
Inherited neuroaxonal dystrophy in dogs causing lethal, fetal-
onset motor system dysfunction and cerebellar hypoplasia

John C. Fyfe1,2,*, Raba' A. Al-Tamimi1, Rudy J. Castellani3, Diana Rosenstein2, Daniel
Goldowitz4, and Paula S. Henthorn5

1 Laboratory of Comparative Medical Genetics, Department of Microbiology & Molecular
Genetics, Michigan State University, East Lansing, MI 48824 USA
2 Department of Small Animal Clinical Sciences, College of Veterinary Medicine, Michigan State
University, East Lansing, MI 48824 USA
3 Department of Pathology, School of Medicine, University of Maryland, Baltimore, MD 21201
USA
4 Department of Medical Genetics, University of British Columbia, Vancouver, BC, V5Z 4H4
Canada
5 Section of Medical Genetics, School of Veterinary Medicine, University of Pennsylvania,
Philadelphia, PA 19104 USA

Abstract
Neuroaxonal dystrophy in brainstem, spinal cord tracts, and spinal nerves accompanied by
cerebellar hypoplasia was observed in a colony of laboratory dogs. Fetal akinesia was documented
by ultrasonographic examination. At birth, affected puppies exhibited stereotypical positioning of
limbs, scoliosis, arthrogryposis, pulmonary hypoplasia, and respiratory failure. Regional
hypoplasia in the central nervous system was apparent grossly, most strikingly as underdeveloped
cerebellum and spinal cord. Histopathologic abnormalities included swollen axons and spheroids
in brainstem and spinal cord tracts; reduced cerebellar foliation, patchy loss of Purkinje cells,
multifocal thinning of the external granular cell layer, and loss of neurons in the deep cerebellar
nuclei; spheroids and loss of myelinated axons in spinal roots and peripheral nerves; increased
myocyte apoptosis in skeletal muscle; and fibrofatty connective tissue proliferation around joints.
Breeding studies demonstrated that the canine disorder is a fully penetrant, simple autosomal
recessive trait. The disorder demonstrated a type and distribution of lesions homologous to that of
human infantile neuroaxonal dystrophy (INAD), most commonly caused by mutations of
PLA2G6, but alleles of informative markers flanking the canine PLA2G6 locus did not associate
with the canine disorder. Thus, fetal-onset neuroaxonal dystrophy in dogs, a species with well-
developed genome mapping resources, provides a unique opportunity for additional disease gene
discovery and understanding of this pathology.
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Introduction
Neuroaxonal dystrophy (NAD) is a nonspecific, but histologically distinct,
neurodegenerative pathology of the central and/or peripheral nervous system. NAD is
characterized by localized swellings (spheroids) and atrophy of axons (Summers et al.,
1995). NAD can occur in chronic vitamin E deficiency, insulin deficient diabetes, aging, and
exposure to certain toxins (Schmidt et al., 1991, 1997). Autosomal recessive forms of NAD
have been described in humans and other species, but even within a species, there is
variation in age of onset, clinical manifestations, lesion distribution, and electron
microscopic description of spheroids (Sisó et al., 2006). Mechanisms by which these lesions
develop are unknown.

In human infantile NAD (INAD, OMIM #256600; a.k.a. Seitelberger disease) the onset of
clinical signs typically occurs between 6 and 18 months of age, first showing cognitive and
motor regression, hypotonia, and progressive paraplegia (Carrilho et al., 2008; Kurian et al.,
2008). A few INAD patients, however, have signs of disease at birth including fetal
immobility (Janota 1979;Jennekens et al., 1984; Tachibana et al., 1986; Hunter et al., 1987;
Chow and Padfield 2008). Severe cerebellar atrophy and/or Purkinje cell loss is an
additional pathological hallmark of human INAD and is observed in some animal NADs as
well (Woodard et al., 1974; Cork et al., 1983; Carmichael et al., 1993; Bouley et al., 2006;
Nibe et al., 2007). Mutations in the gene encoding phospholipase A2, group VI (PLA2G6)
are found in ∼ 80 % of human INAD patients (Khateeb et al., 2006; Gregory et al., 2008;
Wu et al., 2009). Engineered abrogations of Pla2g6 (a.k.a. iPLA2β) expression in mice have
produced orthologous models of human INAD, but they produce late-onset disease
(Shinzawa et al., 2008; Malik et al., 2008). Identification of the INAD disease gene has not
yet revealed a mechanism by which axons become dystrophic because the physiologic role
of PLA2G6 in the nervous system is poorly understood. At one time, deficiency of a
lysosomal hydrolase, α-N-acetylgalactosaminidase (α-NAGA; Schindler disease type I), was
implicated as a cause of INAD, but this conclusion has since been contradicted (Bakker et
al., 2001).

Here we report a neurodevelopmental disorder in dogs characterized by fetal-onset NAD
throughout the brainstem, spinal cord and peripheral nerves. The canine disorder manifests
as fetal akinesia late in gestation and respiratory failure at birth, both due to lower motor
neuron dysfunction, and is accompanied by cerebellar hypoplasia. The phenotype is a fully
penetrant, simple autosomal recessive trait. Alleles of informative markers flanking the
canine PLA2G6 locus are not associated with alleles of the disease locus in this family.
Characterization of the canine disorder sets the stage for linkage mapping to determine the
underlying genetic lesion and to gain further insight into the pathogenesis of neuroaxonal
dystrophy.

Materials and Methods
Animals

Dogs used in this study were members of a breeding colony maintained initially at
University of Pennsylvania and later at Michigan State University. All protocols for routine
housing and care, breeding and whelping, cesarean sections, perfusion, and euthanasia were
approved by the respective Institutional Animal Care and Use Committees of the two
institutions and were designed according to the principles described in the NIH Guide for
the Care and Use of Laboratory Animals. Euthanasia was performed by parenteral
administration of an overdose of sodium pentobarbital.
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Ultrasonography
Abdominal ultrasonographic examination was performed on trained dogs in dorsal
recumbency without sedation using an Aloka 500 ultrasound system (ALOKA, Inc.,
Wallingford, CT). Pregnant dogs were examined between 49 and 60 days of gestation. Day
of gestation was calculated in each case by monitoring changes in vaginal epithelial
cytology and serum progesterone concentration to estimate the day of ovulation, a procedure
that allowed prediction of the time of full-term whelping to within ± 12 hours.

