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Summary

The neuroaxonal dystrophies (NADSs) in human beings are fatal, inherited, neurodegenerative
diseases with distinctive pathological features. This report describes a new mouse model of NAD
that was identified as a spontaneous mutation in a BALB/c congenic mouse strain. The affected
animals developed clinical signs of a sensory axonopathy consisting of hindlimb spasticity and
ataxia as early as 3 weeks of age, with progression to paraparesis and severe morbidity by 6
months of age. Hallmark histological lesions consisted of spheroids (swollen axons), in the grey
and white matter of the midbrain, brain stem, and all levels of the spinal cord. Ultrastructural
analysis of the spheroids revealed accumulations of layered stacks of membranes and
tubulovesicular elements, strongly resembling the ultrastructural changes seen in the axons of
human patients with endogenous forms of NAD. Mouse NAD would therefore seem a potentially
valuable model of human NADs.
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Introduction

Inherited, primary or endogenous neuroaxonal dystrophies (NADs) form a group of
debilitating and ultimately fatal neurodegenerative diseases affecting human beings (Vuia,
1977; Williamson et al., 1982; Kimura et al., 1987; Taylor et al., 1996) and animals,
including horses, cats, rats, several breeds of dog (Cork et a/., 1983; Schmidt et a/., 1983;
Chrisman et al., 1984; Carmichael et al., 1993; Sacre et al., 1993; Franklin ef al., 1995;
Adams et al., 1996) and several inbred and genetically engineered mouse strains (Yamazaki
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et al., 1988; Dal Canto and Gurney, 1994; Schmidt et a/., 1998; Dragatsis et al., 2000;
Liedtke et al., 2002; Matsushima et al., 2005). The characteristic pathological feature of
NAD in all species is the swollen axon or “spheroid”, often found throughout the central and
peripheral nervous systems (Summers et al., 1995). The term “spheroid” refers non-
specifically to swollen axons seen by light microscopy and does not describe the nature of
the underlying axonal damage or distinguish between potential causative mechanisms.
Although spheroids develop in all variants of endogenous NADs, differences in age of onset,
clinical manifestations, and distribution of lesions separate one form from another (Vuia,
1977; Williamson et al., 1982; Kimura et al., 1987; Taylor et al., 1996). A number of
neuropathological conditions including infectious, demyelinating, toxic or traumatic injuries
can damage normal axons and produce spheroids. At the ultrastructural level, however, these
“secondary” spheroids are seen to differ greatly from the spheroids found in primary
axonopathies or endogenous NAD; thus, degenerate axons predominate in secondary
axonopathies and consist of electron-dense bodies, whereas the spheroids in primary
axonopathies contain organelles and structural elements that accumulate as a result of
defects in axonal transport (Lampert, 1967; Koestner and Norton, 1991; Summers et al.,
1995). Although similar lesions are seen in various mammalian species with spontaneously
occurring NAD, appropriate animal models for studying the natural progression,
biochemical composition and possible underlying mechanisms of spheroid formation are
limited.

A new and potentially valuable mouse model of endogenous NAD arose from a spontaneous
mutation in a congenic mouse strain, C.D2 Es-Hba (HBA). This strain contained <5% of the
DBA/2 genome on the BALB/c mouse strain background and was originally bred to map
susceptibility to lymphomagenesis, and subsequently utilized to study immune responses to
antigen stimulation in models of atopy and asthma (Ruscetti ef a/., 1985; Mclntire et al.,
2001). In the course of these studies, which utilized thousands of HBA-derived progeny for
positional cloning of a T-cell and airway hyperreactivity locus, mice were identified with
clinical signs of hindlimb spasticity, mild ataxia and progressive paraparesis. The trait
appeared to be hereditary, as it segregated within certain HBA sublines. This interesting
neurological phenotype was investigated in the present study. Characterization of the
neurological disease progression with ultrastructural and immunohistochemical analyses
was performed to document similarities between the disease in these mice and human NAD,
of which infantile neuroaxonal dystrophy (INAD) is one variant.

