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A b s t r a c t  An immunohistochemical  and ultrastructural 
analysis of  dystrophic axons (DAs) in the brain and pe- 
ripheral nerve of a patient with familial infantile neuro- 
axonal dystrophy (INAD) and in the brain of a patient 
with familial Hallervorden-Spatz Disease (HSD) re- 
vealed prevalent membrano-tubular  or granulo-vesicular 
profiles with a graded pattern of evolution in INAD, 
while dense bodies, vesicles and amorphous material 
were present in HSD. DAs immunoreactivity with "c-pro- 
tein and 200 kDa-neurofilament antibodies was stronger 
in HSD than in INAD. In both cases immunohistochem- 
istry was positive for ubiquitin and negative for [3-tubulin 
and [3-amyloid. Distinct ultrastructural features and im- 
munoreactivity pattern of cytoskeletal components sug- 
gest different pathogenetic mechanisms. 

K e y  w o r d s  Hallervorden-Spatz disease • Infantile 
neuroaxonal dyst rophy.  Axonal dystrophy - 
Ultrastructure - Cytoskeletal proteins 

Introduction 

Neuroaxonal dystrophy (NAD) is a degenerative process 
of  the central and peripheral nervous systems [7, 16, 17]. 
Morphologically, it is characterized by swollen axons 
containing different types of structured and/or amor- 
phous material [1, 4, 5, 15, 17]. The pathological process 
seems to start from the neuritic terminal and proceed 
back to the perikaryon, suggesting an impairment of  ret- 
rograde axonal transport [17, 20]. 

NAD occurs in some areas of  the central neurons 
system (CNS) during normal aging, but also represents 
the morphological hallmark of early-onset disorders, 
such as Hallervorden-Spatz Disease (HSD) and infantile 
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NAD (INAD) [17]. It is supposed that HSD and INAD 
are distinct clinical phenotypes of an unique dsorder, de- 
spite the different distribution of dystrophic axons (DAs) 
[8]. In INAD, DAs are ubiquitous in the CNS and they 
are also found in the peripheral NS (PNS); in HSD they 
are localized in the globus pallidus and pars reticulata of  
the substantia nigra. 

Here we report the ultrastructural and immunohisto- 
chemical comparison of axonal spheroids of  two unrelat- 
ed patients with familial INAD and HSD. 

Materials and methods 

Patients 

Case 1 

The female patient was the elder daughter of non-consanguineous 
parents. A sister, now aged 7 years, is affected by a similar dis- 
ease. The mother and a maternal aunt had strabismus. Psychomo- 
tor milestones were delayed. Menarche occurred at 7 years of age. 
Neurological examination at 9 years of age revealed bilateral con- 
vergent strabismus, severe oligophrenia, ataxic gait, marked gener- 
alized hypotonia and areflexia, bilateral Babinski vesponses and 
unintellegible speech. Brain CT scan showed severe cerebellar at- 
rophy. Neurophysiological study indicated neurogenic alterations 
of the tibialis anterior, biceps brachii and vastus medialis muscles; 
sensory and motor conduction velocities were normal Diagnosis 
of INAD was made on the basis of clinical syndrome and biopsy 
findings of skin and sural nerve. The patient died at 12 years of 
age in a neurovegetative state. 

Case 2 

This female patient was the second born of a non-consanguineous 
marriage; the elder sister, now aged 19 years, is affected by an 
identical disease. All psychomotor milestones were delayed. At 
age 6 years, neurological examination showed axial rigidity, dys- 
tonic postures of tongue and extremities, choreoathetotic move- 
ments of head and limbs and impaired swallowing and speech. 
Ophthalmoscopy revealed pigmentary retinopathy. The clinical 
picture had a severe progressive course and death occurred at 12 
years of age after a prolonged, rigid neurovegetative state. 
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Morphological study 

The Brains and spinal cords were fixed for 30 days in 10% neutral 
formalin. Routine coronal cerebral sections were embedded in par- 
affin for the following staining: haematoxylin and eosin, Nissl, 
Woelcke for myelin, Bodian, periodic acid-schiff and Perl's iron 
reaction. 

