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Abstract

Neuropathology plays a crucial role in the phenotyp-
ic individualization of hereditary disorders affecting the
central and peripheral nervous system even if molecular
genetics represents the most essential step in describing
the genotypes. The neuropathological description of
phenotypes and genotypes can be used for refining clin-
ical skills and understanding many clinical, neurophys-
iological and neuroradiological features. It contributes
to the diagnosis of such disorders. The use of immuno-
histochemical techniques in combination with molecular
genetics improves also our knowledge of their patho-
genesis and might participate to the future development
of therapeutic strategies.

We discuss new features of spino-cerebellar ataxia
(SCA) type 7 and of a recently identified SCA17 in order
to illustrate the significance of the neuronal intranuclear
inclusions (NIIs) described in various CAG/polygluta-
mine repeat expansion diseases. In the field of the
peripheral neuropathies we present data on a newly
described autosomal recessive Charcot-Marie-Tooth
disease (CMT4F) with mutations in the periaxin gene.
We document a dysjunction between myelin loops and
axolemma with disappearance of the septate-like junc-
tions or transverse bands. The significance of this
dysjunction is not yet elucidated.

We hope to show by these examples that the combi-
nation of classical and new neuropathological methods
is useful in the study of hereditary disorders of the
nervous system.

Key words : Spino-cerebellar ataxias; Neuronal intra-
nuclear inclusions ; Charcot-Marie-Tooth disease ;
Periaxin ; Septate-like junctions or transverse bands.

Introduction

Neuropathology has played a major role in
defining the phenotypic appearances of hereditary
disorders affecting the central and peripheral ner-
vous system. However its methodological limita-
tions are numerous : (1) During the life of the
patients it has become more difficult to obtain biop-
sies because the diagnosis of the conditions can
often be realized by other means. It is therefore
impossible to justify invasive biopsies on ethical

grounds. One can still use skin-, conjunctival- and
skeletal muscle biopsies but their best results are
obtained when dealing with progressive metabolic
disorders. The indications for peripheral nerve
biopsies have to be assessed with much care as
everyone knows and brain biopsies are no longer
ethically justified. (2) The postmortem examination
gives information on the end stage of the disorder
and one misses a lot of intermediary steps. Functi-
onal brain imaging in first instance and neurophy-
siology offer compensatory means. (3) Neuro-
pathology is very expensive and time consuming.
(4) The use of modern techniques including elec-
tron microscopy and immunohistochemistry at
light- and electron microscopic levels can only be
applied to small specimens of tissue which may not
be representative of the global picture. (5) Very
careful clinical and neuropathological descriptions
of phenotypes from the past are available but with-
out clear identification of the genotype. On the
other hand genotypes are now described for which
full morphological data are not yet available.

The most obvious solution for a better correla-
tion of the genotypes with neuropathology is to fol-
low families during many generations, using new
investigation techniques as soon as they become
available. This is only possible in collaboration
with clinicians, molecular geneticists, radiologists
and the families regrouped in associations as this is
now very often fortunately the case.

We have been able to do this in Antwerp since
members of many affected families previously
described by Dr. L. van Bogaert and his collabora-
tors are still followed nowadays and because of the
development of joint ventures with neurologists
and other scientists from Belgium and abroad.

We could have planned a systematic neuropatho-
logical description of a series of representative con-
ditions in this paper. However this would have
required a booklet which would be hopelessly out-
dated at the time of publication. We have decided to
use another philosophy by selecting only three con-
ditions. We will attempt to demonstrate how an
evaluation of classical data can be associated with
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Fic. 1. — Spinocerebellar ataxia type 7 : presence of a uni-
que immunostained intranuclear inclusion (arrows) in neurons
belonging to the griseum pontis while the nucleolus (arrow-
heads) remains unstained (formol fixation, paraffin embed-
ding, antibody against ataxin-7, magnification X 760).

new methods and concepts derived from the field
of molecular genetics. We think that a combined
approach contributes to a better understanding of
the pathogenesis of such disorders and might open
therapeutic perspectives.

Central nervous system pathology

Major progresses have been made in the field of
spinocerebellar ataxias since the publication of
books on spinocerebellar degenerations (Green-
field, 1954) and hereditary ataxias (Harding, 1984)
or of seminal papers such as the one on olivopon-
tocerebellar atrophies (Konigsmark and Weiner,
1970). Classical neuropathology of CAG repeat
diseases has been summarized by Robitaille et al.
(1997). Their article gives an incomplete overview
of the topic but a large number of papers are refer-
enced. We will discuss two disorders not discussed
by these authors and start with spinocerebellar
ataxia type 7 (SCA7).