Materials and Methods

Animals

The congenic mouse strain, C.D2 Es-Hba, which contains <5% of the DBA/2 mouse strain
genome, was originally produced by crossing BALB/c with DBA/2 mice, followed by
backcrossing for 10 generations on to the BALB/c mouse strain. Mice were bred and
representative progeny with the clinical phenotype were examined histologically,
immunohistochemically and ultrastructurally at various stages of disease progression. All
studies were approved by Stanford’s Institutional Animal Care and Use Committee
(IACUC).

Necropsy and Histopathology

Approximately 100 mice aged 3 weeks to 6 months were submitted for necropsy and
histopathological examinations. Mice with NAD and unaffected littermates were humanely
killed with CO,, a terminal blood sample being taken from the heart to obtain a complete
blood count (CBC) and standard clinical biochemical values. These were then compared
with normal reference ranges for BALB/c mice, already established by the veterinary
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diagnostic laboratory at Stanford University. Complete necropsies were performed on most
clinically affected mice and all tissues were fixed in 10% buffered neutral formalin (BNF).
In addition, the brain and spinal column with spinal cord were harvested from other affected
and unaffected mice and these tissues were fixed in 10% BNF or Cal ExII (Fisher Scientific,
Bridgewater, NY, USA), for routine paraffin wax embedding and staining with
haematoxylin and eosin (HE). Sections (4 um) taken throughout the central nervous system
(CNS) were examined to determine the overall distribution of spheroids. The following
special stains were used: Bielschowsky’s silver stain, periodic acid-Schiff (PAS), Congo
red, and Prussian blue.

Immunohistochemistry (IHC)

Paraffin wax-embedded sections of brain and spinal cord were treated with the following
primary antibodies: mouse monoclonal antibody (mAb) anti-Tau (Sigma, St Louis, MO,
USA), mouse mADb anti-neurofilament (Dako, Carpinteria, CA, USA), rabbit polyclonal
anti-glial fibrillary acidic protein (GFAP) (Dako), and rabbit polyclonal anti-ubiquitin
(Biomeda, Foster City, CA, USA). Primary antibodies were detected with biotinylated
secondary antibodies directed against the species from which the primary antibody was
obtained, and streptavidin—horseradish peroxidase (HRP) (Jackson Immunologicals, West
Grove, PA, USA) was used for the third amplification step with stable 3,3"-
diaminobenzidine tetrahydrochloride (DAB) (Research Genetics, Huntsville, AL, USA)
serving as the chromogen.

Transmission Electron Microscopy (TEM)

Results

Animals

Pairs of mice aged 0.75, 2, 4 or 6 months were examined. The animals were deeply
anaesthetized with pentobarbital (90 mg/kg, intraperitoneally), and the brain and spinal cord
were removed after intra-cardiac perfusion with chilled physiological saline followed by a
chilled solution of glutaraldehyde 2% in cacodylate buffer (pH 7, 0.1 M). Brain and
proximal spinal cord were processed for TEM as previously described (Bouley et al., 2001).
Briefly, cubes (1 mm3) of tissue from the dorsal brain stem and spinal cord were post-fixed
in glutaraldehyde 2% in cacodylate buffer, transferred overnight to 0.1 M cacodylate buffer,
post-fixed in 1% osmium tetroxide, dehydrated, embedded in Epon, sectioned, mounted and
stained with toluidine blue. Thin sections were stained with 1% uranyl acetate and lead
citrate, mounted on grids and examined with a Philips CM12 electron microscope.

The NAD trait was originally identified in <2% of the HBA offspring, but it was observed
that affected litters usually contained more than one affected animal. Healthy siblings of
affected animals were selected from the HBA colony, and subsequent breeding of these
HBA sublines produced approximately equal numbers of males and females. In crosses that
produced mice with NAD, approximately 25% of the offspring (representing over 100
litters) were clinically affected, suggesting an autosomal recessive mode of Mendelian
inheritance. Affected NAD males were unable to breed, probably due to hind limb weakness
or paraparesis, although a mild defect in spermatogenesis was observed in many of the adult
male NAD mice. Affected females were not placed in breeding pairs.

