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An autosomal recessive disease of Black Russian Terriers was previously described as a juvenile-onset, laryngeal
paralysis and polyneuropathy similar to CharcotMarie Tooth disease in humans. We found that in addition to an
axonal neuropathy, affected dogs exhibit microphthalmia, cataracts, andmiotic pupils. On histopathology, affect-
ed dogs exhibit a spongiform encephalopathy characterized by accumulations of abnormal, membrane-bound
vacuoles of various sizes in neuronal cell bodies, axons and adrenal cells. DNA from an individual dog with this
polyneuropathywith ocular abnormalities and neuronal vacuolation (POANV) was used to generate a whole ge-
nome sequence which contained a homozygous RAB3GAP1:c.743delC mutation that was absent from 73 control
canine whole genome sequences. An additional 12 Black Russian Terriers with POANVwere RAB3GAP1:c.743delC
homozygotes. DNA samples from 249 Black Russian Terriers with no known signs of POANVwere either hetero-
zygotes or homozygous for the reference allele. Mutations in human RAB3GAP1 causeWarburg micro syndrome
(WARBM), a severe developmental disorder characterized by abnormalities of the eye, genitals and nervous sys-
tem including a predominantly axonal peripheral neuropathy. RAB3GAP1 encodes the catalytic subunit of a
GTPase activator protein and guanine exchange factor for Rab3 and Rab18 respectively. Rab proteins are involved
in membrane trafficking in the endoplasmic reticulum, axonal transport, autophagy and synaptic transmission.
The neuronal vacuolation and membranous inclusions and vacuoles in axons seen in this canine disorder likely
reflect alterations of these processes. Thus, this canine disease could serve as a model for WARBM and provide
insight into its pathogenesis and treatment.

© 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Hereditary peripheral neuropathies, similar to human Charcot–
Marie–Tooth disease (CMT), have been described in a number of dog
breeds (Granger, 2011). As in CMT, the phenotypes in dogs are very het-
erogeneous ranging from predominantly demyelinating forms charac-
terized by very slow motor nerve conduction velocities (MNCV) and
histopathological evidence of demyelination, to predominantly axonal
ect.com).

. This is an open access article under
forms characterized by mildly slowed MNCV and axonal abnormalities
on histopathology with many intermediate forms also recognized
(Granger, 2011; Rossor et al., 2013; Vallat et al., 2013).

A predominantly axonal polyneuropathy is also reported as part of
the Warburg micro syndrome (WARBM), a developmental disorder in
humans affecting the eye, the nervous system and the genitals
(Handley et al., 2013; Nassogne et al., 2000; Warburg et al., 1993).
WARBM is caused by mutations in several genes that affect function of
Rab GTPases (Aligianis et al., 2005; Aligianis et al., 2006; Bem et al.,
2011; Liegel et al., 2013). The Rab GTPases regulate the formation and
intracellular trafficking of membranous structures including endoplas-
mic reticulum (ER), endosomes, autophagosomes, and synaptic vesicles
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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as well as formation of lipid droplets (Fischer von Mollard et al., 1990;
Gerondopoulos et al., 2014; Hutagalung and Novick, 2011; Martin
et al., 2005; Ozeki et al., 2005; Spang et al., 2014; Zirin et al., 2015).

A juvenile-onset laryngeal paralysis and polyneuropathy was re-
ported in two Black Russian Terriers (BRT) (Granger, 2011). The dogs
presented for respiratory distress due to laryngeal paralysis but also
displayed ataxia, distal weakness, and reduced spinal reflexes. MNCVs
and biopsies suggested an axonal disease (Granger, 2011). In the pres-
ent study, we examined additional BRT and found that the disease phe-
notype includes polyneuropathy with ocular abnormalities and
neuronal vacuolation (POANV). The objective of this study was to char-
acterize the clinical and pathological phenotypes and to identify the
mutation responsible for the disease.

2. Materials and methods

All studies were conducted with the approval of the University of
Missouri, Animal Care and Use Committee and with the informed con-
sent of the dogs' owners. Three, 3-month-old BRT (1 male, 2 females)
with laryngeal paralysis andweakness were examined at the University
of Missouri, College of Veterinary Medicine. Electrodiagnostic testing
was performed under general anesthesia as previously described
(Walker et al., 1979). Electromyography (EMG) was performed on la-
ryngeal, appendicular, and epaxial muscles of all 3 dogs and tibial
MNCV were determined on 2 dogs. Medical records were reviewed on
13 additional affected dogs including the 2 previously reported cases
(Granger, 2011). Two dogs had fluoroscopic swallow studies. At the
owners' request, the 3 dogs evaluated at the University of Missouri
were euthanized by barbiturate overdose due to poor quality of life.
Necropsies were performed on them and 4 additional cases. Left and
right laryngeal nerves and muscles were collected for histopathology
from 2 additional affected dogs. All tissues from affected dogs for histo-
pathologywere collected fromdogs euthanized at 3months of age. Con-
trol laryngeal muscles and nerves were collected from a 3 month old
Standard Poodle euthanized due to another disease. Tissues were
fixed in 10% buffered formalin prior to being embedded in paraffin.
Five μm thick sections were stained with hematoxylin and eosin
(H&E) (Bancroft and Gamble, 2008). Additional stains were oil red O
Fig. 1. Black Russian Terrier with POANV showing signs of sensory and motor polyneuropath
B) Tibial motor nerve conduction showing decreased amplitudes (P = peak amplitude) and m
(O=onset of response). (C &D) EMG fromcricoarytenoideus lateralismuscle showing complex
potentials on the right side (D) indicative of bilateral denervation..
to detect lipid, Luxol-fast blue/PAS for myelin (Sheehan and Hrapchak,
1980) and calbindin immunohistochemical staining for Purkinje cells
(Henkel et al., 2005). All immunohistochemical stains were run with a
positive control tissue and using an irrelevant antibody to detect non-
specific staining.

