PCR product for 16 hours at 

55°C, and the MvaI and AdeI enzymes digested the PCR product for 6 hours at 37°C.

Sanger sequencing (Eurofins Genomics, Louisville, KY) confirmed the genotypes of a 

subset of RFLP samples and was used to genotype additional samples. For these PCRs, 

primers were used to amplify the regions of interest with standard conditions, followed by 

ExoSAP-IT PCR Product Cleanup Reagent (Thermo Scientific, Waltham, MA).
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2.7 Haplotype Construction

Haplotype analysis of the region surrounding each variant was performed in PLINK 1.9 

[38] using existing Illumina CanineHD BeadChip data (n ~ 170,000 SNPs) from 525 GRs 

(n = 478 GRs from a database combining publicly-available and private internal data, a 

subset of which were extracted from WGS, and n = 47 GRs from a private internal UK 

database), inclusive of the four affected dogs. Following removal of SNPs with a minor 

allele frequency less than 0.05, SNP data was phased with SHAPEIT v2 [56]. An additional 

dataset (a combination of overlapping samples imputed from the above Illumina data and 

extracted from WGS) of Affymetrix Axiom Canine HD Array data (n ~ 710,000 SNPs, n 

= 478 GRs), pruned for a minor allele frequency of 0.05 and phased with SHAPEIT v2 

[56], was used for the analysis of the region encompassing the MPZ variant. Haplotype 

blocks were visualized via Haploview software [57]. Where possible (n = 2 of 3 variants), 

one dog that shared the haplotype homozygously with the affected dog(s) was genotyped to 

determine if the haplotype block tagged the variant successfully or if the variant occurred on 

an existing haplotype within the population.

3. Results

3.1 Animals: Clinical Presentation and Neurological Examination

Clinical presentations and results of neurological examinations in all four dogs are 

summarized in Table 1. All dogs presented at a young age for chronic histories of 

variably severe neuromuscular weakness, exercise intolerance, dysphagia, megaesophagus, 

and respiratory difficulties including laryngeal paralysis. No significant abnormalities were 

identified on routine blood evaluations. Neurological examinations were consistent with 

lower motor neuron disease and electrodiagnostic evaluations and tissue biopsies performed 

on each dog.

3.2 Electrodiagnostic Testing

EMG changes in Cases 1 and 2 (MTMR2 variant) were similar and consisted of mild to 

severe spontaneous activity, including fibrillation potentials (FP) and positive sharp waves 

(PSW) in distal appendicular muscles, the thoracic paraspinal muscles, and muscles of 

the larynx and pharynx (Table 2). In Case 3 (MPZ variant), EMG testing revealed mild 

changes, consisting of PSW in the thoracic and pelvic interosseous and gluteal muscles 

only. Electromyographic testing in Case 4 (SH3TC2) revealed mild to moderate spontaneous 

activity, consisting of FP and PSW, in the thoracic limb and the distal appendicular muscles 

in the pelvic limb.

The most striking finding in all four dogs was the markedly slowed motor NCVs (Table 

2, Fig. 1). In the two MTMR2 variant dogs (Cases 1 and 2), the standard technique for 

testing motor NCVs in the sciatic/peroneal nerve was unsuccessful, as no potential could 

be recorded from the extensor digitorum brevis (EDB) muscle after stimulating at the hock 

[58]. A modified technique utilizing the cranial tibial muscle was applied [59]. The motor 

NCVs were markedly slowed (9 m/s [Case 1] and 10 m/s [Case 2], reference >50m/s) [59]. 

In addition, CMAPs were temporally dispersed, and amplitudes were reduced (half that of 

normal values). The currents needed to stimulate the nerve were mildly (Case 1) to markedly 
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(Case 2) increased. Ulnar motor NCV results were also markedly slowed in both dogs 

(Table 2, Fig. 1a). Conduction block, whereby the CMAP amplitude following proximal 

stimulation is reduced by 50% or greater over that recorded from stimulating distally, was 

noted in Cases 1 and 2 on ulnar nerve stimulation. Motor NCVs in Case 3 were slowed (22 

m/s distally, 26 m/s proximally, and 24 m/s overall) and the EDB CMAP amplitudes were 

decreased (roughly 50% of normal) on peroneal nerve stimulation, although waveforms 

were normal in configuration [58]. Only slight increases in stimulus currents were required. 

Similar findings were obtained from stimulation of the ulnar nerve in this dog (Fig. 1b). 

In Case 4, CMAP amplitudes were decreased on peroneal nerve stimulation and the NCVs 

were slowed (15 m/s distally, 12 m/s proximally, and 13 m/s overall). Temporal dispersion 

was apparent.

Attempts at recording sensory NCVs were performed in Cases 1–3 (Fig. 2). None were 

obtainable from the sciatic/peroneal, ulnar, or radial nerves in Cases 1 and 2, though 

a cortical somatosensory evoked potential was recorded after ulnar and radial nerve 

stimulation in the latter (Fig. 2a). In Case 3, sensory NCVs were obtained from all 

three nerves. Velocities were slow in each (Table 2), but temporal dispersion was more 

pronounced on stimulation of nerves in the thoracic limb (Fig. 2b).