Clinical Manifestations

At <3 weeks of age, i.e., very early in the course of disease, affected littermates were smaller
than unaffected sibs but initially did not appear less mobile. Clinical features, which became
clearly visible at 4 weeks of age and progressed thereafter, included hunched posture,
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unthrifty pelage, crouched stance, stilted gait, and atrophy of the lumbar and hind limb
musculature (Fig. 1a), resulting in a 10-30% reduction in body weight. When lifted by the
tail, mice would immediately adduct their hind legs and clasp their hind paws together (Fig.
1b). This non-specific clinical sign of sensory neuropathy was noted as early as 3—4 weeks
of age. It was consistently seen in the smaller affected mice, but varied in severity. The
clasping reflex is not unique to mice with NAD and can be seen with other diseases of the
CNS (Tesseur et al., 2000) and in normal mice aged less than 3 weeks (personal
observation). Nonetheless, the clasping reflex combined with slightly lower body weights at
weaning could be relied upon to identify affected mice when debility and gait abnormalities
were not yet detectable. CBC and clinical biochemistry values were unremarkable and no
significant differences were detected between affected and unaffected mice.

Histopathology

Multiple sections of brain and spinal cord revealed numerous, variably sized, round to
irregularly shaped eosinophilic bodies consistent with swollen axons or spheroids (Fig. 2a).
The spheroids ranged in size from 2 to 100 wm at their largest dimension and had either a
homogeneous appearance or contained pale crescent-shaped structures (Fig. 2b). Others had
a “bull’s-eye” appearance with dark—staining centres. Spheroids were seen in both grey and
white matter of the spinal cord, with all levels of the cord (cervical, thoracic and lumbar)
being equally affected. They were present throughout the midbrain, thalamus, and cerebellar
peduncles. The highest density of spheroids, however, was consistently seen in the medulla,
predominantly in the sensory nuclei (gracilis, cuneatus and accessory cuneatus), and in the
dorsal horns and dorsal funiculi of the spinal cord (Fig. 2c). Sparse, small spheroids were
seen throughout the brain and spinal cord in a small proportion of very young (3 weeks)
animals showing a pronounced clasp reflex. Spheroids were not detected in peripheral
nerves, distal axon terminals of the skin, optic nerve, retina, dorsal root ganglia, trigeminal
ganglia, or in the cerebral hemispheres rostral to the anterior commissure.

Other lesions noted in approximately 95% of NAD mice included discrete nodular
accumulations of lymphocytes and plasma cells in the lung. Hyperplastic lymphoid nodules
were present in typical bronchus-associated lymphoid tissue (BALT) locations, but were
more frequently seen in sub-pleural sites, distant from conducting airways. Lesions such as
conjunctivitis and periocular dermatitis, variably associated with common bacterial
pathogens, were sometimes present but considered to be due to the general debility produced
by NAD, rather than to NAD itself.

Special Staining and Immunohistochemistry

TEM

Spheroids reacted strongly with PAS and were strongly argyrophilic with Bielschowsky’s
silver stain (Fig. 3a) but were not stained by Congo red, and no iron deposits were detected
with Prussian blue. Spheroids were immunolabelled faintly and inconsistently with mAb to
neurofilament (Fig. 3b) but not with tau antibodies. Most spheroids were labelled strongly
with anti-ubiquitin antibody (Fig. 3c), and reactive gliosis was seen to be pronounced in
sections treated with anti-GFAP (Fig. 3d).

Perfused brain stem and spinal cord from older mice were examined, focusing on the most
heavily affected areas, i.e., the nuclei gracilis and cuneatus from the medulla and dorsal
funiculi from the cervical spinal cord. Ultrastructural changes in all locations were similar.
The lesions identified as spheroids by light microscopy consisted of distinctly swollen
axons, many of which were ruptured, their contents spilling into the surrounding white
matter. Two morphologically different types of accumulation were noted in the spheroids.
The most prevalent form was composed of stacks of membranes, tubulovesicular profiles,
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and synaptic vesicles (Fig. 4a,b). Less frequently, a second type of spheroid was noted,
consisting of accumulations of degenerate mitochondria, myelin figures, neurofilaments, and
membranous dense bodies (Fig. 4c).

Discussion

The NAD mouse provides a potentially useful model for the study of endogenous human
NAD, particularly in view of the parallels in ultrastructural pathology. The advantages of
such an animal model over the use of human autopsy specimens are numerous. It enables
nervous tissue to be examined before the onset of severe clinical signs, thus providing
insight into pathogenesis. Moreover, it enables both primary disease progression and
secondary lesion development to be investigated.