Slices of the cerebellum obtained at necropsy immediately after eu-
thanasia from 2 dogs were placed in 2.5% glutaraldehyde, 100mM sodi-
um cacodylate, pH 7.4 and incubated in this solution at room
temperature until further processing. Control slices of cerebellum
were collected and fixed in a similar fashion from a 1 year old normal
Beagle euthanized for other reasons. Areas of the samples containing
the roof nuclei and the cortex were post-fixed in osmium tetroxide
and embedded in epoxy resin. Sections of the embedded tissues were
cut at a thickness of 0.4 μm, mounted on glass slides, stained with tolu-
idine blue and examined with light microscopy. Areas of interest were
identified in these sections and the blocks from which they were cut
were trimmed to include only these areas. Sections were cut from the
trimmed blocks at thicknesses of 70 to 90 nm and mounted on copper
electron microscopy grids. The sections were stained with lead citrate
and uranyl acetate and were then examined and photographed using
a JEOL JEM-1400 electron microscope equipped with a Gatan digital
camera.

Unfixedmuscle specimens were shipped overnight by a courier ser-
vice under refrigeration to the Comparative Neuromuscular Laboratory
at the University of California San Diego. Upon receipt, muscles were
snap frozen in isopentane pre-cooled in liquid nitrogen and stored at
−80 °C until further processed by a standard panel of histochemical
stains and reactions (Dubowitz and Sewry, 2013). Immunohistochemi-
cal staining of muscle cryosections was performed using rabbit poly-
clonal antibodies against LC3 N terminal (1:100, Abgent AP1802a,
Abgent, San Diego, CA, USA) and ubiquitin (1:250, Dako 2015-02,
Dako Denmark A/S, Glostrup, Denmark) as markers for autophagy. De-
tails of further processing are as previously described (Beggs et al.,
2010). Additional muscle specimens were immersion fixed in 10% buff-
ered formalin and embedded in paraffin. Peripheral nerve specimens
were similarly fixed in 10% buffered formalin and then transferred
into 2.5% glutaraldehyde upon receipt by the laboratory. Nerves were
post-fixed in 1% aqueous osmium tetroxide for 3–4 h and then
y. A) Proprioception loss leads to failure to replace the paw when placed on the dorsum.
ild temporal dispersion suggesting axonal loss with only moderate slowing of conduction
repetitive dischargewith an abrupt offset on the left side (C), and spontaneousfibrillation
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dehydrated in graded alcohol series and propylene oxide. After infiltra-
tion with a 1:1 mixture of propylene oxide and araldite resin for 4 h,
nerveswere placed in 100% araldite resin overnight and then embedded
in fresh araldite resin. Thick sections (1 μm) were cut with glass knives
and stained with paraphenylenediamine prior to light microscopic ex-
amination. Thin sections (60–90 nm) were cut with glass knives and
stained with uranyl acetate and lead citrate before examination with a
Zeiss 10 electron microscope operating at 60 keV.

In addition to those collected fromaffected dogs and unaffected fam-
ily members, DNA samples archived at the University of Missouri Ani-
mal Genetics Laboratory were used in this study. In all, we used DNA
from the 262 BRT in our collection and samples from 100 randomly se-
lected dogs representing 93 other breeds. Previously describedmethods
were used to isolate DNA from EDTA-anticoagulated blood samples or
from buccal swab samples on Whatman FTA® Elute cards (Katz et al.,
2005; Zeng et al., 2014).

The libraries for generating a whole genome sequence (WGS) were
prepared by Global Biologics (Columbia, MO) with DNA from a single
POANV-affected BRT. The DNA sample was quantitated using the
Qubit™ dsDNA HS Assay Kit and a Qubit® 2.0 Fluorometer (Life Tech-
nologies Inc.) and the DNA integrity was verified using a Fragment An-
alyzer (Advanced Analytical Tech Inc., Ames, IA). The DNA was sheared
separately to ~300 bp and ~400 bp fragments with a QSonica plate son-
ication system (Qsonica Inc., Newtown, CT). The fragmented DNA was
blunt end repaired, 3′ adenylated and ligatedwithmultiplex compatible
adapters using the Illumina NEXTflex DNA Sequencing Kit and size se-
lected for ~300 bp and ~400 bp fragments with SPRI beads (Agencourt
Inc.). PCR was used to amplify only those fragments with adapters on
both ends. Size distributions for the resulting ~300 bp and ~400 bp li-
brarieswere verifiedwith a FragmentAnalyzer and librarieswere quan-
titated by qPCR with the KAPA Library Quantification Kit (Kapa
Biosystems Inc., Wilmington, MA).