RNS studies were performed in Cases 2 and 3 only. Findings were normal, with 

pseudofacilitation at 50 Hz only in Case 2 and all high repetition rates (20, 30, and 50 Hz) 

in Case 3. Late wave studies were attempted in Cases 1–3 (Fig. 3). No obvious potentials 

(F wave, H waves, or A waves) were obtained from Cases 1 and 2, though presumed FP 

and PSW made detection difficult. In Case 2, two of the M waves (CMAPs) in the sequence 

lost their large component with ulnar nerve stimulation at the elbow (Fig. 3a). Case 3 had 

prolonged latencies on F wave testing (double that expected from a dog of this size) and 

increased chronodispersion was present after stimulating the peroneal nerve at the stifle. 

Additional late waves were recorded with ulnar nerve stimulation at the carpus but could not 

be definitively identified (Fig. 3b).

In all four cases, the markedly slowed NCVs were indicative of a myelin-associated 

neuropathy. Consistent with clinical findings and supported by similar results from multiple 

nerves studied in three of the dogs, this was a generalized disorder affecting both motor 

and sensory nerve function. The relatively normal EMG examination in Case 3 was 

further evidence that motor axons were likely still intact (and innervating muscle) in this 

dog, whereas, in the others, secondary axonopathies had developed. Those neuromuscular 

junctions that were intact appeared to have normal function based on the limited RNS 

results. No potentials were recorded from electrodes placed along the spinal cord in Cases 

1–3, despite the presence of SEP (indicating some sensory information was getting through) 

in the latter two dogs. Late waves were only obtained from Case 3, so no comparisons could 

be made.

3.3 Peripheral Nerve Light and Electron Microscopy

Sections from the peroneal nerves of Cases 1–3 stained with paraphenylenediamine and 

toluidine blue-basic fuchsin are shown in Fig. 4. In cross sectional preparations of Case 

1, numerous inappropriately thin myelinated fibers, fibers showing myelin splitting and 
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ballooning, and fibers with thickened myelin and redundant myelin loops consistent 

with tomacula were observed. In staining of longitudinal sections from Case 2, similar 

inappropriately thin myelinated fibers, redundant myelin loops, and myelin splitting and 

ballooning were noted. Transverse sections from Case 3 showed numerous inappropriately 

thin myelinated fibers for the axon diameter with tomacula an infrequent finding. Axonal 

degeneration was not observed in any of these three cases. Onion bulb formations typical of 

demyelinating and remyelinating polyneuropathies were not found. A peroneal nerve biopsy 

was not available for Case 4. However, small intramuscular nerve branches in the skeletal 

muscle biopsies appeared devoid of myelinated fibers.

Ultrastructural analysis of the peroneal nerve was performed on Case 1 (Fig. 5). 

Multiple outpouchings of myelin and redundant myelin loops were present in addition to 

inappropriately thin myelin sheaths for the axon diameter, confirming the light microscopic 

findings. The pathological changes are characteristic of a predominantly hypomyelinating 

neuropathy without obvious axonal degeneration or onion bulb formation.

Skeletal muscle changes in all cases were minimal and characterized by a mild to moderate 

variability in myofiber size and scattered angular atrophied fibers. Rare areas of fiber type 

grouping were noted. There was no evidence of inflammation, fibrosis, or other specific 

cytoarchitectural abnormalities (not shown).

3.4 Genetic Relationship and Inbreeding

The PLINK [38]-created relationship matrix indicated that the four affected dogs were not 

any more related to each other than any other GRs in the available data. However, the 

--genome command indicated that Cases 1 and 3 may be distantly related with a pi-hat of 

0.0633. All other pairs of affected dogs shared a pi-hat of 0. Of the four affected dogs, Cases 

2 and 4 were the most homozygous, with --het command generated F coefficient estimates 

of 0.2555 and 0.1587, respectively. Cases 1 and 3 had F coefficients no larger than the 

average GR in the dataset, with values of −0.04844 and −0.0357, respectively.

3.5 GWAS and WGS

An initial GWAS failed to identify any regions of interest under the assumption that all three 

cases (Cases 1, 2, and 3) shared a causative variant. Therefore, WGS of all three cases, 

plus one additional case (Case 4), was performed. WGS data was first analyzed under the 

assumption that all four cases shared a novel variant that was not in LD with any SNP 

markers, however this also failed to identify any shared, private variants among the four 

cases. Finally, each GR HPN case was analyzed individually, excluding the other three HPN 

GRs, under the assumption that they may not all share the same genetic cause for their 

disease; indeed, this turned out to be the case.

3.6 Cases 1 and 2

Cases 1 and 2 shared a homozygous MTMR2 (myotubulin related protein 2) variant 

located within the splice site at the end of exon 12 (Fig. 6); variants in this gene cause 

Charcot-Marie-Tooth type 4B1 [60,61]. This G to A transition at CFA21: 5,387,227 

(XM_038568229.1:c.1479+1G>A) is predicted to result in the loss of the splice donor 
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site. The splice site detection software, NNSplice 0.9, was used to predict the effect of the 

mutation on splicing, with scores greater than 0.4 indicating a possible splice site [51]. The 

wild-type sequence generated a donor site prediction score of 0.92, however, replacing the 

wild-type G allele with the variant A allele led to the donor site no longer being predicted. 

Similarly, the Spliceator [52], Human Splicing Finder (HSF Pro from Genomnis) [50], and 

maximum entropy (MaxEnt) [53] algorithms also predicted that the variant would create a 

broken donor splice site.