Many previous descriptions of animal models of NAD took the form of single case reports
or reports of small kindred groups of animals with NAD. For example, spontaneously
occurring mouse models (generalized neuroaxonal dystrophy, gnad/gnad, vestibulo-motor
degeneration mouse, vmad/vmad, gracial axonal dystrophy mouse, gad/gad, iINAD) (Yamazaki
et al., 1988; Bronson et al., 1992; Matsushima et a/., 2005) and various genetically
engineered mice (Stathmin —/—, SOD tg, tau tg, and APOE tg mice) (Dal Canto and Gurney,
1994; Spittaels et al., 1999; Tesseur et al., 2000; Liedtke et al., 2002), shared common
clinical features with the NAD mouse yet differed in such manifestations as age of onset,
lesion distribution and spheroid composition. The gad/gad is the only mouse model in which
a specific mutation, thought to be responsible for dystrophic axon formation, has been
identified (MacDonald, 1999; Saigoh et a/., 1999).

Endogenous forms of human NAD vary in age of onset, clinical signs, and character and
distribution of lesions. In INAD, the onset of disease occurs at less than 1 or 2 years of age
and death usually occurs before puberty (Malandrini ef a/,, 1995). Hallervorden-Spatz
disease (HSS), a variant of INAD, also has an early onset but differs in lesion distribution
and characteristics (Malandrini et al,, 1995). Other forms do not become manifest until
adolescence or even adulthood (Vuia, 1977). NAD mice develop clinical neurological signs
(clasping reflex) and detectable spheroids in the brain stem and spinal cord at 3—4 weeks of
age. The mice do not become severely debilitated until at least 4 months of age, i.e., well
beyond sexual maturity, and often survive until 6 months of age. The histological lesions in
the CNS and spinal cord, particularly at the ultrastructural level, closely resemble those seen
at autopsy in patients with INAD (Lampert, 1967; Shimono et a/., 1976; Malandrini et al.,
1995). Large swollen axons in both the grey and white matter of the brain and spinal cord
are hallmarks of the disease in human patients and NAD mice. However, two major
differences occur, namely, the apparent sparing of the peripheral nervous system in NAD
mice, and the lack of iron deposition in neurons in the brain; these are common in some
forms of human NAD, such as HSS (Taylor et a/., 1996). Despite examination of countless
skin sections and sciatic and optic nerves, spheroids were not detected in NAD mice, and no
neuronal iron deposits were seen in the brain. As with many diseases, slight differences in
underlying pathogenesis may slightly affect the distribution of lesions.

Reactive astrocytosis is a common feature of many neurodegenerative diseases, but as yet
the role of glial cells in lesion development remains unclear. GFAP, a marker for
differentiated astrocytes, has been used to demonstrate areas of reactive gliosis in various
CNS diseases, including INAD (Williamson et a/., 1982). GFAP immunoreactivity was
substantially increased in the NAD mice.

Abnormal accumulations of structural or functional proteins have been identified by IHC in
spheroids and other lesions in patients with various neurodegenerative diseases, including
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the NADs (Goldman and Yen, 1986; Moretto et al., 1993; Bacci et al., 1994; Hardy and
Gwinn-Hardy, 1998; Dunnett and Bjorklund, 1999; Newell et a/.,, 1999; Duda et a/., 2000).
Neurofilaments (neuron-specific intermediate filaments) accumulate in proximal axons in
diseases affecting fast anterograde axonal transport and in the spheroids of amyotrophic
lateral sclerosis (ALS) (Goldman and Yen, 1986; Schlaepfer, 1987; Price et al., 1998;
Warita et al.,, 1999). Ubiquitin, a protein that plays a role in intracellular protein degradation,
accumulates in many neurodegenerative diseases and is co-localized with neurofilaments in
small spheroids in some cases of INAD (Moretto ef al., 1993). In the gad mouse, a truncated
form of ubiquitin carboxy-terminal hydrolase (Uch-11), encoded by a mis-sense mutation on
Chr 5, is believed to contribute to spheroid formation (Saigoh et a/., 1999). Reactivity to tau,
a 60-kD, phosphoprotein with a role in cross-linking of microtubules, is seen in
neurofibrillary tangles, a prominent lesion in Alzheimer’s disease (Grundke-Igbal et al.,
1986; Wiche er al., 1991); moreover, both over-expression and deletion of tau have resulted
in neuropathological effects in tg mice (Harada et a/,, 1994; Spittaels et al,, 1999). The
spheroids in the NAD mice were not immunolabelled with tau antibodies, and were labelled
only minimally with neurofilament antibodies, suggesting that other substances may
contribute more substantially to spheroid composition in NAD mice.