SCA7-causing mutation is invariably an expan-
sion of a CAG triplet repeat within the coding
region of the SCA7 gene, resulting in an expanded
polyglutamine stretch in the corresponding protein,
ataxin-7. It produces a gain-of-function, the precise
mechanisms leading to neurodegeneration being
not understood. One of the major morphological
breakthroughs has been the identification of aggre-
gates of polyglutamine-containing proteins in the
nuclei but also in the cytoplasm of the affected neu-
rons. This has suggested a direct pathological role
for these aggregates e.g. by sequestration of critical
cellular proteins. However the importance of
aggregate formation has since then been ques-
tioned. In SCA7 the main lesions affect the retina,
the spinocerebellar and olivocerebellar tracts, the
cerebellar cortex, the brachia conjunctiva, the pyra-

midal pathways, the motor neurons of brain stem
and spinal cord, the posterior columns and to a
much lesser extent the subthalamic nucleus and the
pallidum (Martin et al., 1994, 1999). Immunohisto-
chemistry indicates that ataxin-7, a protein of
unknown function coded by the SCA7 gene, accu-
mulates as a single nuclear inclusion in cortical
neurons, in pontine neurons (Fig. 1). It is also pre-
sent in the ganglion cell layer, the inner and outer
nuclear layers of the retina in affected children
when the retina is not yet destroyed like in adult
patients with > 50 CAG repeats. The 1C2 antibody
directed against expanded polyglutamines confirms
the aggregation of mutant ataxin-7 in these neu-
ronal intranuclear inclusions (NIIs). Ubiquitin is
also present in the same aggregates, suggesting that
mutant ataxin-7 is a target for ubiquitin-dependent
proteolysis but resistant to removal. Electron
microscopy using immunogold labelling shows
that ataxin-7 immunoreactive NIIs appears as
dense aggregates containing a mixture of granular
and filamentous structures (Mauger et al., 1999).
Although NIIs are found in unaffected areas of the
brain, the proportion of neurons with nuclear
labelling is higher, on average, in regions with neu-
ronal loss. However immunoreactivity is low in
some vulnerable populations of neurons such as
Purkinje cells (Cancel et al., 2000) and is no longer
present in severely affected retina when nearly all
cells have disappeared.

As a second example we will report on a very
recently described autosomal dominant cerebellar
ataxia with CAG repeat expansions in the TATA
box-binding protein gene, an important general
transcription factor, essential for the expression of
most, if not all, protein-encoding genes (Fujigasaki
et al., 2001). Located on chromosome 6q27,
CAG/CAA repeat expansion in the TBP gene caus-
es the disorder (46-63 repeats are necessary with a
normal range from 29 to 40 units). After the report
of one sporadic case by Koide et al. (1999) and of
two German families with an autosomal dominant
ataxia (Zuhlke et al., 2001), Fujigasaki et al. (2001)
described a Flemish family with a similar genetic
defect. This condition is now known as SCA17.
Clinical features in six patients were cerebellar
ataxia, dementia, psychosis and behavioural distur-
bances, with onset in the fourth to the sixth decade.
Inheritance was autosomal dominant. We were for-
tunate enough to obtain a postmortem on one adult
female patient belonging to the family. There was a
marked cerebellar atrophy with loss of Purkinje
cells but without features of olivopontocerebellar
or spinocerebellar atrophy. Different antibodies
(1C2, anti-TBP, anti-ubiquitin, anti-heat shock
protein) revealed the presence of NIIs in different
locations corresponding to affected or unaffected
areas : pyramidal cells of Sommer’s sector in the
hippocampus and in the subiculum, many neocorti-
cal areas, the supraoptic hypothalamic nucleus, the



32 J.-J. MARTIN AND C. CEUTERICK

putamen, the cerebellar dentate nucleus, the grise-
um pontis, the nucleus ambiguus in the medulla
oblongata and the anterior horns in the spinal cord.
In the dentate nucleus, 1C2 also recognized perin-
uclear aggregates and in addition several 1C2-pos-
itive nuclei were seen in the granule cells of the
cerebellar granular layer. TBP-positive nuclei were
observed in neurons in the striatum. Since nearly
all Purkinje cells had disappeared, no NIIs could be
found in such cells.