The two libraries were sequenced at the University of Missouri DNA
Core Facility with 2 × 100 paired-end runs on an Illumina HiSeq 2000
sequencer. Each library was sequenced in a separate flow cell lane.
The sequence reads were deposited in the Sequence Read Archives (ac-
cession number SRS833812). Exact duplicate sequence read pairs were
eliminated with NextGENe v2.3.2 software (SoftGenetics LLC, State Col-
lege, PA) and adapter sequences were trimmed using custom Perl
scripts. Unique adapter-trimmed reads were error corrected using
MaSuRCA v1.9.5 software (Zimin et al., 2013). Error corrected reads
were aligned to the CanFam3.1 reference genome assembly and vari-
ants called using NextGENe software. Variant calls were further proc-
essed using custom Perl scripts to filter likely false positives and then
the variant calls were uploaded to a custom PostgreSQL database
Fig. 2. Muscle atrophy and abnormal ocular development in POANV. (A) Larynx showing
severe atrophy of the left cricoarytenoideus dorsalis muscle (arrow). (B) Late immature
cataract seen on ocular examination. (C) Histopathological evidence of cataractous chang-
es in the lens most notable in the nucleus (arrow).
which contained the variant calls for an additional 73 canid WGS.
Using custom SQL scriptswe identified variants that fit an autosomal re-
cessive mode of inheritance such that the case is homozygous for an al-
lele not observed (heterozygous or homozygous) in any of the 73
control canidWGS. This candidate variant list was further filtered to in-
clude only variants predicted to alter the amino acid sequence of the
encoded polypeptides. The controls included WGS from wild canids
(n = 3), healthy dogs (n = 5), or dogs with heritable diseases other
than PONAV (n = 65). Thirty four of the control WGS were from our
group and 40 were generated elsewhere, as indicated in the
Acknowledgments.

PCR primers 5′-ATGGCTGAAACCTCATCTCG-3′ and 5′-ACTCGCAGTAAT
AAATATGTCA-3′ were designed to span an apparent RAB3GAP1 frame-
shift mutation and produce an amplicon for direct sequencing to deter-
mine if the apparent variant was truly present in the DNA from the
POANV affected dog. A TaqMan allelic discrimination assay (Livak,
1999)was used to genotype individual dogs at the RAB3GAP1 frameshift
mutation. For this assay, the PCR primers were 5′-ACTTCAGGATTGGCAG
CAGTATTTT-3′ and 5′-ACTTAAAACCCACTGTTAAATAATTTCAATTTCCA-3′
and the competing probeswere 5′-VIC-ACCTGGAGCTGCTG-MBG-3′ (var-
iant allele) and 5′-FAM-ACCTGGAGGCTGCTG-MBG-3′ (reference allele).

3. Results

3.1. Clinical phenotype

Inspiratory stridor was noted in all affected dogs at 3 months of age,
and sedated laryngeal examination identified bilateral laryngeal paraly-
sis or left paralysis with right paresis. Of the 3 cases examined at the
University of Missouri, one was in severe respiratory distress which
prevented a thorough examination, while the other 2 exhibited normal
behavior.

On ocular examination, bilateral abnormalities included
microphthalmia (2 dogs), resting miotic pupils with incomplete
dilation in dim light (3 dogs), late immature cataracts (3 dogs)
(Fig. 2B), and iris to iris persistent pupillary membranes (2 dogs).

Sensory and motor deficits were observed in both neurological ex-
amination and fluoroscopic swallow studies. Sensory deficits included
proprioceptive ataxia, postural reaction deficits (Fig. 1A), and pharyn-
geal retention of food.Motor deficits included pelvic limbweakness, hy-
potonia, diminished spinal reflexes, food bolus dyscohesion and delayed
secondary peristalsis.

EMG showed prolonged insertional activity consistently in the la-
ryngeal muscles and variably in the limb and epaxial muscles. In laryn-
geal muscles, spontaneous activity sometimes consisted of complex
repetitive discharges with an abrupt ending (Fig. 1C). Spontaneous fi-
brillation potentials were also observed (Fig. 1D). Tibial MNCVs were
moderately slow (41.9 and 35.9 m/s: reference range 53.0 ± 2.8 m/s
(Swallow and Griffiths, 1977)). Compound motor unit action potential
amplitudes were decreased (0.6 and 1.0 mV: reference range 13.8 ±
0.8 mV (Sims and Redding, 1980)) and showed mild temporal disper-
sion (Fig. 1B). All affected dogs died or were euthanized at the owners'
request due to progressive weakness and/or respiratory distress by 6
months of age.