This MTMR2 variant was private to Cases 1 and 2 compared to 1,025 other dogs with 

available WGS data (Table 3). VarElect analysis assigned MTMR2 a score of 35.71 for both 

cases (n = 29 and 33 genes in put for Cases 1 and 2, respectively). This was the largest score 

allotted for both cases.

Population screening of 225 GRs demonstrated all dogs were homozygous wild-type for 

this MTMR2 variant. Haplotype analysis using 525 GRs with previously generated Illumina 

SNP array data built a 12 SNP haplotype, ranging from CFA21: 5,284,640 to 5,502,102, 

and containing the variant. Cases 1 and 2 shared this haplotype homozygously; four and 

103 other GRs had the same haplotype homozygously and heterozygously, respectively. 

One of the four non-case GRs homozygous for the haplotype was tested for the MTMR2 
variant; Sanger sequencing proved that this dog was homozygous wild type. Seventeen GRs 

included in the SNP data who shared the haplotype heterozygously also had WGS data in 

the previously described dataset, and all were homozygous wild type for the variant.

3.7 Case 3

Case 3 had a heterozygous missense MPZ (Myelin protein zero) variant, located in exon 3 

(Fig. 7). MPZ is a well-recognized causative gene for various Charcot-Marie-Tooth subtypes 

[62–64]. Case 3’s amino acid change, an isoleucine to threonine (CFA38: 22,037,876; 

XP_038441854.1:c.Ile145Thr), was predicted to be deleterious via multiple programs (Table 

4). This missense variant was private to Case 3 compared to 1,026 other dogs with WGS 

(Table 3) and VarElect ranked MPZ as the most strongly associated gene (out of 30) for the 

submitted keywords, assigning a score of 87.93. For comparison, the second largest score 

was 6.6.

All screened GR population samples (n = 215) were homozygous wild-type. Haplotype 

analysis using the population of GRs with Illumina-level SNP data failed to generate any 

haplotype blocks, as the variant fell between blocks. Subsequent analysis of Affymetrix SNP 

array data did place the variant within a haplotype block; however, it was a very small region 

of three SNPs totaling 5kb. This haplotype had the highest frequency of the three in this 

region (0.448 vs 0.311 and 0.236).

3.8 Case 4

Case 4 possessed a homozygous SH3TC2 (SH3 domain and tetratricopeptide repeats 2) 

variant in exon 11 of 17 (Fig. 8a,b). This C to T nonsense mutation (CFA4: 60,798,310 

(XP_038391009.1:p.Arg642*)) was private to Case 4 compared to 1,026 other dogs with 

WGS data available (Table 3). Approximately half of the protein is predicted to be truncated 

(Fig. 8c). VarElect analysis prioritized SH3TC2, assigning it the largest score (49.53) of all 

Cook et al. Page 10

Neuromuscul Disord. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



genes input (n = 30). Variants in SH3TC2 are associated with Charcot-Marie-Tooth type 4C 

[65–67].

Using RFLP with the BseGI enzyme, 248 GRs were homozygous wild-type, inclusive 

of the three other HPN cases in this study. Haplotype analysis using 525 GRs with 

previously generated Illumina SNP array data identified a 12 SNP block, spanning from 

CFA4: 60,684,633 to 60,859,652, which included the variant’s location. Case 4 shared 

this haplotype homozygously with seven other GRs and heterozygously with 80 GRs. One 

of the seven dogs who shared the haplotype homozygously was tested for the SH3TC2 
nonsense variant, and Sanger sequencing indicated that this dog was homozygous wild type. 

Additionally, 15 GRs included in the SNP data were also in the previously described WGS 

dataset and are heterozygous for the haplotype and homozygous wild type for variant.

3.9 Follow-Up on Cases

Case 1 went home after the diagnostic examination at UC Davis but returned to the clinic 

17 days later with profound worsening of signs including intractable regurgitation and 

vomiting. The owner elected to take Case 1 home the same day for euthanasia by the 

referring veterinarian. Cases 2 and 3 were euthanized by referring veterinarians 40 and 13 

days, respectively, after discharge from UC-Davis, due to progressive severe generalized 

weakness and dysphagia. Case 4 was evaluated for two episodes of aspiration pneumonia 

secondary to laryngeal paralysis and esophageal dysfunction. Euthanasia was requested 

twenty-four months after initial presentation. Postmortem examinations were not performed 

in any of the cases.

4. Discussion

This work describes, for the first time, the genetic causes of a PNS-exclusive HPN in GRs, 

a phenotype first described clinically in the GR more than 30 years ago [32,33]. Despite 

the similarities in electrodiagnostic testing, most notably markedly decreased motor and 

sensory NCVs, and hypomyelination of peripheral nerves evaluated at the light microscopic 

and ultrastructural levels, the genetic investigations demonstrated that they are not all 

identical genetically. This explains the failure of the initial GWAS, where all cases were 

assumed to have the same underlying genetic cause; future studies should be cognizant of 

the potential for genocopies, even within the same breed, ultimately driven by different 

mutations. Moreover, although the breed, clinical signs, and peripheral nerve pathology are 

reminiscent of the decades old first-described cases [32,33], there is no way to ascertain 

which, if any, of the three described variants these earlier dogs may have had. Indeed, the 

older GRs may have had none of the variants identified in these novel cases.

