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Fig. 2 Frequency disiribution of median nerve MCVs in CMT
patients with PMP22 duplication, MPZ mutations and Cx32
mutations.

was also more frequent in the axonal subgroup. Other motor
and sensory symptoms did not differ significantly between the
two subgroups (Table 1). These associated symptoms were
seen in association with several types of MPZ mutations.

Pathology of the sural nerve

In PMP22 duplication, myelinated fibre density was variably
reduced, ranging from 183 to 6854/mm? (Table 3, Fig. 3).
Unmyelinated fibre density was also variably reduced but
relatively preserved, ranging from 16 157 to 28 160/mm?.
Fibres showing demyelinating pathology in teased-fibre
preparations represented 80.1 £ 17.7% of the total, while
axonal pathology was seen in 0.7 * 2.8%. Tomacula and
globule formation in teased fibres was variable among
patients, with a mean frequency of 7.3 * 6.5% of fibres
(Fig. 4). Onion bulbs were present to varying degrees, ranging
from 10 to 83% of myelinated fibres, appearing in half of the
myelinated fibres and showing a mean of 3.94 lamellae

(Table 3, Fig. 3). Axonal sprouts were generally rare, but in
some patients axonal sprouts were abundant (Table 3, Fig. 3).
These findings indicate that in PMP22 duplication demyeli-
nating pathology was predominant, while axonal loss and
axonal sprouts were variably present.

In MPZ mutations, myelinated and unmyelinated fibre
densities were also variable, ranging from 510 to 8279/mm?
and 10 387 to 36 874/mm?, respectively (Table 3). The
frequency of demyelinating and axonal pathology was
significantly variable among individual patients. When
patients were subdivided into those with median nerve
MCV =38 m/s (demyelinating) and those with higher MCV
(axonal), myelinated fibre densities were significantly lower
in the demyelinating subgroup than in the axonal subgroup
(P <0.05; Table 3), while unmyelinated fibre density did not
differ significantly between subgroups (Table 3, Fig. 3). The
frequencies of fibres with demyelinating pathology, tomacula
and globule formation, and onion bulbs were significantly
greater in the demyelinating subgroup (P < 0.0001, P < 0.001
and P < 0.05, respectively). An uncompacted myelin sheath
was occasionally observed. In contrast, the frequency of
fibres with axonal pathology and the density of axonal sprouts
were significantly greater in the axonal subgroup (P < 0.01
and P <0.05, respectively; Table 3, Fig. 4). In individual
patients with MPZ mutations, pathological features in which
either demyelinating or axonal involvement was predomin-
ant, combined or concomitant demyelinating and axonal
pathological findings were rare. Thus, pathological features
were distinctive between the demyelinating and axonal
subgroups defined by median nerve MCV. '

In Cx32 mutations, myelinated fibre density was dimin-
ished, but less markedly than in PMP22 duplications and
MPZ mutations (Table 3). Unmyelinated fibres were also
relatively well preserved (Table 3). Less marked reduction in
the myelinated and unmyelinated fibre density reflected the
frequent presence of axonal sprouts (Table 3, Fig. 3). Teased-
fibre preparations showed fibres with demyelinating and
axonal pathologies, but both were mild. Globule and
tomacula formation and onion bulb formation were also
mild (Table 3, Fig. 4). However, axonal sprouts were
frequent, ranging from 340 to 2610/mm? (Table 3). Large
myelinated axon loss and axonal sprouts were variable among
the patients. Axonal and demyelinating pathologies were
invariably present in combination in individual patients,
although axonal features were predominant.

Median nerve MCVs, CMAPs and sural nerve

pathology in relation to disease advancement

In PMP22 duplication, slowed median MCV (=38 m/s) was
seen for all ages at examination (Fig. SA) and durations of
illness (data not shown). Median nerve CMAPs tended to
decrease with advancing age (r = 0.28, P < 0.013; Fig. 5A)
and with disease duration (not significant; data not shown). In
Cx32 mutations, moderately slowed MCV (22.8-46.6 mw/s)
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Table 3 Pathological features of sural nerves in 44 CMT patients