Antibody characterization
Antibodies and dilutions used in this study are listed in Table 1. Anti-glial fibrillary acid
protein (GFAP), anti-neuron specific enolase (NSE), and anti-calbindin antibodies were
used as cell-type markers for astrocytes, neurons, and Purkinje cells, respectively. Each
demonstrated cells of characteristic morphology and distribution as described previously in
dog CNS tissues (Aoki et al., 1992;Sisó et al., 2003;Hwang et al., 2008;Sago et al., 2008).
On western blots of newborn dog brainstem homogenate, these antibodies recognized single
bands of 52, 48, and 28 kDa, respectively, as previously reported in other species (Marangos
et al., 1975;Toma et al., 2001;Zhao et al., 2008).

Activated caspase-3 antibody was raised against a synthetic KLH-coupled peptide
(CRGTELDCGIETD) adjacent to Asp175 in human caspase-3, and is a well-defined marker
of apoptosis in mammalian tissues (Ribera et al., 2002). The immunizing peptide is identical
in dog caspase 3, as well as in most other mammals. The antibody recognizes 17-19 kDA
fragments, but not the full-length caspase 3 on western blots of human and mouse cell line
homogenates (manufacture's fact sheet). On western blots of D-17 canine osteosarcoma cells
(ATCC ® cat no. CCL-183™) treated with doxorubicin, but not of untreated cells, we
detected a 17 kDa band. For antigen retrieval de-paraffinized slides were incubated for 30
min at 99 C in 10 mM sodium citrate buffer, pH 6.0. Staining was abolished by
preincubating the primary antibody with cleaved caspase-3 (Asp175) blocking peptide (Cell
Signaling Technology, Beverly, MA; cat. no.1050), or by substituting the primary antibody
with normal goat serum.

The SMI-312 antibody used here is a pan neurofilament (NF) marker that detects
phosphorylated NF (Sternberger and Sternberger, 1983) in axons of fetal and newborn
humans (Ulfig et al., 1998; Haynes et al., 2005). SMI-312 is a cocktail of monoclonal
antibodies directed against extensively phosphorylated epitopes on axonal NF-M and NF-H.
SMI-312 stained axons throughout the CNS in the pups of this study in a pattern similar to
NSE staining. In particular, however, SMI-312 did not stain neuronal perikarya, as has been
described, in normal pup tissue, congruent with its specificity for phosphorylated NF. On
western blots of detergent extracts of newborn dog brainstem, SMI-312 detected 200 and
160 kDA bands.

None of the antibodies used exhibited residual staining when the primary antibody was
omitted or replaced with irrelevant serum in the procedure. Because expression of various
proteins and tissue structures develop rapidly in fetal and newborn pup CNS and skeletal
muscle, sections from affected pups were assessed in comparison to sections of tissue from
normal littermates, rather than by reliance on usual patterns of staining observed in older
dogs.

Histopathology
For light microscopy, affected newborn and littermate control tissues were fixed by
immersion in 100 mM sodium phosphate-buffered 1.25 M (4%) formaldehyde, pH 7.0
(NBF), paraffin or plastic (glycol methacrylate) embedded, and sectioned. In some animals,
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rapid fixation of the CNS was accomplished by NBF perfusion via the proximal aorta.
Sections were obtained from all organs and all levels of the neuraxis. The entire brainstem
and cerebellum of some dogs were examined in serial frontal and sagittal sections at 100 μm
intervals. Routine stains included hematoxylin-eosin (H&E), luxol-fast blue, Klüver-
Barrera, periodic acid-Schiff (PAS), Gomori's iron stain (Prussian blue), Holme's silver
stain, Masson's trichrome, and cresyl echt violet in paraffin sections, and toluidine blue in
plastic sections. For electron microscopy, tissues were fixed by overnight immersion in100
mM sodium phosphate-buffered (pH 7.2) 400 mM (4 %) gluteraldehyde, postfixed in 100
mM sodium phosphate-buffered (pH 7.2) 40 mM (1 %) osmium tetroxide, dehydrated in
graded alcohols, and embedded in Poly/Bed 812-Araldite resin. Sections were cut, stained
sequentially in uranyl acetate and citrate-buffered lead nitrate, and examined on a Philips
301 transmission electron microscope. Sections comparing normal and affected pup tissues
were stained identically, and tissue comparisons between dogs were reproduced at identical
total magnifications. Photomicrographs were taken with a Kodak DCS Pro 14n digital
camera. Uneven illumination was corrected by background division in Image Arithmetic
(http://www.t3i.nl/myblog/?page_id=7) and contrast and brightness were adjusted globally
in Adobe® Photoshop® CS2. Multiple-image figures were assembled in the Microsoft®
PowerPoint® 2000 SP-3 program and cropped, sized, and saved as TIFF files in Adobe®

Photoshop® 6.0

Statistics
Significance of quantitative data comparing organs from affected pups and normal
littermates was determined using Student's t-test. Significance of data from prospective
breeding experiments was determined using the χ2 (Chi squared) test for goodness-of-fit.
Where numbers or diameters of axons in a nerve are reported, they were determined on only
one side of an affected or normal pup, rather than on both sides of the same individual.