Both demyelinating and hypomyelinating disorders are encompassed by CMT disease 

[11,14,68]. Distinctive “onion bulb” formations in peripheral nerve biopsies aid in 

determining demyelinating conditions, distinguishing these biopsies from hypomyelinating 

conditions. Onion bulbs are formed from repetitive attempts by Schwann cells to regenerate 

lost myelin, and appear as distinctive rings of Schwann cell processes and collagen around 

the nerve fibers [69]. HPN produces either no onion bulbs or atypical onion bulbs, the latter 

of which are composed of basement membrane and little or no Schwann cell processes [8]. 
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Onion bulb formations were not identified in the peripheral nerve biopsies of Cases 1–3. In 

addition, axonal degeneration was also not observed.

All three identified variants were located in candidate genes where known mutations cause 

myelination disorders of the PNS [12,70]. The homozygous variant in Cases 1 and 2 was 

located at a splice donor site between MTMR2’s exon 12 and intron 13. While sequencing 

of mRNA for this gene would allow for definitive confirmation of the loss of the donor 

site, unfortunately, tissues were not collected in a way to maintain RNA stability and all 

dogs are now deceased. If intron 13 following the splice site is aberrantly included due to 

erroneous RNA splicing, then five additional amino acids are added to the protein followed 

by a premature stop codon, which is predicted to truncate 23% of the mRNA/protein. Both 

Schwann cells and motor neurons express this protein, however, disruption of the gene in 

Schwann cells leads to a dysmyelinating phenotype, whereas disruption in motor neurons 

has no effect [60].

MTMR2 mutations are responsible for CMT type 4B1 in humans [12], where it is an 

early-onset disease with a recessive mode of inheritance [12,71]. This coincides with the 

clinical presentation of GR Cases 1 and 2. Laryngeal paralysis, inspiratory stridor, and 

dyspnea with exercise were noted in Cases 1 and 2. CMT4B1 is likewise associated with 

laryngeal involvement and vocal cord paralysis in humans [72], demonstrating a strong 

phenotypic correlation.

Based on electrodiagnostic (EDX) findings, Cases 1 and 2 were the most severely 

affected dogs in this study. Laryngeal EMG abnormalities were consistent with respiratory 

dysfunction seen clinically and the presence of numerous FP and PSW in distal limb and 

axial musculature suggests secondary axonal pathology. The lack of distal motor NCVs in 

the pelvic limbs, conduction block on ulnar NCVs, and loss of all sensory NCVs in both 

dogs are consistent with features of severe CMT in people [73]. The loss of parts of the 

CMAP on Case 2’s late wave study (Fig. 2a) likely indicates a decrease in the safety factor 

of transmission associated with decreased myelin in the ulnar nerve [35].

A defining CMT4B1 characteristic is the presence of peripheral nerve myelin loops which 

increase in number as the patient ages [12,60,61,74]; this key finding of myelin loops 

was likewise noted in peripheral nerve biopsies from both GR Cases 1 and 2. In people, 

CMT4B1 is characterized as a demyelinating sensorimotor polyneuropathy and not a 

primary hypomyelinating polyneuropathy [60,61]. In cases 1 and 2, there was no evidence of 

remyelination including onion-bulb formations. Alternatively, demyelination occurred with 

suboptimal remyelination.

The majority of CMT4B1 MTMR2 variants are loss-of-function mutations, with most 

protein truncations occurring within MTMR2’s singular phosphatase domain [61]. This 

domain’s catalytic function involves dephosphorylation of a variety of phosphatidylinositols 

involved in response to cellular stress and the recycling of membranes [75–77]. The 

phosphatase domain is predicted to consist of amino acids 133 to 508 in the dog [78]; 

the homozygous mutation in Cases 1 and 2 is located after Q421 and therefore located 

within the canine phosphatase domain, consistent with most CMT4B1 cases. Finally, and 
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most convincingly, a splice site variant identical to the one described in GR Cases 1 and 2 

has been associated with CMT4B1in human patients [79].

GR Case 3 possessed the second newly identified variant, a heterozygous missense mutation 

in MPZ’s third exon. This changes an isoleucine residue to a threonine residue; while 

isoleucine is a nonpolar, hydrophobic amino acid, threonine is polar and uncharged, a 

change that could interfere with the normal secondary protein structure. It is important to 

note that this protein is the most abundant in PNS myelin [80].

Heterozygous MPZ variants are causative of CMT types 1B, 2I, 2J, and DID, as well 

as Roussy-Levy syndrome and congenital hypomyelinating neuropathy-2 (CHN2) [64,81–

91]. Different mutations within the gene affect the age of onset [92,93]. In humans, some 

variants result in an early-onset neuropathy, while others are associated with later-onset 

symptoms around age 40 [93]. GR Case 3’s missense isoleucine to threonine change is 

directly analogous to a previously described I135T MPZ mutation in several human CMT1B 

patients [63,94,95]. The I135T mutation is classified as an infantile-onset CMT1B mutation, 

with age of onset between 0 to 5 years, as opposed to childhood- or adult-onset [70]. It 

is unknown why GR Case 3 was not examined until the age of 1.5 years. It is possible 

that clinical signs were manifesting at a younger age but were mild enough the owner was 

not prompted to seek medical evaluation. Despite this dog’s age (three times that of the 

others), Case 3 was the least affected in terms of EDX results. Mild EMG abnormalities 

in the interosseous muscles are common in normal dogs and the focal nature of the gluteal 

changes were thought to be the result of a recent injection in this muscle. Motor NCVs were 

slow and CMAP amplitudes decreased, but no temporal dispersion or conduction block was 

observed. Sensory NCV abnormalities were more pronounced with temporal dispersion seen 

in the ulnar and radial studies, although the peroneal SNAPs were normal. The prolonged F 

latencies and lack of CDs suggest motor and sensory proximal pathway involvement. Case 

3 clearly was the most severe and had progressive clinical signs (Table 1), which contrasts 

with having the mildest EDX changes. This might be due to older age at presentation 

and therefore a more advanced condition. However, it is also possible that this observation 

results from the specific MPZ mutation, as compared to the clinical signs and EDX changes 

seen with the MTMR2 and SH3TC2 mutations.