Mutations Myelinated fibre =~ Unmyelinated fibre density Teased-fibre study
density (no./mm?) (no./mm?) :
De-/remyelination Axonal Globule/tomacula
(%) (%) (%) '
PMP22 duplication (n = 23) 2612 * 2348 20 196 *= 5658 80.1 = 17.7 07 =28 73 £ 6.5
(183-6854) (16 157-28 160) (39-100) (0-3.5) {0-18)
MPZ mutations (n = 11) 2208 = 1864 22 197 * 8452 65.6 = 39.2 19 + 21 39 £ 26
(501-8279) (10 387-36 874) (5-94) (0-5) -7
MCV =38 m/s (n = 6) 1146 = 646] 18 742 = 7487] 85.0 = 18.7] 12 * 1.8] 54 % 4.0]
i NS wk sk ik
MCV >38 m/s (n = 5) 4631 = 844 26 515 *+ 8426 75 £ 3.5 40 * 14 0.3 =09
Cx32 mutations (n = 10) 6090 + 1158 34 705 = 9053 92 * 64 42+ 24 30x23
4176-12 711) (25 165-43 175) (1-18) 1-n 04
Controls (n = 9) 8190 = 511 29 913 =+ 3457 38+22 0.5 = 0.8 0
Mutations Omion bulbs Axonal sprouts G ratio
(no./mm?)
Rate (no./MFD) Lamellae (no./mm?)
PMP22 duplication (n = 23) 047 = 0.29 394 x 1.46 160 = 210 0.68 + 0.05
(0.10-0.83) (1-6) (10-1085) (0.59-0.79)
MPZ mutations (n = 11) 0.22 + 0.23 2.31 = 1.20 350 + 410 071 = 0.04
(0.03-0.80) (1-4) (0-1190) (0.64-0.76)
MCV =38 nv/s (n = 6) 0.36 *+ 0.22]* 297 = 0.35]* 3020 ], 0.70 = 0.04]NS
MCV >38 m/s (n = 5) 0.05 £ 0.07 1.00 = 0.00 730 *+ 290 0.74 * 0.02
Cx32 mutations (n = 10) 0.06 = 0.04 2.39 + 0.26 1090 = 830 0.70 = 0.05
(0.04-0.14) (2-3) (340-2610) (0.63-0.75)
Controls (n = 9) 0 - <20 0.6-0.7

Data are mean =+ standard deviation. Ranges are shown in parentheses. Control values are those described previously (Sobue, er al. 1989).

#*P < 0.01; **P < 0.001; ***P < 0.0001; NS = not significant.

was noted consistently for all ages at examination (Fig. 5A) as
well as disease durations (data not shown). Median nerve
CMADPs decreased with age (r = 0.45, P < 0.0013; Fig. 5A),
and tended to decrease with duration of illness (not signifi-
cant; data not shown). In MPZ mutations, however, two
subgroups of MCVs were consistently present through all
ages at examination (Fig. 5A) and durations of illness (data
not shown). No tendency for CMAPs to decrease with
advancing age or disease duration was observed (Fig. 5A).
Sural nerve pathology also changed markedly with disease
advancement (Fig. 5B). In the PMP22 duplication, myeli-
nated fibre density, in particular that of large myelinated

fibres, decreased significantly with increasing age at exam-

ination (r = 0.71, P < 0.0001; Fig. 5B) and duration of illness
(r =0.40, P < 0.001; data not shown). Onion bulbs were rare
in young patients, but their frequency increased with
advancing age (r = 042, P < 0.01; Fig. 5B). In Cx32
mutations, large myelinated fibre density was relatively
preserved in the younger patients, but decreased markedly
with advancing age (r = 0.81, P < 0.001; Fig. 5B) and
duration of illness (r = 0.37, P < 0.05; data not shown).
Axonal sprouts were more frequent in older patients, and the
density of axonal sprouts correlated well with age at
examination (r = 0.68, P < 0.01; Fig. 5B) and duration of
illness (r = 0.43, P < 0.01; data not shown). In cases with

MPZ mutations, two small but distinctive subgroups were
present, and were difficult to assess.

The MCV slowing was consistently preserved in spite of
pathological changes in sural nerves in patients with PMP22
duplication and Cx32 mutations (Fig. 6). Median nerve
MCVs were consistently slowed independently of large
myelinated fibre loss, degree of onion bulb formation and
axonal sprouts in the sural nerves (Fig. 6).

The findings indicate that MCVs in these three main
genetic groups are consistently preserved independently of
age at examination and disease duration; in patients with
PMP22 duplication and Cx32 mutations, slowed MCVs are
consistently preserved independently of the development of
pathological changes. In contrast, CMAPs and large myeli-
nated fibre populations tended to decrease with advancing age
and disease duration. In cases with MPZ mutations, two
relatively small but distinct subgroups with different MCVs
were present, and tendencies related to age, disease duration
and pathology were difficult to assess.