Analysis of molecular markers
The canine PLA2G6 locus was located on dog chromosome 10
(chr10:29,581,962-29,631,860) by BLAT search (Kent, 2002) of the May 2005 assembly
(http://genome.ucsc.edu/) using the human cDNA (NM_003560.2) as query sequence.
Polymorphic markers flanking the locus and separated by 15.34 Mb were analyzed in a
subset of dogs in the pedigree. Primers for FH2293 were 5′-
GAATGCCCTTCACCTTGAAA-3′ and 5′-AGGAAAAGGAGAGATGATGCC-3′. Primers
for C10.781 were 5′-ACCTCCAAGATGGCTCTTGA-3′ and 5′-
ACGTCGAGCTCCTGGCAT-3′. PCR conditions were those recommended by Richman et
al (2001) and Mellersh et al (1997). Fluorescent labels on the forward primers allowed
electrophoresis and allele calling from standard capillary electrophoresis, performed by a
core facility.

Results
Clinical findings

In a dog-breeding colony maintained for investigation of inherited disorders (He et al.,
2003), certain matings produced a minority of offspring exhibiting characteristic malposition
of limbs, scoliosis (fig. 1, panels A and B, respectively), and death at birth due to inspiratory
failure. Axial and appendicular joints were fixed (arthrogryposis) at birth preventing
voluntary movement, though some affected pups retained slight lateral movement of the tail
and gaping motions of the mandible. Jaw motion was interpreted to be part of an inspiratory
reflex, but there was no coordinated excursion of the thoracic wall or diaphragm, and the
lungs did not inflate spontaneously. When positive pressure ventilation (PPV) was applied,
however, the thorax expanded, the diaphragm was displaced abdominally, and the lungs
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inflated. Tissues of the mouth and paws that were cyanotic before PPV turned pink and
stayed so as long as PPV was maintained, indicating that pulmonary gas exchange and
peripheral blood circulation were intact. The heart contracted, and blood circulated for many
minutes after birth in affected pups, even when PPV was not applied, but no affected pup
ever developed spontaneous respiration.

Affected puppies were detectable by abdominal ultrasonographic and/or radiographic
examination of the pregnant dam several days before birth, (canine gestation is 63 days from
the day of ovulation). During ultrasonographic examinations performed variously 10-2 days
prior to birth, normal fetuses responded to proximity of the ultrasound probe with increased
movements of limbs and trunk, but some littermates did not respond with movement.
Cardiac morphology and contraction rate appeared normal in the immobile fetuses, as did all
other abdominal and thoracic organs. Scoliosis in several affected fetuses was observed by
abdominal radiograph of the dams at 56 days of gestation, suggesting that fixation of axial
joints had already occurred in this individual. Two fetuses were immobile when examined
by ultrasound at 57 days of gestation, and their joints were fixed when obtained by cesarean
section at 60 days of gestation. In contrast, at 53 days of gestation, the joints of 5 affected
pups obtained by cesarean section retained passive mobility (clinical status determined by
histopathologic examination retrospectively). Pterygia, indicative of joint immobility from
an early stage of development (Davis and Kalousek 1988; Cox et al., 2003), were never
observed in affected pups. In this disorder, therefore, immobility and subsequent fixation of
joints likely occurs late in gestation.

Postmortem findings
At birth, all affected pups exhibited multiple contractures of axial and appendicular joints.
Examination did not reveal airway blockage. Severing the phrenic nerve caused immediate
spasmodic contraction of the ipsilateral diaphragm in normal littermates sacrificed at birth,
but not in affected pups, suggesting that failure to inspire was due to lack of innervation or
intrinsic dysfunction of respiratory muscles. Despite a wide range in each group, the mean
birth weight of affected puppies (193 ± 36 g, mean ± SD, range 124-288 g; n = 26) was less
(p<2×10-5) than that of normal littermates (237 ± 38 g, range 149-316 g; n = 38). Total lung
wet weight was significantly less in the affected pups (3.8 ± 0.9 g vs. 8.6 ± 1.7 g;
p<8×10-11) even when normalized to body weight (0.021 ± 0.005 vs. 0.036 ± 0.007;
p<7×10-9), indicative of pulmonary hypoplasia. The difference in lung weight was far
greater than could be attributed to increased blood content likely present in the normal pups'
lungs.

Gross morphologic abnormalities of other internal organs were confined to the CNS.
Cerebral hemispheres of affected pups showed mild generalized volume reduction compared
to normal littermates euthanized at birth, but otherwise demonstrated no malformation or
encephaloclastic lesions. Serial coronal sections of the cerebral hemispheres showed well-
developed gray and white matter structures in both affected and control pups, and the extent
of myelination was similar. The weight of the formalin-fixed cerebrum with diencephalon of
affected pups was ∼ 75% of that of normal littermates sacrificed at birth (5.2 ± 0.74 g, n =
19 vs. 6.8 ± 1.1 g, n = 10; p<0.002). The brainstem of affected animals was similarly
reduced in weight (∼75%) but also without focal lesions or gross evidence of malformation.
Strikingly, however, the cerebellum in affected dogs was markedly reduced in size
compared to those in control animals (fig. 2, panels A and C), with a rudimentary folial
pattern in both the cerebellar vermis and lateral cerebellar hemispheres. Weight of the
formalin-fixed cerebellum of affected pups was less than 50% of littermate controls (0.15 ±
0.02 g, n = 19 vs. 0.32 ± 0.06 g, n = 10; p<10-5). Throughout its length, the cross-sectional
area of spinal cord in affected pups was ∼ 35% that of normal controls, and the reduction in
area affected white and grey matter nearly equally (fig. 2, panels B and D). Dorsal and
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ventral spinal roots and peripheral nerves of affected pups were reduced in diameter and
more translucent than those of control pups.

Histological abnormalities of the CNS were apparent by light microscopy of routinely
stained sections, but lesions were confined to specific nerve tracts and nuclei. Specifically,
no microscopic differences between affected pups and controls were detected in the cerebral
hemispheres. The neuronal layers were formed similarly in both groups, including the
placement of large pyramidal neurons. In frontal lobe coronal sections, the frontal neocortex,
cingulated gyrus, corona radiata, caudate, and putamen showed intact neuronal populations.
More posteriorly, the cerebral neocortex, hypothalamus, optic nerves, mamillothalamic tract,
crus of fornix, hippocampus, parahippocampal gyrus, habenular nucleus, pituitary,
subthalamic nucleus, and zona incerta were anatomically intact and devoid of pathological
lesions in affected and control pups. Active myelination (“myelination gliosis”) was present
within the white matter, and neither qualitative nor quantitative differences in glial acidic
fibrillary protein (GFAP) immunoreactivity were detected in the cerebral hemispheres of
affected pups and controls.