Of note, Case 3 exhibited coxofemoral joint laxity and joint pain, clinical signs of hip 

dysplasia. Human CMT patients are predisposed to hip dysplasia as children, particularly 

those with CMT1 subtypes [96–98], consistent with the clinical presentation of GR Case 3.

Case 4 had a variant within SH3TC2, which is exclusively expressed in Schwann cells 

[99], and homozygous knockout mice have a PNS-specific phenotype where the peripheral 

nerves are noticeably hypomyelinated with decreases in both motor and sensory nerve 

conduction velocities; intriguingly the axons appeared healthy after one year [100]. These 

mice exhibited normal development indistinguishable from control mice, were fertile, and 

had the same lifespan as both their wild-type and heterozygous littermates [100]. In humans, 

more than 20 different SH3TC2 mutations, including nonsense mutations such as the one 

observed in Case 4, have been reported in patients with CMT4C [12]. Also similar to 

Case 4, CMT4C has an early age of onset, a recessive pattern of inheritance [12,101,102] 
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and weakness, particularly of the lower limbs [102,103]. Human CMT4C patients have 

few classic onion bulbs and many unmyelinated fibers and, interestingly, scoliosis is also 

observed in the majority of CMT4C patients [12]. While Case 4 did not present with 

scoliosis, this is consistent with the SH3TC2 knockout mice, which had no notable vertebral 

abnormalities [100]. GR Case 4 also presented with regurgitation, a clinical sign not 

typically reported in human CMT4C patients. This may be due to the species differences 

in muscle composition along the esophagus; in humans, the upper esophagus is skeletal 

muscle, but transitions to entirely smooth muscle in its lower part [104], whereas the dog has 

striated skeletal muscle throughout the entire length of the esophagus [105]. This difference 

may account for the regurgitation seen in this dog. Another possibility may be related to the 

esophageal anatomical orientation differences in dogs (horizontal) versus humans (vertical); 

the lack of gravity’s pull in dogs could provide an added reason for the regurgitation.

Case 4 appeared to be moderately affected based on EDX, when compared to the other 

dogs in this study. EMG changes were similar to that of the MTMR2 dogs, but MCVs were 

obtained from the EDB upon peroneal nerve stimulation. NCVs were slower and CMAP 

temporal dispersion was present indicating more severe involvement than that seen in the 

MPZ dog. Conduction block may be present as the amplitudes drop by 50% between the 

hock (3.0 mV) and stifle (1.5 mV) recordings, but the hip (2.0 mV) is a confounding feature.

Case 4 was from a litter in which three littermates died shortly after birth and two other 

littermates showed clinical signs of weakness, one female and one male. It is theoretically 

possible that the spectrum of clinical signs for the SH3TC2 variant in the GR is yet to be 

fully characterized. CMT4C in people consists of a broad spectrum of phenotypes, ranging 

from mild to severe [101–103,106], and the slight dissimilarities between clinical signs in 

the canine versus human cases can still be explained by SH3TC2 mutations. Due to the 

nonsense variant and subsequent truncation occurring halfway through the protein in Case 4 

(Fig. 8c), it is likely that the mRNA undergoes nonsense-mediated decay, leaving this dog 

with no functional SH3TC2.

Cases 1–3 exhibited respiratory distress, particularly after periods of exercise or excitement 

consistent with the human CMT equivalent conditions. Specifically, CMT4 subtypes are 

associated with respiratory distress in some, although not all, patients [61,107], and 

CMT1 affected patients have reductions in total lung capacity, forced vital capacity, 

maximal expiratory pressure, and maximal inspiratory pressures [108]. Case 4 did 

not have respiratory signs at the time of presentation, but clinical signs of laryngeal 

paralysis developed prior to euthanasia. All four GR cases exhibited a decreased gag 

reflex predisposing to dysphagia, likewise seen in human cases of CMT [79,109,110]. 

Furthermore, MTMR2, MPZ, and SH3TC2 are all expressed in Schwann cells, consistent 

with perturbations of the PNS [60,100,111]. Taken together, the four affected GRs had 

genetic variants in genes associated with subtypes of CMT, with strikingly consistent 

clinical correlations.