We would like to concentrate on the presence of
these NIIs since they do not only represent an ele-
gant way to detect SCAs with expansion of trinu-
cleotide repeats but may also contribute to unravel
the pathogenesis of the disorders under considera-
tion. They are not specific for a given type of SCA
since their presence has also been reported in
Huntington disease, in SCAI, 2, 3, 6, 7 and in den-
tatorubro-pallidoluysian atrophy (DRPLA). How-
ever they may present some different characteris-
tics in those different disorders and react to specif-
ically developed antibodies directed against the
gene products.

General features of the neuronal intranuclear
inclusions

(1) it is a common feature of expanded CAG
repeats causing neurodegenerative disorders but
they may be absent; (2) they are present in neu-
ronal nuclei but other aggregates may be present in
neuronal perikarya and in glial cells ; (3) they are
present in (a) relatively small amounts and (b) in
normal and abnormal areas of the CNS ; (4) they
are detected by 1C2 antibodies or by antibodies
directed to the specific gene product ; (5) they con-
tain ubiquitin, proteasome components, heat shock
protein (belonging to the major class of molecular
chaperones responsible for modulating protein
folding in the cell) but there is no immunoreactivi-
ty for cytoskeletal proteins. Activated caspase-3
should be checked to look for apoptosis.

The topography of the inclusions does not quite
parallel the severity of the neuronal loss since they
could be found in high numbers in regions consid-
ered to be little affected. It is of course very diffi-
cult to determine the course of neuronal death over
time. Inclusions could have been very numerous in
areas in which neuronal death had already taken
place well before death and therefore before the
histological study.

General pathogenic mechanisms for the neuro-
degeneration

Human cases, transgenic animals and cell-based
models are available for the study of a number of
polyglutamine repeat diseases. There is a toxic gain
of function mediated by the mutant protein as a
result of the expanded glutamine tract. It results in
a dysfunction and the subsequent death of neurons.

Knock-out mouse models do not reproduce the dis-
ease phenotype, ruling out a simple dominant-neg-
ative or loss of function mechanism.

The nuclear localization seems to be a critical
event leading to neuronal dysfunction. Hypotheses
may be formulated : (1) the expanded polygluta-
mine domain may alter nuclear import or export of
the diseased protein ; (2) or polyglutamine expan-
sion could modify interactions with nuclear pro-
teins, altering their function ; (3) or repeat expan-
sion could result in a conformational change of the
disease protein which alters susceptibility to prote-
olysis or exposes the polyglutamine domain, allow-
ing it to form highly stable homotypic or hetero-
typic interactions. Parallelism has been drawn with
what is supposed to happen in Creutzfeldt-Jakob
disease, in which the normal form of the prion
protein PrPc is converted into a pathological
protease-resistant form PrPsc. It is however very
difficult to explain the differential vulnerability of
the neurons and this could be due to the involve-
ment of interactive proteins such as the leucin-rich
acidic nuclear protein (Ross, 1997).

Significance of the aggregates

A toxic effect of the aggregates was the first
hypothesis to be put forward, based on following
assumptions : (1) spatial disruption of coordinated
nuclear processes such as transcription and splic-
ing, (2) sequestering important nuclear factors
thereby altering gene expression, (3) reflecting or
provoking a breakdown of normal proteolytic
processes within the nucleus, (4) ubiquitination of
pathologic structures reflecting misfolding, aggre-
gation or aberrant degradation of proteins.

But in fact NIIs do not seem to initiate patho-
genesis since they are only found in rather small
quantities and since there is no strict parallelism
between their number and the severity of the
pathology in humans. Studies on transfected cells
show for example that inhibiting proteasomal
degradation promotes ataxin-1 aggregation. In
transgenic mice, Purkinje cells that express mutant
ataxin-1 but not a ubiquitin-protein ligase have sig-
nificantly fewer NIIs ; nonetheless the Purkinje cell
pathology is markedly worse than that of the “sim-
ple” SCA1 mice (Cummings et al., 1999). The for-
mation of NIIs may initially sequester the toxic
protein, thereby protecting the nucleus from its
toxic effects.