3.2. Molecular genetics

A 29.3 fold average coverageWGS was generated from the DNA of a
single POANV-affected BRT and the sequence reads were aligned to the
reference canine genome (build 3). From this alignment,we detected 71
homozygous sequence variants that were absent from the 73 control
WGS and that were predicted to alter the amino acid sequence of the
gene products. These variants occurred in 63 different genes and includ-
ed 60 missense mutations, 8 frameshifts due to single nucleotide or di-
nucleotide insertions or deletions, 1 in-frame 3-nucleotide insertion,
and 1 nonsense mutation (Supplementary Table 1). OMIM (http://

http://creativecommons.org/licenses/bycd/4.0/


Fig. 3. Regional RAB3GAP1 sequences generated with genomic DNA from POAVN-affected BRT. (A) Screen capture of NextGENe Viewer display of WGS sequence read alignment revealed
the RAB3GAP1:c.743delC mutation; (B) automated Sanger sequencing verified the RAB3GAP1:c.743delCmutation.
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www.ncbi.nlm.nih.gov/omim/) and PubMed (http://www.ncbi.nlm.
nih.gov/pubmed) based literature reviews of the known functions and
disease associations of the genes harboring these sequence variants sug-
gested that RAB3GAP1:c.743delC (CanFam3.1 Chr19: 37,908,633) (Fig.
3A) was a plausible candidate for causing POANV because mutations
in the human ortholog of this gene cause WARBM which is character-
ized by neurodevelopmental and ocular abnormalities in infants similar
to those seen in the affected dogs. Direct automated Sanger sequencing
confirmed that RAB3GAP1:c.743delC was an authentic homozygous se-
quence variant and not a sequencing artifact (Fig. 3B).

Archived DNA samples from all 262 BRT represented in our collec-
tion were genotyped at RAB3GAP1:c.743delC. In addition to the 3
POANV-affected BRT examined at the University of Missouri, 10 other
samples were from dogs that exhibited clinical signs characteristic of
POANV. This included a sample from one of the affected BRT described
in a previous report (Granger, 2011). All 13 of these affected dogs
were found to be homozygous for the RAB3GAP1:c.743delC variant.
The other 249 genotyped BRT samples were either heterozygous at
RAB3GAP1:c.743delC (n=66) orwere homozygous for the reference al-
lele (n = 183). Among the 249 BRTs that were not c.743delC homozy-
gotes, 223 were known to have survived past 6 months of age and,
therefore, were unlikely to have POANV. We have limited clinical infor-
mation for the remaining26 BRTs thatwere not c.743delC homozygotes;
however, 8were reported by their owners to be normal when 4months
old or older and there were no indications in our records that any of the
remaining 18 BRT have shown POANV-like clinical signs. Although the
frequency of the c.743delC allele among the BRTs represented in our ar-
chived DNA sampleswas 0.18, this frequency is likely to be substantially
higher than that for other BRT populations as many our samples were
collected specifically because they were from dogs with POANV or
their close relatives. The c.743delC allele was not detected in the DNA
from 100 randomly selected purebred dogs of other breeds.

3.3. Macroscopic and histopathological phenotype

Themost strikingmacroscopic necropsyfindingswere pallor and at-
rophy of laryngeal muscles, particularly the left cricoarytenoideus
dorsalis muscle in all examined dogs (Fig. 2A). The eyes of two affected
dogs were abnormally small and all three necropsied dogs exhibited bi-
lateral cataracts at necropsy. Cataractous nuclear changes were noted
on microscopic examination (Fig. 2C), with liquefaction and
Morgagnian globules concentrated in this area.

No gross abnormalities were observed in the brain or spinal cord.
Neuronal vacuolation was observed in the brain (4/4 dogs) and spinal
cord (2/3 dogs). Vacuoles were abundant in the cerebellar roof nuclei
(Fig. 4A) with 20% of the neurons having vacuoles (Supplementary
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Fig. 4. Cytoplasmic vacuolation in dogswith POANV. (A)Many neurons in the cerebellar roof nuclei have cytoplasmic vacuoles (arrows) apparent on H&E stain. (B) Purkinje cells (arrows)
show central pallor on calbindin staining with occasional enlarged axons with vacuolation (arrowhead). (C) Cytoplasmic vacuoles (arrow) in the adrenal medulla on H&E stain. (D) The
neuronal vacuoles (arrows) in the cerebellar roof nuclei were negative with oil red O stain for lipids.
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Table 2). Vacuoles could also be found in the adrenal medulla (3/3 dogs,
Fig. 4C), dorsal root ganglia (1/3 dogs) andmyenteric plexus (1/3 dogs),
as well as in other areas of the brain. They were very uncommon in the
cerebral cortex. Vacuoles were located in neuronal cytoplasm, axon
hillocks or rarely in distended axons (Fig. 4B). Most often, 1–2 large,
round unstained vacuole or a small cluster of vacuoles were present in
neuronal cytoplasm, displacing Nissl substance. Vacuoles did not stain
positively with ubiquitin immunohistochemically (not shown) and
were negative with oil red O stain (Fig. 4D), which stains neutral
triglycerides.