On selected sections containing a large number of axonal 
swellings, immunohistochemical analysis was performed using the 
following antibodies: z-protein (Sigma, monoclonal, 1:500); 68, 
160 and 200 kDa neurofilaments (NFs, Sigma, monoclonal, dilut- 
ed respectively to 1:30, 1:30 and 1:300); ubiquitin (Dako, polyclo- 
hal, 1:100); ~-tubulin (Sigma, polyclonal, 1:20); ~-amyloid 
(Boehringer, polyclonal, 1:5); glial fibrillary acidic protein GFAP 
(Dako, monoclonal, 1:100). Antibody detection was carried out by 
biotinylated anti-mouse and anti-rabbit antibodies and the vecta- 
stain ABC-Elite Kit (Vector) with diaminobenzidine as peroxidase 
substrate. Sections were counterstained with haematoxylin. We 
made a comparative study on pallidal DAs from three aged pa- 
tients dying of cardiac infarction and negative controls included 
omission of primary antibody, 

Biopsy specimens of skin and sural nerve and autopsy samples 
from representative DA-rich areas of grey and white matter were 
trimmed into 1-2 mm cubes and processed for electron microsco- 
py (fixed in 2.5% glutaraldehyde postfixed in osmium tetroxide 
and embedded in Epon resin). Semithin sections were stained with 
toluidine blue and observed with an Axiomat (Zeiss) light micro- 
scope. Ultrathin sections were stained with uranyl acetate and lead 
citrate and examined with an EM109 (Zeiss) electron microscope, 

Results 

Light microscopy 

Case 1, INAD 

Histological examination of sural nerve discloses normal 
density of myelinated fibres. Axonal enlargements 
(1-2% of the total axons) with diameter varying from 20 
to 50 ~am are the most striking feature. Toluidine is un- 
evenly distributed in the axoplasm (Fig. 1A); the myelin 
sheath is always thin and occasionally absent. 

In the skin, bundles of myelinated fibres show similar 
axonal swellings, but the axoplasm stains more darkly 
and uniformly with toluidine blue (Fig. 1B). Macroscop- 
ic observation of the brain and spinal cord revealed se- 
vere atrophy of cerebellum and, to a lesser extgent, of 
cerebral hemispheres. Histological examination confirms 
cerebellaJ" cortical atrophy with virtual absence of Pur- 
kinje cells; molecular and granular layers are also se- 
verely atrophic. Cerebral white matter, corticospinal 
tracts and posterior columns are diffusely demyelinated 
with reactive gliosis, confirmed by GFAP immunostain- 
ing (data not shown). Axonal swellings are ubiquitous in 
the cerebellum (Fig. 2), and, to a lesser extent, posterior 
columns, Goll and Burdach nuclei, cerebral cortex, sub- 
cortical cerebral white matter and basal ganglia. 

Case 2, HSD 

Macroscopic observation revealed rust-brown discolor- 
ation of the globus pallidus with remarkable sparing of 

Fig. 1 A In the sural nerve we see enormous axonal swelling with 
thin myelin sheath and non uniformly stained axoplasm. Semithin 
section, toluidin blue x600. B Cutaneous nerve showing strong 
homogeneous staining of the enlarged axoplasm (x400) 

the pars reticulata of  the substantia nigra. Axonal spher- 
oids and iron pigment deposits are selectively localized 
in the nucleus pallidus (Fig. 3). 

Electron microscopy 

Case 1, INAD 

In the sural nerve biopsy DAs are more numerous than 
suggested by histological observation of myelinated and 



417 

Fig. 2 In the cerebellum axonal spheroids are seen (arrows) in the Fig. 3 In the pallidum axonal spheroids (arrows) are interspersed 
white matter. [Haematoxylin and eosin (H&E) x 100J among iron deposits (arrowheads) (H&E x120) 