The presumptive origin and mode of inheritance varies for the three canine mutations 

described here. The heterozygous MPZ variant is inherited in an autosomal dominant 

fashion and was likely a de novo mutation in this single case. The MTMR2 and SH3TC2 
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variants, conversely, are autosomal recessive. Because it is much less likely that a de novo 
mutation occurred homozygously, the SH3TC2 and MTMR2 variants are more likely to be 

present in the GR population at a low level and inherited by these dogs from carrier parents, 

despite finding no additional carriers in the population screening. This is particularly true for 

the MTMR2 variant because it was identified in two unrelated GRs. Indeed, neither of the 

GRs with this variant appear to be related, with a pi-hat of 0, and only one of the dogs, Case 

2, had an increased F coefficient of inbreeding. It is possible that this disease arose in Case 

2 due to breeding of related individuals, however, there is no evidence of inbreeding in Case 

1, which shares the same variant. With these dogs seemingly unrelated, speculation remains 

whether this variant arose in one distant common ancestor to both GRs or if the variant has 

spontaneously occurred in more than one dog. The possibility of direct inheritance cannot 

be tested, as DNA was not available from any parents. It is likely that the MTMR2 and 

SH3TC2 variants are either present in the breed at a very low frequency or are present 

in families not represented within this study’s population sample, potentially both. Further 

supporting the nascent emergence of these mutations is the fact that all three variants arose 

on existing GR haplotypes. As these haplotypes are not tagging the variants, this further 

supports the theory that the variants only exist in small pockets of the GR breed.

The original GR cases from more than 30 years ago had not progressed in severity 2.5 

years after their initial diagnosis [32,33]. However, neither of the dogs in the original 

study [32,33] were reported to have dysphagia, esophageal dilation, or laryngeal paresis as 

affected the four dogs in this current study. Dysphagia and esophageal dilation can result 

in aspiration pneumonia and early death or euthanasia requested by the owners; as seen 

in the present four cases, regurgitation, vomiting, dysphagia, and aspiration pneumonia 

unquestionably contributed to decreased quality of life and decisions to euthanize. Similar 

to other congenital neuromuscular diseases in dogs, such as X-linked myotubular myopathy 

(MTM1 gene)[112] and X-linked (Duchenne-like) muscular dystrophy (DMD gene)[113], 

which recapitulate human diseases and have proven to be useful large animal therapeutic 

models, these GR diseases could likewise contribute to therapeutic trials for the equivalent 

human diseases. However, given the rarity of these variants in the GR breed population, it 

may prove difficult to develop a breeding colony of affected dogs; given its occurrence in 

two cases, the MTMR2 mutation would be the most likely candidate for such future work.

Together, these three variants are highly likely to explain the clinical syndromes of these 

four dogs. The mutations are in highly relevant candidate genes and either create highly 

pathogenic changes to predicted protein structure (with two leading to premature stop 

codons) or literally recapitulate the exact mutation previously described in human patients. 

The MTMR2 variant, present homozygously in two affected dogs, is perhaps the most likely 

to affect additional GRs. Genetic testing of the SH3TC2 and MTMR2 variants in a much 

larger population is needed to establish the actual frequency of these alleles in the breed. 

Testing for these two mutations would provide breeders with needed information to prevent 

the production of affected offspring. Testing for the MPZ variant may not be indicated, as it 

was likely a de novo mutation. In conclusion, these dogs represent the first confirmed large 

animal genetic models for PNS-exclusive hypomyelination and for CMT types 4C, 4B1, and 

1B.
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Highlights

• Neurological testing confirmed a hypomyelinating polyneuropathy (HPN) in 

four dogs

• Variants in MTMR2, MPZ, and SH3TC2 were identified by whole-genome 

sequencing

• These variants genetically describe the first peripheral nervous system-

exclusive HPNs in dogs

• Cognizance of potential genocopies is vital for genetic studies, even in one 

breed

Cook et al. Page 23

Neuromuscul Disord. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 1. 
Ulnar motor nerve conduction velocity studies. (a) Case 2. Amplitudes were severely 

reduced. The stimulus intensity required to obtain these potentials was increased (reference 

<5 mA). The potentials are temporally dispersed with a conduction velocity of 7 m/s. (b) 

Case 3. Amplitudes are also reduced but the stimulus applied was only slightly elevated. 

CMAP configurations were normal but somewhat jagged in appearance, with no definitive 

temporal dispersion noted. Nerve conduction velocities are slow at 21 m/s.
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Fig. 2. 
Radial sensory nerve conduction studies. (a) Case 2. No definitive SNAP (elbow), CD 

(C7/T1) or spinal evoked potential (C1) were apparent despite high sensitivity (0.2 μV/div) 

and a large number of signals averaged (nearly 2000). A cortical somatosensory response 

(arrow) was recorded by electrodes placed at the vertex (V) and intercanthus (IC). (b) Case 

3. The SNAP is very temporally dispersed with a slow conduction velocity of 31 m/s. 

No CD or spinal evoked potentials were recorded but a cortical somatosensory response 

(arrowhead) is present. Note: the sweep speed in (a) is double that of (b) so the cortical 

SEP is later in Case 2 (nearly 50 ms) compared to Case 3 (nearly 35 ms). Sensitivities and 

stimulus intensities are also different. CD = cord dorsum
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Fig. 3. 
Ulnar late wave studies. (a) Case 2. Recorded from the thoracic interosseous muscle 

following stimulation at the elbow, no definitive late waves could be identified. Loss of 

the largest peak in the M-wave (CMAP) can be seen in two tracings (arrows). (b) Same 

study in Case 3 recorded after stimulating at the carpus, the minimum F wave latencies are 

prolonged, 50 ms. It is unclear whether the earlier potentials are H waves (most likely) or A 

waves.
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Fig. 4. 
Light Microscopic evaluation of the peroneal nerve from Cases 1–3. Transverse (Cases 1 

and 3) and longitudinal (Case 2) sections from resin embedded peroneal nerve stained with 

paraphenylenediamine (PPD in left column) for myelin and toluidine blue-basic fuchsin 