Cerebellar Purkinje cell numbers appeared normal but many of
these cells had condensed cytoplasm with central pallor on calbindin
staining (Fig. 4B) and a foamy appearance at the light microscopic
level in the semi-thin sections of plastic-embedded specimens (Fig.
5A). The nuclei of these cells also appeared condensed (Fig. 5A and C).
At the ultrastructural level, the foamy appearance of the perinuclear cy-
toplasm was found to be due to the presence of numerous small vacu-
oles (Fig. 5C). At higher magnification, the small vacuoles in the
Purkinje cells were mostly clear but some contained clumps of electron
dense material (Fig. 5E). Such changes were not seen in similarly proc-
essed sections from a control dog (Fig. 5B, D & F).

Electron microscopy revealed that the large vacuoles in the cerebel-
lar roof nuclei weremembrane bound and contained scant, fibrillary de-
bris (Fig. 6A and B). Often a mix of small and large vacuoles were found
(Fig. 6A and C) and in some cells, large clusters of small vacuoles were
present (Fig. 6D). The vacuoles ranged in size from as little as about
0.2 μm up to as much as 20 μm in diameter.

Biopsies were evaluated from the cranial tibial, masseter, triceps,
vastus lateralis and left and right cricoarytenoideus dorsalis muscles.
Numerous atrophic fibers having an angular to anguloid shape were
noted in the left (Fig. 7A) and right cricoarytenoideus dorsalis muscles
with variable endomysial fibrosis. Similar changes were not observed
in comparable samples from an age matched, normal healthy dog (Fig.
7B). Atrophic fibers were only rarely present in the masseter and limb
muscles. Fiber type grouping was not observed. Intramuscular nerve
branches in the cricoarytenoideus muscles were variably depleted of
myelinated fibers. Rare necrotic fibers were present undergoing phago-
cytosis. Immunohistochemical staining of muscle from an affected dog
for the lysosomalmarker LC3 andubiquitinwere similar to controlmus-
cle and oil red O staining did not demonstrate excessive lipid accumula-
tion (data not shown). Peripheral nerve specimenswere evaluated from
the left (Fig. 7C) and right recurrent laryngeal nerves, left and right cra-
nial laryngeal nerves, radial and sciatic nerves. Recurrent laryngeal
nerves showed marked nerve fiber loss in the affected dog (Fig. 7C)
but not in the normal dog (Fig. 7D).

At the electron microscopic level, dystrophic changes consisting of
aggregates of vesicular structures (Fig. 8A) and scattered organelles
(Fig. 8B) were seen in axons of the left recurrent laryngeal nerve. An al-
tered myelin periodicity suggested abnormal interactions of axon and
myelin at the interglial loop of this nerve (Fig. 8B).

4. Discussion

The BRT disease we studied had been briefly described as a periph-
eral axonal neuropathy in a reviewof heritable caninemotor and senso-
ry neuropathies (Granger, 2011). Becausewe have extended the disease
description to include not only the polyneuropathy, but also ocular ab-
normalities and neuronal vacuolation, we now use POANV to refer to
the disease. TheWGS of a POANV-affected dog contained a homozygous
RAB3GAP1 single nucleotide deletion, RAB3GAP1:c.743delC. All 13
POANV-affected BRT represented in our DNA collection tested homozy-
gous for this deletion; whereas, none of our other DNA samples from
249 BRT or 100 dogs of other breeds were homozygous for the
c.743delC allele. The RAB3GAP1:c.743delC produces a frame shift that
predicts a premature stop codon and a truncated gene product
RAB3GAP1:p.P248Lfs4* missing 730 C-terminal amino acids, including
the catalytic domain. Thus, it is doubtful that the truncated geneproduct
retains biological activity. While this manuscript was in review,



Fig. 5.Numerous, small vacuoles are present in the Purkinje cell bodies of dogswith POANV (A, C, and E) that are not observed in the Purkinje cells of a normal dog (B, D, and F).With light
microscopy the Purkinje cell cytoplasmhas a foamy appearance (arrows inA) and the cell nuclei are highly condensed (arrowheads inA). In contrast, the Purkinje cell cytoplasmof normal
dogs (arrows inB) ismore uniformly stained and the nuclei aremuch less compressed.With electronmicroscopy (C and E), the foamy appearance of the cytoplasmwasobserved to bedue
to the presence of numerous vacuoles throughout the Purkinje cell bodies. Many of these vacuoles were up to 1 μm in diameter (labeled “v” in panel E). With electronmicroscopy no cor-
responding vacuoleswere observed in the Purkinje cell bodies of a normal dog (D and F). Small clear vesicles typical of normal endosomeswere present in Purkinje cells of the normal dog
(arrows in F). N: nucleolus; Nu: nucleus. Bar in (A) indicates the magnification of the micrographs in both panels A and B.
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researchers at the University of Bern independently identified a SINE in-
sert in RAB3GAP1 in Alaskan Husky dogs with a similar phenotype
(Wiedmer et al., 2015). AffectedHuskies presentedwith identical ocular
changes, weakness, and sensory ataxia. Laryngeal paralysis was not
reported though voice change andmegaesophagus were. Histopatholo-
gy showed similar axonal peripheral neuropathy and neuronal vacuola-
tion with more prominent changes reported in the spinal cord white
matter. The identification of a different variant in RAB3GAP1 in dogs