In contrast to the above, there was extensive pathology in the cerebellum, brainstem, spinal
cord and peripheral nerves. Brainstem sections in affected animals were remarkable for
widespread neurodegeneration and the presence of swollen axons/spheroids (neuroaxonal
dystrophy) in nuclei and tracts of the extrapyramidal components of the motor system (fig.
3). In longitudinal section, axonal swellings observed in the CNS were 5-12 μm in diameter,
tapered at both ends, and 20-120 μm long. They were eosinophilic on H&E, blue/grey on
cresyl violet, blue on Klüver-Barrera, grey/black on Holmes' silver, red on PAS stains before
and after diastase digestion, and were almost unstained on the hematoxylin counterstain used
during immunohistochemical staining. In cross-section, dystrophic axons were round, and
they were variously homogeneous, palely vacuolated, or more intensely stained centrally on
H&E, PAS, and Holmes' silver stained sections. The identity of spheroids as swollen axons
was confirmed by intense immunostaining for neuron-specific enolase (NSE, fig. 3, panel E)
and absence of staining for GFAP (fig. 3, panel F). Some, but not all, dystrophic axons in
the brainstem and spinal cord stained intensely for phosphorylated neurofilaments (fig. 3,
panel D). Electron microscopy of dystrophic brainstem axons revealed axon-filling
accumulations of small, pleomorphic, membrane-bound vesicles containing variously
electron-dense fragments of organelles and amorphous material (fig. 3, panels G and H).
Some mitochondrial fragments were contained in double membrane vesicles and were in
various stages of degeneration, suggestive of ongoing mitophagy. There were whorls of
disorganized intermediate filaments among the vesicles in some spheroids, consonant with
the variable neurofilament immunostaining indicated above.

Neuroaxonal dystrophy was prominent throughout the mesencephalic, pontine, and
medullary tegmentum. Swollen axons were observed in lateral and medial ventral thalamic,
red, and caudal olivary nuclei; the cerebellorubral tract, the rubrospinal tract, the
mesencephalic tract of the trigeminal nerve, and rostral and caudal cerebellar peduncles; and
diffusely distributed in the reticular formation (fig. 4). They were particularly obvious at
midline decussations of the rostral and caudal cerebellar peduncles and the myencephalic
reticular formation. The medullary reticular formation was conspicuously devoid of intact
large neuron perikarya of the gigantocellular tegmental field in affected pups, with only
remnants of cells remaining in normal positions. There were signs of neuronal degeneration
and dystrophic axons in cranial nerve (CN) nuclei and tracts, respectively, of CN V, VII, IX,
X, XI, and XII. These lesions were not observed in the cerebellar white matter, crus cerebri,
pontine corticospinal tract, colliculi, pyramidal tracts, rostral olives, pontine nuclei, or CN
III, IV, and VI. Iron deposition was not observed in the brainstem or any other part of the
CNS.
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In comparison to controls, the affected pup brainstem sections exhibited variably increased
GFAP staining and astrocyte hypertrophy in the areas of the red nucleus, the decussation of
the cerebellorubral tract, the transverse pontine fibers, throughout the medullary tegmentum,
ascending and decussating fibers and the septae of the caudal olives, all along the course of
CN VII, and throughout the nucleus ambiguous (fig. 4). Areas that were consistently spared
included the pyramids, superior olives, and the pontine nuclei. Despite widespread
morphologic evidence of apoptotic cells (condensed, fragmented nuclei and darkly
eosinophilic cytoplasm), there was very little activated caspase-3 staining of brainstem
neurons and no more so in affected than in control pup sections.

Sections of cerebellar cortex, including vermis and hemispheres, from affected pups were
remarkable for reduced foliation, decreased neuronal precursor populations in the external
granular cell layer, and decreased Purkinje cells and internal granular neurons (fig. 5).
Purkinje cell loss was patchy; many were degenerating or absent, but a subset of residual
Purkinje cells were present in their usual position between the external and internal granular
cell layers. Calbindin immunostain also revealed a dearth of Purkinje cell axons in the arbor
vitae. None of the routine or immunohistochemical stains applied revealed swollen axons/
spheroids in the cerebellum. The external granular cell layer varied in thickness from
complete absence in some areas up to 35 microns in others, while the external granular layer
in control pups was of uniform thickness throughout, at approximately 40 microns. Affected
and normal pups showed approximately equal numbers of mitotic figures in the external and
internal granular layers and of activated caspase-3 stained cells in the internal granular layer
and deeper in the arbor vitae. Similarly, in both affected and normal pups there was
exuberant GFAP staining of astrocytes throughout the arbor vitae with fine extensions
through the internal granular, Purkinje, and external granular cell layers. In contrast, only
affected pups showed morphologic or activated caspase-3 evidence of increased Purkinje
cell apoptosis, and only in affected pups were there patches of astrocyte hypertrophy in the
Purkinje and external granular layers (fig. 5, panels F and H). Positions of neurons of (deep)
cerebellar nuclei were often observed as holes in the neuropil or mere remnants of cells (fig.
5, panel J). Remaining neurons in these nuclei exhibited pyknotic nuclear fragmentation and
deeply eosinophilic cytoplasm on H&E stained sections. Some, but only a small subset of
cells with such morphologic evidence of apoptosis also stained for activated caspase-3.
GFAP staining was attenuated in the deep nuclei of normal pups relative to the surrounding
neuropil but was somewhat increased in the deep nuclei of affected pups.