(TB-BF in right column). In all three cases most myelin sheaths are inappropriately thin 

for the axon calibers. In Cases 1 and 2 thickened myelin sheaths (arrow in Case 2 PPD 

stain) and redundant myelin loops consistent with tomacula are noted along with myelin 
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ballooning (arrows in Cases 1 PPD and TB-BF and 2 TB-BF). Bar in right lower corner = 50 

μm for all images.
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Fig. 5. 
Electron Microscopic evaluation of the peroneal nerve from Case 2. Ultrastructural analysis 

of the peroneal nerve from Case 2 demonstrating multiple outpouchings of myelin and 

redundant myelin loops in large and small nerve fibers (a-c). In c, note disintegrating myelin 

loops (arrows) and intact axon (asterisk). Inappropriately thin myelin sheaths for the axon 

diameters are shown in a, b, and d. Bar in lower left corner = 1000 nm for a, 1 μm for b, 0.5 

μm for c, and 1 μm for d.
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Fig. 6. 
The identified MTMR2 variant XM_038568229.1:c.1479+1G>A. a Wild-type sequence 

electropherogram from an unaffected dog with the original glutamine at the end of exon 

12 (marked in black) and the following intron (marked in blue). b Mutant sequence 

electropherogram from Case 1 (Case 2 looks identical), demonstrating the single base 

change, loss of the splice donor site, and subsequent transcription (with translated codons 

marked in red).
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Fig. 7. 
The identified MPZ variant XP_038441854.1:c.Ile145Thr. a Wild-type sequence 

electropherogram from an unaffected dog, with the isoleucine marked in black. b Mutant 

sequence electropherogram from the affected GR (Case 3), with the heterozygous codon 

marked in red. The variant changes the isoleucine on one strand to a threonine.
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Fig. 8. 
The identified SH3TC2 variant XM_038568229.1:c.1479G>A. a Wild-type sequence 

electropherogram from an unaffected dog with the original arginine indicated, and b mutant 

sequence electropherogram from the affected GR (Case 4) with the premature stop codon, 

introduced halfway through the amino acid sequence, at position 642 out of 1286. c 
Predicted protein structure and domains, with the red bar marking the location of the stop 

codon. Amino acid positions are indicated.
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Table 1

Clinical and neurological findings in four GRs with hypomyelinating polyneuropathy

Case 1 Case 2 Case 3 Case 4

Age at presentation, sex 5 months, F 6 months, M 1.5 years, FS 6 months, F

Body Condition Score 4/9 4/9 4/9 5/9

Mentation BAR, appropriate BAR, appropriate Quiet to obtunded BAR, appropriate

Posture Broad based Broad based in pelvic 
limbs

Flaccid tetraparesis Palmigrade, hyperextended 
tarsal joint bilaterally

Gait Generalized weakness, 
ataxic

Ataxic, pacing walk Nonambulatory Generalized weakness

Muscle atrophy Moderate diffuse Mild to moderate diffuse None Mild to moderate

Reflexes:

Patellar Absent Absent Absent Decreased to absent

Gastrocnemius Decreased Decreased Absent Decreased to absent

Biceps Decreased Absent Absent Decreased

Triceps Decreased Decreased Absent Decreased

Withdrawal Decreased in pelvic limbs Decreased in pelvic limbs Absent in all 4 limbs Decreased to absent

Gag Decreased Decreased Absent Decreased

Postural reactions:

CPs Absent to decreased in all 
4 limbs

Absent in all 4 limbs Absent in all 4 limbs Normal thoracic limbs Absent 
pelvic limbs

Mutation MTMR2 MTMR2 MPZ SH3TC2

GR = Golden Retriever; BAR = Bright, alert, and responsive; CPs = conscious proprioception, F = female, M = male, FS = spayed female.
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Table 2

Electrodiagnostic findings in four GRs with hypomyelinating polyneuropathy

Case 1 Case 2 Case 3 Case 4

EMG 1+ to 3+ FP, PSW in 
distal limbs, thoracic 
paraspinals, larynx and 
pharynx

Decreased insertion 
activity, larynx only 1+ 
to 2+ FP, PSW diffuse 
axial and appendicular 
muscles, larynx

1+ PSW in thoracic and 
pelvic interossei and gluteal 
only

1+ to 3+ FP and PSW 
thoracic limbs and 
distal pelvic limbs

Peroneal CMAP Amp (ref 
≥ 6 mV)

Hock Unobtainable Unobtainable 3.1 mV 3.0 mV

Stifle 3.3 mV 1.1 mV 2.6 mV 1.5 mV

Hip 2.1 mV 0.6 mV 2.4 mV 2.0 mV

Current 9.4 –19.4 mA 37.6 – 78.8 mA 4.2 – 7.1 mA NA

Peroneal MNCV (ref ≥ 50 
m/s)

Hock to stifle Not calculable Not calculable 22 m/s 15 m/s

Stifle to hip 9 m/s 10 m/s 26 m/s 12 m/s

Configuration Temporal dispersion Temporal dispersion Normal Temporal dispersion

Ulnar CMAP Amp (ref ≥ 
4 mV)