Fig. 6. Large and small vacuoles in neurons of the cerebellar roof nuclei in POANV. (A) Electron micrograph of a large vacuole (V) in a cerebellar roof nucleus neuron. The large vacuoles
weremostly clear except for small amounts of loosely aggregatedmaterial, primarily near the outer edges of the vacuoles. (B) A highermagnification electronmicrograph of the edge of a
large vacuole (V) demonstrating that the vacuole was membrane bound (large arrows) and showing some of the aggregated material within the vacuole (small arrows). (C) Vacuoles
(V) of intermediate size were often adjacent to the very large vacuoles in some of the cerebellar roof nuclei. (D) Some of the cerebellar roof nuclei neurons had aggregates of numerous
small vacuoles (arrows).
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with an almost identical phenotype further supports the causality of
these variants.

RAB3GAP1was first recognized and named because it encodes a cat-
alytic subunit that combines with a non-catalytic subunit encoded by
RAB3GAP2, to form Rab3GAP, a GTPase activator protein (GAP) which
greatly enhances the inherent GTPase activity of the four related mam-
malian Rab3s (Rab3A, -B, -C and -D) (Fukui et al., 1997; Hutagalung and
Novick, 2011; Nagano et al., 1998). The Rab3s are members of the Rab
family of small GTPases that function as molecular “switches” that reg-
ulate the formation, transport, tethering and fusion of a variety ofmem-
brane structures by cycling between inactive GDP-bound and active
GTP-bound states (Fig. 9) (Bhuin and Roy, 2014; Hutagalung and
Novick, 2011).

Homozygous mutations in human RAB3GAP1 cause either WARBM,
characterized by severe developmental deficiencies of the nervous sys-
tem, eyes and genitalia or Martsolf syndrome with similar but less se-
vere developmental deficiencies. The ocular abnormalities in children
with WARBM include congenital cataracts, microphthalmia,
microcornea, small atonic pupils and optic nerve atrophy (Handley
et al., 2013). Ocular finding in dogs with POANV were similar except
that persistent pupillary membranes were also found in two dogs. Neu-
rologic abnormalities in WARBM include microcephaly, seizures, and
severe developmental delay with most children never progressing
past 4 month stage milestones (Handley et al., 2013). Predominantly
frontal polymicrogyria, enlarged sulci, thinning of the corpus callosum
and cerebellar hypoplasia were detected in WARBM patients by mag-
netic resonance imaging (Handley et al., 2013; Morris-Rosendahl
et al., 2010). Dogs with POANV exhibit normal behavior and they do
not have microcephaly, cortical dysplasias or seizures. No signs of the
cerebellar ataxia or cerebellar atrophy reported in WARBM were seen
in affected BRT though neurons in the cerebellar roof nuclei and
Purkinje cells exhibited histopathological changes.

WARBM patients never develop the ability to crawl or walk. They
show hypotonia and evidence of a predominantly axonal peripheral
neuropathy (Graham et al., 2004; Nassogne et al., 2000). As in the orig-
inal report of the condition in BRT (Granger, 2011), affected dogs in this
study presented with juvenile onset laryngeal paralysis and
polyneuropathy that is predominantly axonal based on the moderate
changes in MNCV and predominantly axonal changes on histopatholo-
gy. These abnormalities are similar to autosomal recessive, axonal, Char-
cot–Marie–Tooth disease with vocal cord paresis (CMT4A) in humans
which has been associated with mutations in an unrelated gene
GDAP1 (Baxter et al., 2002; Cuesta et al., 2002; Sevilla et al., 2003). In
WARBM, hypotonia progresses to spastic quadriplegia (Handley et al.,
2013). All affected BRT died or were euthanized by 6 months of age,
so it is not knownwhether their weaknesswould progress from a hypo-
tonic, hyporeflexive to a spastic phenotype.