Concordance and discordance in MCVs among
siblings, and gene mutations

In PMP22 duplication, all patients showed MCVs =38 m/s,
though the extent of MCV reduction was variable. MCVs of
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i

Fig. 3 (A) Transverse sections of the sural nerves from CMT patients. Myelinated fibre density was relatively well preserved but onion
bulbs were rare in a 2-year-old patient with PMP22 duplication. (B) Myelinated fibre density was markedly decreased and onion bulb
formation was prominent in a 43-year-old patient with PMP22 duplication. (C) Axonal sprouts were present at moderately density
(arrows) in another patient with PMP22 duplication. (D and E) Onion bulb formation was prominent (D) in a patient with an MPZ
mutation (Arg98His), while axonal sprouts were abundant () in another patient with an MPZ mutation (Thr124Met). Large myelinated
fibres were significantly diminished in both of these patients. (F and G) Large myelinated fibre density was fairly well preserved in 16-
year-old patient with a Cx32 mutation (Ser26Leu) (F), while they were markedly diminished and axonal sprouts were abundant (G) in a
61-year-old patient with a Cx32 mutation (Phe69Leu). Magnification: A, X500; B, X300; C, X600; D-G, X300.

=38 m/s were seen concordantly among siblings in the 18
families in whom MCV was examined systemically (Table 4).

In MPZ mutations, probands with MCV =38 m/s in the
median nerve (demyelinating subgroup) showed good con-
cordance, with MCVs <38 m/s among siblings in the four
families examined. Probands showing a median nerve MCV
>38 m/s (axonal subgroup) exhibited good concordance, with
MCYV >38 m/s being noted among siblings in the four families
(Table 4). The nature and position of amino acid substitu-
tions in the MPZ protein were distinctly different among
subgroups of patients with demyelinating and axonal
phenotypes (Table 4), suggesting that demyelinating and
axonal phenotypes in MCV are concordant in the siblings and
are closely related to the nature and position of the amino acid
substitution in MPZ.

In Cx32 mutations, the probands showed variable median
nerve MCVs, including values more and less than 38 m/s,
MCVs were discordant in terms of the 38 m/s cut-off value
among siblings in the six families examined (Table 4). MCVs

in these families were concordant among siblings in showing
a range from 22.8 to 46.6 m/s. Thus, in most of the families,
median nerve MCVs were discordant at the division point of
38 m/s but were concordant when the MCV range was set
between 22.8 and 46.6 m/s (Table 4).

Muscle wasting, CMAPs and MCVs

Muscle weakness and atrophy were most pronounced in the
distal portion of the leg and were noted to a lesser extent
distally in the upper limbs; proximal muscles were only
minimally involved. This distal and lower-limb-predominant
motor involvement was common to all three main types of
gene abnormality (Table 5). Table 6 shows the correlation
between CMAPs and the strength of distal limb muscles in
patients with PMP22 duplication, MPZ mutations and Cx32
mutations. The amplitude of CMAPs of median, ulnar and
tibial nerves correlated significantly with corresponding distal
muscle strengths (r = 0.35-0.69, P < 0.05-0.0005; Table 5).
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Fig. 4 (A) Teased fibres from the sural nerves of CMT patients. Extensive segmental demyelination was observed in a fibre from a patient
with PMP22 duplication. Arrowheads indicate the node of Ranvier. (B) Globule or tomacula formation was abundant in another patient
with PMP22 duplication. (C and D) Fibres with axonal degeneration were seen in an axonal subgroup of patients with an MPZ mutation
(Thy124Met) (C) and in a patient with a Cx32 mutation (Phe69Leu) (D). Magnification: A, X100; B, X80; C and D, X150.

In contrast, MCVs of median, ulnar and tibial nerves did not
correlate with distal muscle strength in patients with PMP22
duplication, MPZ mutations or Cx32 mutations. These
findings indicate that weakness in distal limb muscles was a
consequence of reduced CMAP amplitude, not the slowing of
MCV, in all groups.