unmyelinated fibres. The axons show alterations of grad- 
ed severity corresponding to the progressive stages of the 
pathological process. For descriptive utility, we identify 
three steps of axonal damage. Firstly, DAs with unmodi- 
fied diameter, containing numerous sparse or tangled 
branched membrano-utublar profiles and interspersed en- 
larged, degenerated mitochondria. Neurofilaments are 
compressed with secondary increased density (Fig. 4A). 
Secondly, DAs whose axoplasm is composed of sharply 
demarcated aggregates of tubulo-membranous profiles 
apparently related to the single unit membrane. Glyco- 
gen granules and NFs with rare neurotubules (NTs) are 
segregated (Fig. 4B, C). In the third step DAs, often 
without myelin sheath, consist of tightly packed struc- 
tured material. The enlarged axoplasm is occupied by 
membrano-tubular profiles, often concentrically arrayed 
to form paracrystalline structures. Abnormal mitochon- 
dria, vesicles, amorphous material and free granules of 
glycogen are also observed (Fig. 4D). Cutaneous axonal 
swellings have essentially the same features with an ele- 
vated number of packed degenerating mitochondria. 

DAs in brain are numerous, ranging in size from 12 to 
40 om; the main axoplasmic component is a granulove- 
sicular membranous material. Occasional aggregates of 

dense bodies and mitochondria are confined to a corner 
of the axon (Fig. 5). Few DAs have features resembling 
the stages 1 and 2 found in the peripheral nerve. 

Case 2, HSD 

DAs are observed only in the pallidum. They are oval, 
ranging in size from 20 to 70 gin. The smaller ones are 
surrounded by a thin myelin sheath and are composed of 
dense or vesicular bodies, degenerating mitochondria 
and great amount of amorphous material. The larger ones 
have no myelin sheath, show an irregular form, and con- 
tain predominantly dense or vesicular bodies and en- 
larged abnormal mitochondria (Fig. 6). 

Immunocytochemistry 

In both cases axonal swellings are strongly immunoreac- 
rive for ubiquitin, while no reaction is detectable for [~- 
amyloid or 13-tubulin. Immunoreactivity for z-protein is 
stronger in HSD than in INAD (Fig. 7A, B). The immu- 
noreactivity pattern of NF subunits is similar for 68 kDa 
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Fig. 4 A Transmission electron microscopy of an early-stage ax- 
onal spheroid. Proliferation of membranous material in axoplasm 
with apparently normal cytoskeletal elements (sural nerve, 
x15000). B, C TEM of an intermediate-stage axonal spheroid. The 
axoplasm seems organized into compartments with membrano-tu- 
bular profiles arraying to form paracrystalline-like aggregates, 
masses of glycogen and segregation of neurofilaments and rare 

neurotubules. The membrano-tubular profiles seem to be in rela- 
tion with the single unit membrane (sural nerve, x15000). D In 
this TEM the axoplasm is filled with enormous aggreagtes of 
membrano-tubular elements with small foci of amorphous material 
and glycogen granules. Note a thin myelin sheath (arrow). (Sural 
nerve, x16000) 
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Fig. 5 In the case of infantile neuroxonal dystrophy (INAD) a 
cerebellar axonal spheroid composed of granulovesicular material 
is seen; organelles are confined to the edge (arrow) (TEM 
x8000) 

Fig. 6 In the case of Hallervorden-Spatz disease (HSD) we see 
pallidal axonal spheroids consisting of vesicles, dense bodies and 
mitochondria in an amorphous matrix. (TEM x7000) 

and 160 kDa, but differs for 200 kDa NF, which is more 
intense in HSD (Fig. 7D). Staining with all antibodies is 
granular in HSD and homogeneous in INAD. The immu- 
nostaining pattern of large DAs is generally less uniform 
and intense than that of small ones in both diseases. Nor- 
mal reactivity to anti-NF antibodies is detected in neu- 
rons and axons. 

DAs from aged brains show moderate immunoreactiv- 
ity for ubiquitin, "c-protein, 68 kDa and 160 kDa NF; 
slight positivity for 200 kDa NF is detected. In all cases 
the immunostaining patterns is finely granular. No reac- 
tion is observed for [3-tubulin and [~-amyloid. 

Discussion 

Pathological studies of INAD are numerous and exten- 
sive [5, 15, 17], but a detailed ultrastructural and immu- 
nohistochemical analysis of HSD-associated DAs is 
lacking. 