In spinal cord, the affected pups had fewer intact neurons in the lateral and ventral horns and
dorsal root ganglia at all levels of the cord when compared to littermate controls (fig. 6,
panels A and B). The neurons that remained were in various stages of degeneration as
evidenced by chromatolysis with eccentric nuclei or overall light staining (ghost cells),
occasional apoptotic morphology, and some neurons that were surrounded by gliotic tissue.
Swollen axons and spheroids similar to those in the brainstem were seen at all levels of the
spinal cord white matter and occasionally in gray matter. In the cranial cord, these were in
all funiculi but most consistently observed in the fasciculi gracilis and cunteatus and the
spinal tract of the trigeminal nerve. More caudally, spheroids were most often observed in
the lateral and ventral funiculi. Compared to controls, there were astrocyte hypertrophy and
increased GFAP-immunoreactive cell processes throughout the lateral and ventral horns of
spinal cord gray matter (fig. 6, panels C and D). Neurons exhibiting activated caspase-3
staining were rare in affected pup sections of cord but were not observed at all in normal
littermate sections.

In order to observe earlier stages of disease progression in the CNS, two pregnancies were
interrupted by cesarean section at 53 and 60 days of gestation, respectively, and fetal tissues
were examined. The same cerebellar and brainstem abnormalities observed in full-term
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affected pups were seen in affected fetuses, although there were fewer swollen axons and
less neuronal degeneration. Delayed cerebellar development was already evident at 53 days
of gestation, but it appeared that the folia had developed further in the full term affected
pups. In these, the youngest affected fetuses examined, neurons of the deep cerebellar nuclei
were present, but signs of neurodegeneration were already evident. The spinal cord of
affected pups was already reduced in diameter to ∼70 % of normal controls at 53 days of
gestation. The large neuronal perikarya of the ventral horn were in appropriately placed
groups but already showed some mild degenerative changes, and there was increased
astrocytosis in the lateral and ventral gray matter.

Dorsal and ventral spinal nerve roots in affected pups examined at birth were remarkable for
the paucity of myelinated axons (fig. 6, panels E-H). For instance, at the L5 segment, an
affected pup dorsal root had fewer than 50% of the myelinated axons of a normal littermate
(1806 vs. 3793), and the number of ventral root axons was reduced to ∼ 60% of normal
(3156 vs. 5305). Numbers and morphology of Schwann cell nuclei appeared normal, and
myelin sheaths had normal appearance. Dystrophic axans were present in spinal roots of
affected pups as well (fig. 6, panels F, I, and J). Electron microscopy of dorsal roots
demonstrated some hugely dilated axons (5-15 μm diam. vs. 1-3 μm diam. of surrounding
axons in affected pups, as well as in normal littermates). They had intra-axonal
accumulation of disordered neurofilaments, degenerating mitochondria, and small vacuoles
containing amorphous material, but the myelin sheaths appeared normal.

Spheroids were also observed in peripheral nerves and intramuscular nerve branches of
affected pups (fig. 7). In the peroneal nerve, there were fewer myelinated axons overall
(1235 ± 75 vs. 3051 ± 273), and the average diameter of remaining axons (excluding the
obviously swollen axons with diameters > 6 μm) was less than that of normal pups (1.5 ±
0.5 μm vs. 2.8 ± 1.1 μm). In the phrenic nerve of affected pups, myelinated axon number
was better preserved (1053 ± 65 vs. 1308 ± 27), but average axon diameters were again
reduced (0.9 ± 0.3 μm vs. 1.5 ± 0.5 μm) (fig. 7, panels A and B). Myelin sheaths appeared
normal in the peripheral nerves examined.

In skeletal muscle of both affected and normal pups observed at birth, most muscle cells
were small, though in some areas they varied in size with occasional hypertrophic cells, and
some had central nuclei. In both, there was a mixture of myotubes and myofibers, and there
were appropriate numbers of muscle spindles. Enzymatic histochemical fiber typing
revealed almost entirely type II fibers, as previously described in newborn dog muscle
(Braund and Lincoln 1981; Shelton et al., 1988). In affected pup muscle, however, there was
increased space between fibers, sporadic or groups of small fibers, and increased numbers of
fibers showing pyknotic and fragmented nuclei, suggestive of apoptosis (fig. 7, panels G and
H). This was confirmed by observation of increased numbers of myocytes in affected pup
muscle staining positively for activated caspase-3 (7.4 ± 3.4/high power field vs. none
observed in normal littermates) (fig. 7, panels E and F).

Microscopic examination of the stifle in affected pups revealed multiple abnormalities
previously described as secondary to joint immobilization (Akeson et al., 1987). The patellar
tendon was 50-60 % the thickness of that in normal littermates, and femoral and tibial
cortices were thinned. The origin of the patellar tendon exhibited disorganization of
collagenous fibers, and its insertion on the tibia was compromised by loss of Sharpey's
fibers and osteoclastic resorption of bone. There was early-stage proliferation of fibrofatty
connective tissue within the joint space and among tissues caudal to the joint.
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Clinical genetics
The pedigree of dogs exhibiting the constellation of clinical and neuroanatomic
abnormalities described above is shown in figure 8. An affected pup first appeared in a litter
produced by a brother-sister mating between offspring of a mating between a purebred giant
schnauzer and a beagle. Subsequent to outcross matings of presumptive carriers to unrelated
mongrel dogs (M1-M3), affected pups were born in litters with < 3 % neonatal mortality of
other causes. All offspring were examined at birth. The gross phenotype of affected pups, as
described above, was consistent and unambiguous. In the 33 prospective matings of this
pedigree, 59 affected puppies, 34 male and 25 female, were among 230 total offspring
produced in matings between obligate carriers. These results (25.7 % affected pups with
even gender distribution) were not statistically different from results expected under the
hypothesis of simple autosomal recessive inheritance of a fully penetrant trait (χ2=0.82,
df=1, p>0.36 for affected vs. normal clinical status; χ2=0.24, df=1, p>0.62 for gender
distribution of affected offspring). These data indicate also that there was little or no
embryonic or fetal loss of affected pups. Also of note is that the ratio of affected to total
pups did not differ between matings in which alleles from different genetic backgrounds
were segregating (26.4% vs. 25.4% on the left and right sides, respectively, of the pedigree
in fig. 8).