A sequence of events has been proposed by
Klement et al. (1999) for the spinocerebellar atax-
ia (SCA1): (1) ataxin-1 passes through the cyto-
plasm “en route” to the nucleus ; (2) nuclear import
of ataxin-1 is regulated by cell-specific factors and
in Purkinje cells is dependent on a nuclear local-
ization sequence (NLS) in the C’ region containing
a basic cluster. Ataxin-1 is not pathogenic without
a functional NLS ; (3) in the nucleus, the N’ and
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polyQ epitopes are lost perhaps due to conforma-
tional change or protein binding. A pathogenic gain
of function is conferred on ataxin-1 ; (4) pathogen-
ic ataxin-1 eventually collects as insoluble aggre-
gates. The self-association region is essential for
aggregation formation but not for initiation of the
pathogenesis. The presence of ubiquitin within the
aggregates suggests that they may arise from atax-
in-1 misfolding and subsequent ineffectual
turnover by the proteasome system. It is possible
that the aggregates mediate a pathogenic effect that
is distinct from that of the soluble form of ataxin-1.
If so, then this effect is not necessary for the initia-
tion of the pathogenesis but may have a role in dis-
ease progression. Therapeutic perspectives may be
opened by blocking nuclear translocation or inter-
fering in the nucleus on specific interactions that
transform expanded ataxin-1 to a pathogenic form.
Up to now and in conclusion, the molecular mecha-
nisms underlying the selective neuronal death are
in fact unknown. Possible final common paths
leading to cell death would be classical apoptosis
or autophagy (apoptosis type II).

Peripheral nervous system pathology

After the description of Charcot-Marie-Tooth
disease (CMT) in 1886, it soon became apparent
that this syndrome was clinically and genetically
heterogeneous with various modes of inheritance.
Modern molecular genetics investigations have
proven this assumption.

The identification of pathogenic mutations in
new genes is a continuous process as shown by De
Jonghe et al. (2000 and this symposium) or by
Meuleman et al. (2000) and present research indi-
cates that this proposition holds true.

Neuropathology has of course played initially a
role in defining the phenotypic expressions of
CMT. Most of the reports describe classic onion
bulbs around naked axons, remyelinating axons or
normally myelinated axons. Other onion bulbs are
characterized by a proliferation of the basal lamina
or are said to be obsolete when the central axon has
completely disappeared. Descriptions are given of
tomacula, outfolding of myelin sheaths, focally
folded myelin sheaths etc. In some circumstances
such as in Po mutations, widening of myelin lamel-
lae may be observed. Such alterations are not spe-
cific for CMT1B and can for example be found in
IgM and IgA monoclonal gammopathies (Vallat et
al., 2000). These data can be correlated with elec-
tromyography. In another register the existence of
CMT due to a gene encoding a non compact myelin
gap junction protein (GJB1) indicates that our
attention should also be paid to the nodes of
Ranvier since they feature a very crucial connec-
tion between axons and myelin sheaths.

Important information may result from a
renewed study of peripheral nerve biopsies even if

they have been performed many years ago and we
are experimenting it nearly every day. With the
development of the diagnostic molecular genetics,
it is more difficult nowadays to perform as much
peripheral nerve biopsies as in the past. Among
new methods which can be applied to biopsies,
immunohistochemistry at light and electron micro-
scopic level could sometimes justify a new nerve
biopsy. Alternatively we think that the examination
of cutaneous nerve twigs obtained by a skin biopsy
could replace it, at least in part, and will endeavor
to demonstrate it in the near future. Some methods
may also be applied to old deep-frozen or embed-
ded material as we will show now.

We want to illustrate the retrieval of important
information in old biopsies by discussing an auto-
somal recessive form of CMT classified as CMT4F,
due to mutations in the periaxin (PRX) gene. The
PRX gene encodes two proteins L- and S-periaxin
that are required for maintenance of peripheral
nerve myelin. It is mapped to 19q13.13-13.2. PRX
is expressed by myelinating Schwann cells. As
myelin matures, PRX becomes predominantly
localized at the abaxonal membrane which sug-
gests that it might participate to the stabilization of
the mature sheaths. An autosomal recessive
CMT4F (Delague et al., 2000 ; Guilbot et al.,
2001) or an autosomal recessive Déjerine-Sottas
neuropathy with a severe sensory component
(Boerkoel et al., 2001) due to periaxin mutations
have been described recently. Histology showed
“onion-bulb” structures and ‘“hypermyelinated”
sheaths. Other families are now in the process of
being reported (Takashima et al., in press) confirm-
ing that periaxin mutations may cause a broad
spectrum of demyelinating neuropathies. Extensive
peripheral demyelination and neuropathic pain
behaviour, allodynia (or pain from non-noxious
stimuli) and hyperalgesia (or hypersensitivity to
pain) have been described in periaxin-deficient
mice (Gillespie et al., 2000).

We have been able to review a nerve biopsy
made in 1992 of a female patient with a familial
peripheral neuropathy. The parents were consan-
guineous. An affected brother had been examined
recently. He was severely handicapped and scoliot-
ic like his sister. The peripheral neuropathy includ-
ed severe sensory disturbances. An homozygous
PRX mutation was found in both patients.