Interpretation of the ultrastructural composition of spheroids has been paramount in
classifying human NADs, despite speculation that different variants all manifest a single
disorder of retrograde axonal transport (Williamson ef a/., 1982; Malandrini et al., 1995).
The ultrastructural morphology of spheroids in NAD mice closely resembles that previously
described in primary distal axonopathies of human patients and some animals (Williamson
et al., 1982; Cork et al.,, 1983; Schmidt et a/,, 1983; Malandrini et a/., 1995). In canine NAD,
described in the Rottweiler dog as a distal axonopathy, characterization of the spheroids by
TEM revealed swollen axons and synaptic terminals distended by accumulations of
tubulovesicular profiles and membrane stacks. These types of accumulation are generally
described in dystrophic axons with primary defects in transport (Lampert, 1967), and this
aspect of the neuropathology in canine NAD closely resembles that seen in the NAD mouse.
In the latter, however, the less frequently observed second type of spheroid, consisting of
accumulations of degenerate mitochondria, myelin figures, neurofilaments, and membranous
dense bodies, are considered more typical of secondary axonopathies (Lampert, 1967).

Perturbations of axonal transport are generally believed to play a role in the pathogenesis of
endogenous forms of NAD. Spheroids forming near the neuronal cell body characterize
defects in slow anterograde transport and contain structural proteins, such as neurofilaments
(Goldman and Yen, 1986; Dahlstrom et a/., 1992; Summers et al., 1995). In INAD and HSS,
the defect is thought to disrupt retrograde axonal transport, and spheroid formation occurs in
the distal axon or at synaptic terminals, where substances such as synaptic vesicles or
recycled membranes and organelles accumulate (Griffin and Yen, 1988; Malandrini et al.,
1995). As in most distal axonopathies, the neurons in the NAD mice were normal, and
spheroids were composed of tubulovesicular profiles and layered stacks of membranous
material, consistent with those described in INAD. This suggests that some disturbance in
retrograde axonal transport is responsible for the neuropathological changes seen in NAD
mice.

In conclusion, the HBA-derived NAD mouse provides a potentially valuable model of
endogenous human NAD, and mapping of the genetic defect in the NAD mouse is currently
under investigation.
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Fig. 1.

Clinical appearance of the NAD mouse. (2) The NAD mouse on the right has moderate
muscle wasting and is smaller than its littermate on the left. Note the left hind limb, splayed
caudolaterally (arrow). (b) The mouse on the right, when suspended by its tail, displays a
strong clasping reflex, one of the identifying features of NAD mice.
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Fig. 2.
Spheroids in brain stem and spinal cord of a 6-month-old NAD mouse. (a) A sagittal section

through the medulla shows a focus of intense spheroid formation. Bar, 50 pum. (b) Inset is a
higher magnification of 2a. Note the clear clefts in the large centrally located spheroid. Bar,
10 pm. (c) Dorsal funiculi in the spinal cord contain numerous, variably sized spheroids.
Bar, 50 um. HE.
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Spheroids were (a) stained with Bielschowsky’s silver stain, (b) labelled by IHC with anti-

NF monoclonal antibody,

Fig. 3.
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ubiquitin polyclonal antibody, and

(c) immunolabelled with anti

20 um.

(d) immunolabelled with anti-GFAP polyclonal antibody. Bars
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Fig. 4.

Ultrastructural features in a 6-month-old NAD mouse. (a) Axoplasm spills into the
surrounding tissue. Clear clefts are present within densely stacked membranous structures.
x6000. (b) Higher magnification of 4a shows characteristic membranous stacks and
tubulovesicular profiles, consistently observed in NAD spheroids. x35,000. (c) A degenerate
axon contains electron-dense bodies and degenerate organelles, suggestive of secondary
axonal damage. The latter kind of axon was observed only rarely in the NAD mice. TEM.
%8000.

J Comp Pathol. Author manuscript; available in PMC 2007 November 29.