In the peripheral nerve and brain of our INAD case, 
DAs have a similar structure and show a continuum of 

ultrastructural alterations, varying from mere prolifera- 
tion of membrano-tubular profiles with unmodified ax- 
onal calibre, to large aggregates of membrano-tubular 
material with no sign of NFs and NTs. These findings 
suggest progressive evolution of the lesion. The prolifer- 
ation and/or accumulation of membrano-tubular struc- 
tures and the consequent progressive loss of cytoskeletal 
elements seem to be the first morphological events. The 
membrano-tubular elements may be derived from cister- 
nae of smooth endoplasmic reticulum [8] and may accu- 
mulate due to impairment of a step of retrograde axonal 
transport ("turn-around" mechanism) [3, 60, 20]. Since 
the membrano-tubular profiles are spatially related to the 
single unit membrane (Fig. 4B, C), they may alternative- 
ly be derived from this structure. 

Ultrastructural examination of cerebral DAs in the 
HSD case reveals a preferential accumulation of dense 
bodies, degenerating mitochondria and amorphous mate- 
rial, without membrano-tubular profiles and granulo-ve- 
sicular material. They do not show any graded and ap- 
parently progressive pattern of the pathological altera- 
tions. 
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Fig. 7 Immunostaining for "c-protein in INAD (A) and HSD (B). 
(x300). Inamunostaining for 200 kDa NF in INAD (C) and HSD 
(D). (x300). A stronger signal with granular distribution is evident 
in HSD (B, D) 

The immunoreactivity for NF subunits in both cases 
indicates that the accumulated material is partially de- 
rived from degraded filamentous proteins which main- 
tain their immunoreactive epitopes in the neutral forma- 
lin-treated brain [19]. The more intense staining for the 
200 kDa subunit in the HSD-DAs may reflect either a 
decreased degradation or an overexpression. Overexpres- 
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sion may be indicated by a higher turnover and dynamic 
role for the 200 kDa subunit, which plays a crucial role 
in the assembly of the sister subunits [13, 14, 18]. z-pro- 
tein is also more abundant in HSD than in INAD, and 
has previously been thought to be significant because of 
its association with Alzheimer paired helical filaments 
and dystrophic neurites [19]. Since the detection of z-ag- 
gregates in fixed brains is considered to be the conse- 
quence of the production of altered forms of "c-protein 
[10] and since z-protein seems to the important in deter- 
mining the axonal shape and cytoskeletal organization, 
its expression in DAs probably indicates an attempt to 
repair the axonal damage. Absence of reactivity for [3-tu- 
bulin is in line with the disappearance of NTs observed 
at electron microscopy, and also indicates that NFs un- 
dergo slower degradation than NTs [4, 20]. The similar 
pattern of positivity with anti-ubiquitin antibody is con- 
sistent with activation of this proteolytic non-lysosomal 
system in the degradation of damaged or abnormal fila- 
mentous cytoskeletal proteins [2, 11, 12]. In the DAs we 
do not find any expression of ~-amyloid, using an anti- 
body against a synthetic peptide. Cochran et al. [31 re- 
ported immuno-colocalization of ubiquitin and amyloid- 
precursor protein (APP) in the DAs from a case of  famil- 
ial INAD. Since APP is a membrane protein that under- 
goes axonal transport in Alzheimer neuronal cells [9], its 
presence in DAs could be part of  a membrane accumula- 
tion, possibly secondary to an alteration of the axonal 
transport. However, the presence of APP does not neces- 
sarily lead to formation and amyloid, as we have shown. 

DAs of aged brains show a positive reaction for the 
same antibodies as HSD and INAD, although with dif- 
ferent intensities and patterns of distribution. This simi- 
larity is not a surprising finding, and indicates that what- 
ever the pathogenetic mechanism leading to axonal dys- 
trophy, the final result is the accumulation and degrada- 
tion of cytoskeletal elements, and attempts to remove the 
accumulated material and repair axonal damage. 

Due to the common finding of DAs, it has been pro- 
posed that INAD and HSD are phenotypic variants of the 
same disorder [8, 17]. In our cases, the different ultra- 
structural appearance and immunoreactivity of  DAs sug- 
gest a different pathogenetic mechanism. Immunoelec-  
tron microscopy and biochemical analysis will help to 
identify the nature of the accumulated material and to 
understand the underlying pathogenetic mechanism. 
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