Discussion

In CMT patients with PMP22 duplication, almost all patients
showed predominantly demyelinating features in the nerve
conduction study and pathological examination, with variable
severity among individuals. MCVs were <38 m/s, independ-
ently of age and disease duration. However, features of
axonal loss, axonal sprouts and axonal changes in teased-fibre
preparations as well as the decrease in CMAP amplitude were
variably present irrespective of marked slowing of nerve
conduction. These observations were in good agreement with
previous reports (Kaku et al., 1993a; Thomas et al., 1997,
Birouk ez al., 1997; Garcia et al., 1998; Krajewski et al.,
2000; Dubourg et al., 2001a). Since PMP22 duplication was
shared among these patients, variability of demyelinating and
axonal pathology between individual patients must be
attributed to factors other than PMP22 duplication.
Important factors demonstrated in this study were age and
disease duration. CMAP reduction, axonal loss and onion
bulb formation were more pronounced in advanced disease.
Other factors could be the genetic background or environ-
mental differences, as demonstrated in previous reports

showing that the degree of reduction of nerve conduction
was variable even in a family pedigree and in identical twins
(Kaku et al., 19934, b; Garcia et al., 1995, 1998; Birouk et al.,
1997). As reported so far, PMP22 duplication thus induces a
mainly demyelinating phenotype, while features of axonal
pathology are present concomitantly with advancing disease.

In cases with MPZ mutations, axonal and demyelinating
phenotypes were clearly differentiated into two subgroups.
Patients in the axonal subgroup rarely showed concomitant
demyelinating phenotypes, and patients in the demyelinating
subgroup rarely showed axonal features. These axonal or
demyelinating phenotypes were also concordant among
siblings in individual families. Furthermore, the nature and
position of the MPZ gene mutation did not overlap between
these two subgroups, indicating that axonal or demyelinating
phenotypes are determined mainly by the nature and position
of mutations of the MPZ gene. Apart from the MPZ gene
mutation, the overall genetic background and environmental
factors may have little effect on phenotypic variation in
patients with the MPZ mutation. Age- and duration-depend-
ent clinical and pathological changes could also be present, as
was seen for PMP22 duplication, but we could not assess
these issues because of relatively small numbers of patients in
the subgroups.

Frequent association of neural deafness and pupillary
abnormality in patients with the axonal phenotype of MPZ
mutations was characteristic, confirming previous observa-
tions (Chapon et al., 1999; De Jonghe et al., 1999; Misu et al.,
2000). Prominent serum CK elevation was also more frequent

-319 -



144 N. Hattori et al.
A
PMF22 dupication MPZ mutations Cx32 mutations
?60' 60 1 607
S 607 L s @ -
Gao- N S SO IS o
- L 2 Semse A0 B 5wt 88m/s
J QJW A d o o o
3 o) oo% ﬁ %‘go& 30 Op © ° 30 0008(350 °%
20{0%90 0w op %@ 20- © 0g %o © 20 a
8 | o, 0 5ot 0 i 0o% © @ [}
310 0P, © . o 10
0 e B B e e S B A A e s R S 0 T
0 10 20 30 40 B0 60 70 8O 0 10 20 30 40 S0 60 70 BD 9 0 10 20 30 40 B0 60 70 80 80
EZO r=0.28 15 (&)
§15 P<0.013 ooo° ° o o
10 (¢} )
§10 [ ® o e
Q @ @
5 5 ¢ o © °F ®
o8 ® 5 @
0 T 0
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80
Age (vesrs) Age (vears)
Age & examination
B
6 PMP22 duplication 4 MPZ mutations . Cx32 mutations
T 51 r=0.71 8- r=0.81
g ado P<0.0001 87 P<0.001
- @
& 21 @
g @
17 o °
Q
§ o ’g %0
¥ T T ¥ ¥ (g T v ¥ 1 [1] T ¥ i3 T T T 1
0 10 20 30 40 50 60 70 80 60 0 10 20 30 40 5 6 70
17 ° 27
g o 2]
-f i ° 1.57
g 0.5: 1+ o o
i 7 °c% o
: ® 0.5 o o
- @ O o
g 0 e® @ o © o
e e | v e S 0 e T S S
0 10 20 30 4 50 60 70 80 0 10 20 30 40 50 60 70 8 80 0 10 20 30 40 50 60 70
~ . F=0, Q
£ 400- 1500 P<0.01
£ 300- ® |
® 1000 ® 1500
2001 °©0 & e e 10001 g
¥ 1004 o %‘o P o o o 800 ® o [
oo 500 T o
:g 0 o 0 © 0 % o 0
0 10 20 30 4 50 6 70 & 0 10 20 30 40 50 60 70 80 90 0 10 20 3 4 5 66 70
Age (years) Age (years) Age (years)
Age at exarmination

Fig. 5 Scattergrams of median nerve MCVs, CMAPs (A) and sural nerve pathology (B) in relation to age at examination in CMT patients.
Closed circles and open circles in the panel labelled ‘MPZ mutations’ indicate patients with median nerve MCVs >38 m/s (corresponding

to axonal phenotypes) and =38 m/s (corresponding to demyelinating phenotypes), respectively. In A, the dotted lines indicate the

maximum and minimum values in each scattergram, and the 38 m/s level.
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in patients with MPZ mutation in the axonal subgroup. These
associated symptoms were not restricted to specific MPZ
mutations, but were widely present among patients with
axonal phenotypes. These observations suggest that the
mechanism that induces the axonal phenotype may aiso
induce associated symptoms.