Nullizygous Rab3gap1 knockout mice were fertile and no develop-
mental abnormalities were reported in the eyes or the nervous system
(Sakane et al., 2006)whichhighlights theprofounddifferences between
knockout models and spontaneous disease. Nonetheless, an increase in
Rab3A-bound GTP was detected in brain homogenates from the
Rab3gap1 knockout mice and Ca2+-dependent glutamate release
was decreased in synaptosomes isolated from these mice (Sakane
et al., 2006). These results were consistent with the Rab3 protein's
well established role in exocytosis and neurotransmitter release



Fig. 7. Cricoarytenoideus muscle from an affected Black Russian Terrier (A) and an age-matched control dog (B). A marked variability in myofiber size with generalized atrophy and
endomysial fibrosis is present in the affected dog but not observed in the control dogmuscle (H&E stain). A decreased population of large caliber nerve fiberswith a subjectively increased
population of small caliber fibers was evident in the recurrent laryngeal nerve of the affected Black Russian Terrier dog (C) compared to the age-matched control dog (D) nerve
(paraphenylenediamine stain). Bar = 50 μm for all images.
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(Hutagalung and Novick, 2011; Muller et al., 2011; Sudhof, 2004), and
suggested that altered neurotransmission could be involved in the path-
ogenesis of WARBM (Aligianis et al., 2005; Aligianis et al., 2006). On the
other hand, no mutations in any of the four RAB3 family genes have
been associated with WARBM. In addition, the phenotypes of
nullizygous Rab3 knockout mice do not support a role for Rab3-related
pathways in the pathogenesis of WARBM. The lack of disease pheno-
types in mice with individual Rab3 gene knockouts has been attributed
to redundant functions allowing the remaining Rab3 genes to compen-
sate for the knocked-out gene. Quadruple knockout mice without any
functional Rab3 die from respiratory failure shortly after birth, but un-
like WARBM patients these mice have normally developing eyes and
brains (Schluter et al., 2004).

WARBM-causing mutations have been reported in three other
genes: RAB3GAP2, RAB18 and TBC1D20 (Aligianis et al., 2006; Bem
et al., 2011; Liegel et al., 2013). TBC1D20 encodes a protein that func-
tions as a GAP for Rab1 and Rab2, which facilitate ER-Golgi trafficking
(Liegel et al., 2013). Mice with a spontaneous Tbc1c20 mutation and
Tbc1d20 knockout mice have congenital cataracts and male sterility
(Liegel et al., 2013; Park et al., 2014). Rab18 knockout mice show cata-
racts, weakness, and peripheral neuropathy (Bem et al., 2011;
Carpanini et al., 2014). The protein encoded by Rab18 is also involved
in ER-golgi trafficking (Dejgaard et al., 2008; Pulido et al., 2011) as
well as the assembly of secretory granules (Vazquez-Martinez et al.,
2007), and peroxisomes (Gronemeyer et al., 2013). Until recently, it
was difficult to understand how mutations in TBC1D20 and RAB18 that
regulate ER-golgi trafficking could produce disease phenotypes that
were indistinguishable from those produced by mutations in the
Rab3GAP subunits, originally thought to regulate neurotransmitter re-
lease. A plausible explanation was provided by Gerondopoulos et al.
who reported that Rab3GAP not only functions as a GAP for the Rab3s
but also functions as a guanine exchange factor (GEF) for Rab18. They
further showed that Rab3GAP localizes to the ER and that some point
mutations in RAB3GAP1 that cause WARBM in humans affect Rab18
GEF activity but not the GAP activity toward the Rab3 family of proteins
(Gerondopoulos et al., 2014). Therefore, the clinical and morphologic
abnormalities associatedwithWARBMandPOANVmay be related to al-
tered interaction of Rab3GAP1 with Rab18.

Histopathology of the central nervous system fromWARBMpatients
has not been reported. No central nervous system changes were report-
ed in the description of Rab3gap1 and Rab18 knockout mice, (Carpanini
et al., 2014; Sakane et al., 2006). In BRT with POANV, large vacuoles



Fig. 8. Electron micrographs from the left recurrent laryngeal nerve of an affected BRT
showing clusters of tubular structures resembling abnormally proliferating ER (arrow)
(A). Areas of altered myelin periodicity (B, arrow) and abnormal connections between
myelin and axons were present at the interglial loop of the left recurrent laryngeal
nerve (B).
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were visiblewithin neurons of the cerebellar roof nuclei and other areas
on light microscopy. On electron microscopy, these cytoplasmic vacu-
oles appeared as single-membrane bound vacuoles containing scant, fi-
brous material. In addition to the large, often multiple vacuoles seen on
light microscopy, numerous, small and intermediately sized vacuoles
were found in the cerebellum, sometimes containing a dense core of
material. Small vacuoles or vesicles were also present in axons of the la-
ryngeal nerves and Purkinje cells, either individually, or in clusters.

The formation of intraneuronal vacuoles in POANV could provide
clues to the role of Rab proteins in the pathogenesis of WARBM.
Rab18 has been shown to be associated with lipid droplet formation
in both adipocytes and non-adipocyte cells (Martin et al., 2005; Ozeki
et al., 2005). Loss of function of Rab18, Rab3GAP subunits or TBC1D20
increases lipid storage in cells cultured with oleic acid (Gerondopoulos
et al., 2014; Liegel et al., 2013; Park et al., 2014). Muscle and cerebellum
from affected BRT, however, showed no excessive lipid accumulation
on oil red O staining, indicating that the intraneuronal vacuoles were
not enlarged lipid droplets. Recent studies have also shown that
Rab3GAP subunits regulate autophagy in Drosophila and Caenorhabditis
elegans muscle as well as human fibroblast cultures by affecting
autophagosome maturation independent of Rab3 (Spang et al., 2014;
Zirin et al., 2015). Intraneuronal vacuoles were recently reported in a
spontaneous neurodegenerative disease in Lagotto Romagnolo dogs
associated with a mutation in the autophagy-related gene ATG4D
(Kyostila et al., 2015). In these studies, abnormal autophagosome mat-
uration was demonstrated with LC3 immunohistochemistry (Kyostila
et al., 2015; Spang et al., 2014; Zirin et al., 2015). The vacuoles found
in affected Lagotto Romagnolo dogs sometimes containedmembranous
profiles or floccular material typical of a lysosomal storage disease, and
axonal swellings contained double-membrane bound autophagosomes
(Kyostila et al., 2015). None of these indications of autophagosome dys-
function were identified in POANV.