Carpus 1.2 mV 0.4 mV 1.8 mV Not tested

Elbow 0.1 mV* 0.1 mV* 1.4 mV Not tested

Current 21.3 – 25.0 mA 74.9–75.6 mA 9.5 – 10.0 mA Not tested

Ulnar MNCV (ref ≥ 50 
m/s)

Carpus to elbow 5 m/s 7 m/s 21 m/s Not tested

Configuration Temporal dispersion Temporal dispersion Jagged but normal Not tested

Peroneal SNAP Amp

Hock Unobtainable Unobtainable 0.9 pV Not tested

Stifle Unobtainable Unobtainable 0.3 pV Not tested

Hip Unobtainable Unobtainable 0.2 pV Not tested

Current 100 mA 100 mA 15 mA Not tested

Peroneal SNCV (ref ≥ 50 
m/s)

Stim to hock Not calculable Not calculable 21 m/s Not tested

Hock to stifle Not calculable Not calculable 19 m/s Not tested

Stifle to hip Not calculable Not calculable 24 m/s Not tested

Configuration None None Normal, no CD recorded Not tested

Ulnar SNAP Amp

Elbow Unobtainable Unobtainable 0.3 pV Not tested

Current 100 mA 100 mA 15 mA Not tested

Ulnar SNCV (ref ≥ 50 
m/s)
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Case 1 Case 2 Case 3 Case 4

Stim to elbow Not calculable Not calculable 31 m/s Not tested

Configuration No potentials obtained 
at any site

No SNAP, CD or C1, a 
cortical SEP was present

Temporal dispersion, no CD 
or C1, a cortical SEP was 
present

Not tested

Radial SNAP Amp

Elbow Unobtainable Unobtainable 1.0 mV Not tested

Current 100 mA 100 mA 15 mA Not tested

Radial SNCV (ref ≥ 50 
m/s)

Stim to elbow Not calculable Not calculable 26 m/s Not tested

Configuration No potentials obtained 
at any site

No SNAP, CD or C1, a 
cortical SEP was present

Temporal dispersion, no CD 
or C1, a cortical SEP was 
present

Not tested

RNS Not tested Pseudofacilitation at 50 
Hz only

Pseudofacilitation at 20, 30, 
50 Hz

Not tested

Late Waves (F, H, A) Unobtainable Unobtainable F waves present at 
all stimulation sites, in 
addition H waves likely 
on ulnar with carpus 
stimulation, at the stifle 
increased chronodispersion 
was apparent

Not tested

Electrodiagnostic 
Summary/Diagnos is

Sensorimotor 
polyneuropathy, 
myelin-associated

Sensorimotor 
polyneuropathy, myelin-
associated

Sensorimotor 
polyneuropathy, myelin-
associated

Polyneuropathy

Mutation MTMR2 MTMR2 MPZ SH3TC2

GR = Golden Retriever, FP = fibrillation potentials, PSW = positive sharp waves, CMAP = compound motor action potential, MNCV = motor 
nerve conduction velocity, SNAP = sensory nerve action potential, SNCV = sensory nerve conduction velocity, CD = cord dorsum, C1 = first 
cervical spinal cord segment, SEP = somatosensory evoked potential, RNS = repetitive nerve stimulation, Amp = amplitude, mV = millivolts, μV = 
microvolts, mA = milliamps, m/s = meters/second

*
= conduction block, ref = reference values established for the lab, motor amplitudes are from onset to peak, thus smaller than reports using peak to 

peak; sensory amplitudes can be quite variable, so no reference values are listed.
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Table 3

Variant counts for each HPN-affected GR. Each dog retained >7,000 private variants after excluding all 

variants found in >1,000 control dogs. All identified variants were processed through VEP, with variants of 

high or moderate effect, i.e., those that were predicted to alter the amino acid sequence, prioritized. A VarElect 

score >10 indicates the best disease-causing candidate genes. CFA = Canis lupus familiaris chromosome; VEP 

= variant effect predictor

Case 1 Case 2 Case 3 Case 4

Variants on CFA 1–39 7,718 7,568 7,870 7,454

Variants of High, Moderate, and Low Effect 80 72 77 86

Variants Altering Protein Sequence 61 57 58 64

VarElect Score ≥10 1 1 1 1
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Table 4

Protein pathogenicity predictive software results for the Case 3 missense variant. Four of the six programs 

predicted the variant to be deleterious (D) to the MPZ protein, one program indicated that it is tolerated (T), 

and one program was uncertain of the effect of the amino acid substitution

MPZ

PON-P2 0.806 (Unknown)

MutPred2 0.293 (T)

PROVEAN −3.927 (D)

PANTHER 0.5 (Possibly D)

PolyPhen-2 0.997 (Probably D)

Mutation Taster 2021 D

Neuromuscul Disord. Author manuscript; available in PMC 2024 August 01.


	Abstract
	Introduction
	Methods
	Animals
	Electrodiagnostics
	Histopathology and Electron Microscopy
	Genome Wide Association Study
	Whole Genome Sequencing
	Population Testing
	Haplotype Construction

	Results
	Animals: Clinical Presentation and Neurological Examination
	Electrodiagnostic Testing
	Peripheral Nerve Light and Electron Microscopy
	Genetic Relationship and Inbreeding
	GWAS and WGS
	Cases 1 and 2
	Case 3
	Case 4
	Follow-Up on Cases

	Discussion
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7
	Fig. 8
	Table 1
	Table 2
	Table 3
	Table 4