Molecular genetics
Eighty percent of human INAD patients exhibit mutations at the PLA2G6 locus on
chromosome 22. Therefore, we considered the canine orthologue as a candidate gene for
FNAD in this family. Polymorphic markers flanking the canine PLA2G6 locus (chr10:
29.58-29.63 Mb; CanFam2 assembly May 2005) were examined in a subset of the canine
pedigree shown in figure 8. The obligate carriers, F274 and F284, were heterozygous at both
markers (fig. 9). Thirty-six offspring from matings of these dogs were genotyped. As
expected for markers separated by ∼15 Mb, the marker alleles recombined on 7 of 72
chromosomes (9.7 %). At least one affected pup exhibited each of the four possible
unrecombined genotypes. Therefore, no hypothesized allele of PLA2G6 was uniformly
homozygous in affected pups, a criterion imposed by the simple autosomal recessive
inheritance of this disorder observed in the breeding experiments described above. PLA2G6
was excluded as a candidate disease gene in canine FNAD.

Discussion
In this report, fetal akinesia of affected pups, documented in utero, led to multiple joint
contractures, pulmonary hypoplasia, and failure of respiration at birth. It is well
demonstrated that any condition restricting fetal movement in utero may result in a
constellation of morphologic abnormalities, including intrauterine growth retardation, facial
anomalies, immobile joints, and limb malposition (Moessinger, 1983; Hall, 1986, 1997;
Hageman et al., 1987; Folkerth et al., 1993; Bürglen et al., 1996; Riemersma et al., 1996;
Brownlow et al., 2001). Such conditions can be extrinsic to the fetus (e.g. oligohydramnios)
or intrinsic lesions (e.g. toxic, infectious, or genetic) that affect the kinesthetic pathways,
motor neurons, the neuromuscular junction, or skeletal muscle. If fetal respiratory
movements or swallowing are inhibited, the condition additionally results in pulmonary
hypoplasia and polyhydramnios, respectively. Arthrogryposis multiplex congenita, multiple
congenital contractures, Pena-Shokeir syndrome/phenotype, and most recently, fetal
akinesia deformation sequence (FADS) have variously been used to describe these signs of
etiologically heterogeneous fetal-onset disorders (Porter, 1995). At present, it is clear that
when the FADS constellation of abnormalities is recognized in a patient, it is a description,
rather than a diagnosis, and begs the question of cause. Therefore, fetal akinesia, joint
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contractures, pulmonary hypoplasia, and respiratory failure observed in the affected pups
described here are interpreted as secondary features of motor unit dysfunction.

The etiology of fetal akinesia in this family is an inherited lesion that causes NAD and
degeneration of spinal sensory and motor neurons, among others. It is a fully penetrant,
autosomal recessive disorder. This family has genetic contributions from 5 unrelated dogs of
widely different backgrounds, yet we observed no apparent alteration of the phenotype by
modifying loci. The canine disorder is clinically and developmentally similar to the earliest-
onset (fetal) cases of human INAD, described as connatal (Chow and Padfield 2008), but it
is not caused by mutation of the canine PLA2G6 locus. We prefer the term fetal-onset
neuroaxonal dystrophy (FNAD) to describe the canine disorder as well as those of human
patients whose clinical signs at birth indicate onset of this pathologic process during fetal
life.

We suggest that a primary or secondary effect on motor neurons causes a failure to establish
or, more probably, a loss of skeletal muscle innervation and the ensuing motor dysfunction
observed as fetal akinesia. Our interpretation of the histopathology is that affected pups
develop normally for a period, probably through the second trimester, but subsequently
experience degeneration and dysfunction of a subset of CNS cells during the late fetal
period. At birth the disorder is defined by multifocal neuroaxonal dystrophy with delayed or
arrested development of specific CNS structures and accompanied by lower motor neuron
degeneration, skeletal muscle dysfunction, and the consequent joint remodeling caused by
immobility.

To our knowledge, there is no other animal model of FNAD. Spontaneously occurring
familial disorders characterized by neuroaxonal dystrophy have been described in various
dog breeds (Cork et al., 1983; Griffiths et al., 1986; Sacre et al., 1993; Diaz et al., 2007;
Jäderlund et al., 2007; Nibe et al., 2007, 2009), cats (Carmichael et al., 1993), sheep (Harper
et al., 1991), horses (Miller and Collatos, 1997), and mice (Bouley et al., 2006). Each of
these differs in at least some aspect of distribution of CNS lesions, integrity of myelin
sheaths, or spheroid ultrastructure from what we report here. It is difficult, however, to make
direct comparisons of the lesions because the neuronal pathology of the affected FNAD pups
begins in utero, and the resultant motor dysfunction is lethal at birth. In all other descriptions
of NAD in animals the onset of disease signs is at least some months after birth. The
exceptions are those few human INAD patients that show signs at birth or prenatally. In the
pathologically related human disorders, including idiopathic neurodegeneration with brain
iron accumulation (NBIA) type 1 (OMIM #234200) and type 2 (OMIM #610217), the onset
of disease is typically not until several years of age. Nor was iron accumulation observed in
brainstem of the FNAD pups.