As mentioned earlier, Rab3GAP localizes to the ER. It is necessary for
the ER targeting of Rab18. Absence of either Rab3GAP or Rab18 in fibro-
blast cell culture results in thedisruption of ER tubular networks and the
abnormal peripheral distribution of ER sheets (Gerondopoulos et al.,
2014). The intra-neuronal vacuoles that we detected in the BRT with
POANV may be microscopic and ultrastructural manifestations of ER
that has been aberrantly distributed due to the absence of Rab3GAP
activity.

The most prominent clinical feature of the POANV phenotype is the
juvenile onset laryngeal paralysis and polyneuropathy with electro-
physiology and nerve pathology suggesting an axonal neuropathy. A
predominantly sensory neuropathy in humans (CMT2B) has been asso-
ciated with variants in the gene for the Rab protein Rab7, which is im-
portant for endosomal trafficking, signaling of neurotrophins, and for
retrograde axonal transport (Bucci et al., 2012; Bucci and De Luca,
2012; Verhoeven et al., 2003). Rab18 knockout mice also develop a pe-
ripheral neuropathy andweakness (Carpanini et al., 2014). Muscle fiber
atrophy was not reported in mice and it was rarely observed in limb
muscles of affected BRTs. However, muscle fiber atrophy was evident
in both the left and right cricopharyngeal muscles of BRTs. The pattern
of fiber atrophy and electrodiagnostic findings are suggestive of dener-
vation, but quantification ofmotor endplates to prove denervationwere
not performed. Clinical signs and pathologic changes of a more general-
ized peripheral neuropathy could have developed if the dogs had sur-
vived longer. Dystrophic changes in axons of the sciatic nerve were
reported in Rab18 knockout mice with disorganization of
neurofilaments and collections of microtubules predominantly at the
neuromuscular junctions (Carpanini et al., 2014). Dystrophic changes
in nerves are characterized by accumulations of normal or abnormal
appearing organelles and, vacuoles and clusters of tubular rings arising
fromaltered axoplasmicflow (Lampert, 1967). In POANV,more dramat-
ic dystrophic changes were found in the laryngeal nerves with collec-
tions of vacuoles, abnormal appearing organelles and clusters of
vesicular structures resembling proliferating ER. Finding such changes
remote from the cell body suggest that axonal transport of membranes
and or vesicles is also disrupted by the RAB3GAP1 mutation.

In conclusion, BRT with POANV due to a homozygous
RAB3GAP1:c.743delC mutation share many signs with WARBM patients
(Handley et al., 2013; Nassogne et al., 2000) while Rab3gap1 null mice
exhibit only subtle biochemical changes which may not be relevant to
WARBM pathogenesis (Sakane et al., 2006). POANV-affected dogs
show a progressive polyneuropathy similar to that seen with Rab18
knockout mice (Carpanini et al., 2014). In addition, these dogs develop
a spongiform encephalopathy with interneuronal vacuolation not seen
in mouse models of WARBM. Further studies are needed to determine
if these vacuoles represent altered intracellular membrane trafficking.
The RAB3GAP1:c.743delC dogs could serve as a model for investigating
the role of Rab3GAP in membrane trafficking and the pathogenesis of
diseases such as WARBM.
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Fig. 9.Membrane bound Rab proteins are activated when a guanine nucleotide exchange factor (GEF) exchanges GDP with GTP. They act through an effector molecule to form, transport,
tether or fuse to an acceptormembrane. An associated GTPase activator protein (GAP) greatly enhances the inherent GTPase activities of the Rab to hydrolyze GTP to GDP inactivating the
Rab. The Rab is then removed from the acceptor membrane by the guanine nucleotide dissociation inhibitor (GDI). The GDI dissociation factor (GDF) returns the Rab protein to the donor
membrane in preparation for the next cycle (Bhuin and Roy, 2014; Hutagalung and Novick, 2011). Rab3Gap1/2 functions as both a GAP for Rab3 and a GEF for Rab18 (Fukui et al., 1997;
Gerondopoulos et al., 2014; Hutagalung and Novick, 2011; Nagano et al., 1998). Disruption of this process in POANV may explain the membrane trafficking abnormalities found on
histopathology.
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Supplementary data to this article can be found online at http://dx.
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