In Cx32 mutations, median nerve MCV was moderately
slowed within a relatively restricted range of 22.8-46.6 m/s,
confirming previous reports (Hahn ez al., 1990; Nicholson
et al., 1993, 1998; Dubourg et al., 2001a, b). Pathologically,
axonal features predominated but demyelinating features
were present concomitantly, suggesting a mixture of axonal
and demyelinating pathology. These MICVs and pathological
phenotypes were independent of age and disease duration.
However, other axonal markers, such as decreased CMAP
amplitudes, axonal loss and axonal sprouts, were pronounced
in patients with advanced disease.. Cx32 mutations may

induce both axonal and demyelinating features irrespective of
the nature and position of the mutation in the Cx32 gene, with
median MCVs showing a moderately decreased range.
Strikingly, median nerve MCVs were consistent independ-
ently of age, disease duration and pathological alterations in
all three groups of genetic abnormality (Table 6). By
consensus, the division point for axonal and demyelinating
phenotypes of CMT has been considered to be 38 m/s for
median nerve MCV (Dyck and Lambert, 1968; Buchthal and
Behse, 1977; Harding and Thomas, 1980). Nerve conduction
criteria for axonal and demyelinating phenotypes have been
verified by observations in PMP22 duplication (Kaku et al.,
1993a, b; Nicholson and Nash, 1993; Nicholson et al., 1998;
Paraskevas et al., 1998). In this study we confirmed the
usefulness of this nerve conduction cut-off value in MPZ
mutations. However, in Cx32 mutations, 38 m/s for median
nerve MCV was not a useful division.point. Median nerve

-321-



146 N. Hattori et al.

Table 4 Gene mutations and median nerve MCV and concordance and discordance among siblings

Gene mutations and median Mutations
nerve MCV in the proband

No. of families; MCV concordance and discordance among
siblings in families examined systemically

Concordance to Concordance to Discordance to MCV
MCV <38 m/s MCV >38 m/s <38 m/s and MCV
>38 m/s
PMP22 duplication Duplication of PMP22 gene 18 (2-5) 0 0
MPZ mutations
MCV =38 m/s Asp35Tyr, Ile62Phe, Ser63del, 4 (24 0 0
Tyr68Cys, Gly93Glu, Arg98Cys,
Vall46Phe
MCV >38 m/s Asp75Val, His81Arg, Thr124Met 0 4 (2-3) 0
Lys130Arg, Glyl67Arg
Cx32 mutations Ser26Leu, Thr55Ala, GIn57His, 1@ 0 6 (2-3)

Val63lle, Phe69Leu, Ser128stop,

Vall39Met, Argl42Gln, Argl42Trp,

Prol72Arg, Vall77Ala, Arg]83His,

Thr191Ala, Cys201Tyr, Ala282frameshift

Numbers in parentheses are number of patients in the family whose median nerve MCV was estimated.

Table 5 Correlation between CMAP/MCV and muscle
strength

Mutations/nerves n r P
PMP22 duplication
Median
CMAP vs distal MS 86 0.35 <0.0009
MCV vs distal MS 86 0.16 NS
Ulnar
CMAP vs distal MS 63 0.44 <0.0005
MCV vs distal MS 63 0.05 NS

Posterior tibialis

CMAP vs distal MS 79 0.36 <0.0014
MCYV vs distal MS 79 0.15 NS
MPZ mutations
Median
CMAP vs distal MS 28 0.36 <0.05
MCV vs distal MS 28 0.05 NS
Ulnar
CMAP vs distal MS 17 043 <0.05
MCV vs distal MS 17 0.14 NS
. Posterior tibialis
CMAP vs distal MS 17 047 <0.018
MCV vs disial MS =~ . 17 0.17 NS
Cx32 mutations
Median
CMAP vs distal MS 19 0.69 <0.0032
MCYV vs distal MS 19 0.21 NS
Ulnar ' '
CMAP vs distal MS 19 0.68 <0.0079
MCYV vs distal MS 19 0.30 NS

Posterior tibial
CMAP vs distal MS 19 0.38 NS
MCV vs distal MS 19 0.16 NS

MS = muscle strength assessed as MRC score; distal MS = thenar
and finger flexion muscles for the median nerves, interosseous
muscles for the ulnar nerves, and triceps surae muscles and toe
dorsiflexion muscles for the posterior tibial nerve. MS was
assessed as MRC score for the examined muscles and averaged for
the examined muscles for each individual.