Canine FNAD affects neurons throughout the cerebellum, brainstem, spinal cord, and
peripheral nerves, but the neuronal layers and nuclei of major CNS structures are in correct
positions. The bulk of pathology occurs in synaptically connected neurons of the
extrapyramidal motor control system, including proprioceptive input via sensory neurons
and tracts, and in cranial and spinal nerves that carry axons of lower motor neurons to other
than extra-ocular muscles. One possible scenario is that sensory input is lost initially, and
neurons in the motor coordinating pathways and reflex arcs subsequently lose synaptic
activity or trophic molecules needed to maintain their integrity during development.
Alternatively, the distribution of pathology may be due to a cell-autonomous defect that is
most devastating to the particular subset of neurons involved. Most probably, however, the
totality of observed pathology results from a mixture of mechanisms.
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NAD is often attributed to disturbance of axonal transport (Coleman 2005; Saxena and
Caroni 2007; DeVos et al., 2008), but in most cases causality has not been demonstrated.
Additionally, swollen axons and spheroids are a feature of the neuropathology observed in
mice expressing engineered or spontaneous mutations of genes whose products mediate
basal macroautophagy and/or ubiquitin-mediated protein turnover (Saigoh et al., 1999;
Komatsu et al., 2006, 2007; Hara et al., 2006). Studies in the Lurcher mouse, a model of
excitotoxic neurodegeneration, indicate that an early response to axonal dystrophy in
Purkinje cells is induction of autophagy to protect axons under metabolic stress (Wang et al.,
2006). Whether disturbances of axonal transport overwhelm basal autophagy and/or
ubiquitin-mediated protein turnover in neurons and lead to accumulation of axonal contents
as spheroids, or whether these homeostatic processes interact in another way, remains to be
determined.

The occurrence of dystrophic axons in the canine disorder is only partially coincident with
astrocytic reaction or gliosis, suggesting that there may not be a cause and effect relationship
and/or that dystrophic axons do not cause exuberant inflammation and are not rapidly
cleared. The most consistent association between astrocytosis and signs of
neurodegeneration (shrunken cells, eccentric nuclei, and chromatolysis) was in the caudal
olives and ventral and intermediate horns of spinal cord, suggesting a somewhat different
degenerative mechanism in cells of those structures. A similar lack of coincident pathologies
was that most neurons exhibiting morphologic evidence of apoptosis did not stain for
activated caspase-3. However, all of these observations are essentially “snapshots” of
ongoing pathologic processes taken at birth, and any lack of association may simply indicate
temporally discrete stages of pathology in individual cells.

Pontocerebellar hypoplasia type 1 (PCH 1; a.k.a. pontocerebellar hypoplasia with spinal
muscular atrophy; OMIM # 607596) is another autosomal recessive, fetal-onset disorder of
CNS development with similarities to canine FNAD. In human PCH 1, the major
subdivisions of the cerebellum are usually intact, albeit small, and there is loss of Purkinje
and granular cells. Degeneration of the inferior (caudal) olivary nuclei, massive loss of
ventral pontine neurons, and reactive gliosis in the brainstem are prominent. Lower motor
neuron dysfunction is the feature that causes early lethality and distinguishes PCH 1 from all
other types of PCH (Barth, 1993, 2000). In the earliest-onset cases of PCH 1, fetal akinesia
leads to prominent morphologic abnormalities of the FADS complex. Death typically ensues
in the immediate postnatal period due to generalized hypotonia and respiratory insufficiency
requiring ventilatory support (Gorgen-Pauly et al., 1999; Muntoni et al., 1999; Ryan et al.,
2000). The genetic basis of PCH 1 is unknown and most likely heterogeneous (Barth, 1993,
2000; Rudnik-Schöneborn et al., 2003). The main similarities between canine FNAD and
human PCH 1 are that both exhibit cerebellar hypoplasia and features of FADS that result
from fetal-onset motor dysfunction. Two important differences between these disorders are
that the pontine nuclei, which are largely intact in FNAD, degenerate in PCH 1, and NAD is
not reported in PCH 1.

Mutations of PLA2G6 cause most cases of human INAD (Gregory et al., 2008), but how
these cause NAD is unknown. The recessive nature of human INAD and canine FNAD
indicates that, in both instances, mutations cause a loss of gene function. Because canine
FNAD is not due to mutation of PLA2G6, NAD is likely a stereotyped response of neurons
to a variety of inherited dysfunctions, as well as to vitamin E deficiency and other insults,
perhaps defining a common mechanism or pathway (Schmidt et al., 1991, 1997). At this
time we are poised to take a positional-candidate cloning approach for identification of the
gene mutation responsible for canine FNAD. The availability of high-resolution canine
linkage and radiation hybrid maps, the assembled canine genome sequence with 7.6 ×
coverage, gene and SNP arrays, and now a large kindred segregating canine FNAD
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complete the set of needed resources for a whole-genome scan by linkage or association of
markers.
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Abbreviations

FADS fetal akinesia deformation sequence

FNAD fetal-onset neuroaxonal dystrophy

INAD infantile neuroaxonal dystrophy
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NAD neuroaxonal dystrophy