The sural nerve biopsy was re-examined in
2001. There was a very severe demyelination
with a few remaining myelinated internodes
and some tomacula stained by the modified
Gomori’s trichrome and by antibodies against
myelin basic protein, peripheral myelin protein 22
and protein PO. The use of antibodies made against
various epitopes of periaxin obtained in mice
(Brophy and Williams, personal communication)
showed an immunoreactivity for the N terminal and
the central repeat region of periaxin but not for the
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FiG. 2. — Peripheral nerve biopsy in a female patient with a
periaxin-deficient neuropathy. Heminode of Ranvier (R) with
disappearance of the septate-like junctions attaching the
myelin loops to the axolemma (A) (arrows). A Schwann cell
process (arrowheads) detaches the myelin loops (M) from the
axon (glutaraldehyde fixation, araldite embedding, uranyl-
acetate and lead citrate staining, scale = 1 pym).

C-terminus, indicating that a truncated protein was
made.

Light microscopy of semi-thin resin sections and
electron microscopy confirmed a severe loss of
myelinated axons of all diameters. Tomacula con-
sisted of concentric or eccentric thickenings of the
myelin sheath with sometimes focally folded
myelin surrounding a constricted axon. The onion
bulbs were made up of concentrically arranged
Schwann cell processes around a myelinated,
hypermyelinated or less frequently, a thinly myeli-
nated axon. Some onion bulbs were denervated and
showed increased amounts of collagen fibres.
Redundant basal laminae were noted in few classi-
cal onion bulbs. Rare myelin debris were found in
Schwann cells. There were no abnormalities of the
myelin packing. Some distended unmyelinated
axons had a diameter of 2.5 pm. Denervated
Schwann cell units of unmyelinated axons enclosed
collagen pockets. A massive increase of endoneur-
ial collagen fibres was observed.

Special attention was paid to the longitudinal
investigation of paranodal myelin of fibres with
normal myelin sheath thickness. Paranodal myelin
loops had an irregular aspect. The number of
myelin loops was reduced, most loops were short
and no paranodal desmosome-like structures were
seen between these terminal loops. Moreover, no
direct or interrupted contacts between paranodal
myelin loops and axon were found. At these sites,
transverse bands or septate-like junctions were
absent or irregularly present. Sometimes, paranodal
myelin loops and axon were separated by a
Schwann cell process lying between them (Fig. 2).
There was a detachment of terminal myelin loops
from the axon by the Schwann cell process. In con-
clusion, neuropathology was remarkable for
tomacula formation with focal myelin thickening,

abnormalities of the paranodal loop and absence or
disappearance of septate-like junctions or trans-
verse bands linking myelin loops to the axon. It is
too early to decide whether this axo-schwannian
dysjunction indicates a primary developmental
deficiency or whether it represents only a non-spe-
cific paranodal demyelination.

Recent work (Sherman ef al., 2001) has shown
the presence of a dystroglycan-dystrophin-related
protein 2 (DRP2) complex at the surface of myelin-
forming Schwann cells in mice. This complex
interacts with L-periaxin. In the absence of L-peri-
axin, DRP2 is mislocalized and its disruption is fol-
lowed by hypermyelination and destabilization of
the Schwann cell-axon unit. The authors suggest
that the DRP2-dystroglycan complex has very like-
ly a function in the terminal stages of myelogene-
sis, possibly in the regulation of the myelin thick-
ness. It will certainly be important in the future to
check the presence of dystrophin-dystroglycan
complexes in Schwann cells by using available
antibodies. Limb-girdle muscular dystrophies illus-
trate what can be obtained by such studies. Further
characterization of these complexes will possibly
enable us to identify new candidate genes for other
forms of CMT.

Conclusions

Neuropathology has still a major role to play in
the study of the many different types of hereditary
ataxias and peripheral neuropathies. Correlation of
clinical phenotypes with the neuropathological fea-
tures and of genotypes with neuropathology
remains necessary to improve our diagnostic skills
and to help understand clinical, radiological, neu-
rophysiological and laboratory data. During the life
of the patients, non-invasive skin biopsies should
be done to study the cutaneous nerve twigs in order
to apply light- and electron microscopic immuno-
histochemical techniques. Postmortem examina-
tion has its limitations as already mentioned in the
introduction but a combination of classical and
modern neuropathological techniques may con-
tribute to a better understanding of the pathogene-
sis of those disorders. The examination of trans-
genic animals and of cells in culture could certain-
ly obviate the shortcomings of the autopsy.
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