PCH 1 pontocerebellar hypoplasia type 1

PLA2G6 phospholipase A2 group VI gene
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Figure 1.
Abnormal morphology at birth. Panel A shows the ventral view of a puppy affected with
fetal-onset neuroaxonal dystrophy (FNAD) demonstrating the invariant and locked position
of limbs. Panel B shows a dorsal view of the partially dissected cervical to lower lumbar
segments of spinal cord lying in the scoliotic vertebral column. The pup's head is to the top
of both panels.
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Figure 2.
Cerebellar and spinal cord hypoplasia. Panels A and C show the left lateral view of
cerebellum and brainstem of a newborn normal pup and an affected littermate, respectively.
In each panel the fat arrow indicates the caudal colliculus, and the arrowhead indicates the
obex (bar in panel C = 5 mm, and panels A and C are presented at the same total
magnification). Panels B and D show cross-sections of spinal cord cervical segment 6 of a
newborn normal pup and an affected littermate, respectively (bar in panel D = 500 μm, and
panels B and D are presented at the same total magnification). There was a similar degree of
hypoplasia throughout the length of affected pup spinal cord.
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Figure 3.
Staining, antigenic, and morphologic characteristics of dystrophic axons. Axonal swellings
stained pink with H&E (panel A, red nucleus) and PAS (panel B, rostral cerebellar peduncle
shown, stained after diastase digestion), and grey to black with Holme's silver stain (panel
C, arrowhead indicates a spheroid in the rostral cerebellar peduncle). Immunohistochemical
staining was either strongly positive or negative (arrowheads) when the primary antibody
(SMI 312) was directed at phosphorylated neurofilaments (panel D). Panels E and F show
serial cross-sections of the ventral medial funiculus of cervical spinal cord segment 6
immunostained for neuron-specific enolase (NSE) and GFAP, respectively. Dystrophic
axons throughout the CNS uniformly stained positive for NSE but never for GFAP (see also
fig. 4). Bars in panels A-F = 20 μm. Transmission electron microscopy of dystrophic axons
in the red nucleus (panel G) and medullary tegmentum (panel H) showed accumulations of
membrane-bound vacuoles containing variably electron-dense amorphous material or
organelles in various stages of degeneration (bars in panels G and H = 1 μm.
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Figure 4.
Brainstem neuroaxonal dystrophy and astrocytic reaction. Transverse sections through the
red nucleus and nucleus of CN III (panels A and B), genu of CN VII nerve tract and nucleus
of CN VI (panels C and D), nucleus and ascending fibers of CN VII (panels E and F), and
caudal olive at the level of the obex (panels G and H) are shown. Panels A, C, E, and G
were H&E stained; panels B, D, F, and H were GFAP immunostained (bars in all panels =
100 μm). In each panel, filled arrowheads point to examples of degenerating neuronal
perikarya, and open arrowheads indicate swollen axons or spheroids. The roman numerals in
some panels indicate cranial nerve nuclei. The dotted lines in panel B outline the apparently
normal tract of CN III passing through the red nucleus. GFAP staining was greater than
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normal in panels B and D but was no different from staining in control pup sections in
panels F and H.
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Figure 5.
Cerebellar histopathology. Tissue sections derived at birth of normal littermates (panels A,
C, E, G) and FNAD affected pups (panels B, D, F, H, I, and J) are shown. Panels A-H and
I show near-midline sagittal sections of cerebellum with the dorsal surface to the top and
rostral to the left of each panel. Panels A-D show sections from pups taken by cesarean
section at 60 days of gestation; other panels are from full-term pups. Sections in panels A
and B are cresyl violet stained, (bars = 1 mm) and in panels C and D are calbindin
immunostained (for Purkinje cells) with cresyl violet counterstain (bars = 200 μm). Sections
in panels E and F are activated caspase-3 immunostained. Adjacent sections in panels G and
H are GFAP immunostained. Panel I shows an H&E stained section of affected pup
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cerebellum adjacent to sections in F and H, and panel J shows an H&E stained transverse
section through the dentate nucleus (bars in E-J = 100 μm).
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Figure 6.
Spinal cord histopathology. Transverse sections of spinal cord segment C6 of a normal
littermate (panels A and C) and an FNAD affected pup (panels B and D) at birth are shown
with Klüver-Barrera stain (panels A and B) or GFAP immunostain (panels C and D; bars in
panels A-D = 500 μm). Transverse sections of spinal cord segment L5 dorsal roots (panels E
and F) and ventral roots (panels G and H) of a normal littermate (panels E and G) and an
FNAD affected pup (panels F and H) at birth are shown (toluidine blue; bars = 20 μm). The
greatly enlarged dorsal root axon of panel F is shown at higher magnifications in panels I
(bar = 2 μm) and J (bar = 500 nm). Panel J shows the area bounded by the dashed line box
in panel I.
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Figure 7.
Peripheral nerve and skeletal muscle histopathology. Transverse sections of phrenic (panels
A and B) and sciatic (panels C and D) nerves and semimembranosus muscle (panels E-H) of
a normal littermate (panels A, C, E, and G) and an FNAD affected pup (panels B, D, F, and
H) at birth. Panels A and B are toluidine blue stained (bars = 20 μm), and panels C and D
are toluidine blue-carmine red stained (bars = 30 μm). Panels E and F are immunostained
for activated caspase-3, and panels G and H are H&E stained (bars = 50 μm).
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Figure 8.
Canine FNAD pedigree. Circles indicate females, squares indicate males, filled symbols
indicate pups exhibiting the FNAD phenotype and open symbols indicate phenotypically
normal dogs. Offspring of matings are arranged on a horizontal line connecting vertical lines
descending from symbols for the sire and dam. Numbers below symbols indicate the number
of offspring of the sex and phenotype indicated produced in multiple matings of the same
parents. The arrow indicates the proposita. Dogs indicated GS and B were a purebred giant
schnauzer and beagle, respectively, and M1-M3 were three unrelated mongrels.
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Figure 9.
PLAGA2 is excluded from the canine FNAD locus. Alleles of markers flanking the canine
PLAGA2 locus were examined in grandparents, parents and 36 offspring. Pedigree symbol
conventions are as for figure 8, and marker genotypes of each grandparent or parent are
below their respective symbols. Parental haplotype phase was deduced from grandparent
genotypes. The table indicates the number of normal and affected offspring, respectively,
that exhibited each of the nonrecombinant haplotypes or recombination on one chromosome.
At least one affected pup exhibited each of the possible haplotype pairs, thus excluding the
locus bounded by these markers from the disease locus.
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Table 1
Primary Antibodies

Antigen Immunogen Manufacturer, species, type, cat. # Dilution

glial fibrillary acidic protein Purified bovine spinal cord GFAP Dako, Carpinteria, CA, rabbit polyclonal
#Z0334, lot 00015316

1:500

neuron-specific enolase Purified bovine brain NSE, γγ isoenzyme Dako, Carpinteria, CA, rabbit polyclonal,
#A587, lot 0045

1:300

calbindin D-28k Recombinant mouse 28 kDa calbindin Chemicon International, Inc., Temecula, CA
rabbit polyclonal #AB1778

1:2000

Phosphorylated heavy and
medium neurofilament proteins
[SMI- 312]

Homogenized Fisher 344 rat
hypothalamus

Abcam, Inc., Cambridge, MA, mouse
monoclonal cocktail, #ab24574, lot 616423

1:1000

activated caspase-3 KLH-linked synthetic peptide
CRGTELDCGIETD adjacent to Asp175
in human caspase 3

Cell Signaling Technology, Beverly, MA, rabbit
polyclonal #9661, affinity purified on
immunogen column

1:100
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