MCV for Cx32 mutations ranged around 38 m/s but was
restricted to a range between 22.8 and 46.6 m/s. The
observation that median nerve MCVs are well maintained
independently of age, disease duration and clinicopathologi-
cal changes indicates that median nerve MCV is an excellent
marker for genetically determined CMT phenotypes. In
contrast, the amplitude of CMAPs, axonal loss (particularly
for large axons), the density of axonal sprouts and onion bulb
formation changed significantly with age and disease duration
(Table 6). Distally accentuated muscular wasting was char-
acteristic of all three genotypes and progressed with advan-
cing age (Dyck et al., 1989; Birouk et al., 1997), showing
good correlation with CMAP amplitude in the corresponding
muscles. Disease duration, however, correlated less well with
these features than did age at examination, suggesting that the
disease process may begin early, at perinatal or embryonic
stages, as suggested previously (Dyck ez al., 1989; Killian
et al., 1996; Garcia et al., 1998). Disease duration, which
represents the period after the disease process has crossed the
clinical threshold, appears to correlate less well with the
pathological changes and CMAPs than age at examination.
Age-dependent decreases in CMAPs and increases in axonal
pathology and clinical disability from neuropathic deficits
were in good agreement with previous observations in CMT1
patients (Dyck et al., 1989).

- Taking all the results in this study together, we can identify
two distinct clinicopathological phenotypic features, one that
is independent of disease advancement and the other with
changing phenotypic features according to disease advance-
ment. The MCVs and the predominance of demyelinating or
axonal phenotypes are included in the former category, and
axonal features, such as CMAP amplitude, large-axon loss,
axonal sprouts and distally accentuated muscle wasting, are
included in the latter category. The present study shows that
axonal features that change in relation to disease advance-
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Mutations Disease advancement Disease advancement-dependent Correlation to
muscle wasting

Median nerve Predominant pathological = Decrease Axon Axonal Onion
MCV phenotype in CMAP loss sprouts bulbs

PMP22 duplication =38 m/s Demyelinating Yes Yes No Yes CMAP

MPZ mutations =38 m/s Demyelinating ND ND ND ND CMAP
>38 mfs Axonal ND ND ND ND CMAP

Cx32 mutations 22.8to 46.6 m/s  Axonal with mild Yes Yes Yes No CMAP

demyelinating

ND, not determined (sample size too small).

ment, particularly large-axon loss and decreased CMAP
amplitude, constitute a major determinant of clinical mani-
festations such as muscle weakness and atrophy in all three
common genotypic groups of CMT. _

The molecular mechanisms that induce axonal involve-
ment as disease advances, which have been demonstrated
particularly in PMP22 duplication and Cx32 mutations,
are poorly understood, and may differ among mutations.
In the case of PMP22 duplication, axonal dysfunction
could result from the primary process of demyelination,
as suggested in previous studies (Dyck et al., 1989;
Garcia er al., 1998; Sancho et al., 1999; Scherer, 1999;
Krajewski er al., 2000). Local biochemical changes in
axons, such as decreased neurofilament phosphorylation,
increased neurofilament density and decreased axonal
transport due to demyelinating Schwann cells, could
accrue to produce axonal dysfunction and eventual axonal
loss (de Waegh and Brady, 1990, de Waegh er al., 1992;
Watson et al.,, 1994; Sabhenk er al., 1999). In Cx32
mutations, issues concerning mechanisms of progressive
axonal involvement are further complicated, since an
axonal phenotype is predominant but demyelinating
features are concomitantly present to variable degrees in
individual patients. Unknown mechanisms may induce
axonal dysfunction and loss directly, while concomitant
demyelinating features could also induce axon loss, as is
suspected for PMP22 duplication. Studies using in vivo
models with specific mutations of Cx32 and different
genetic or environmental backgrounds are needed to
provide better understanding of the molecular mechan-
isms.

The distally accentuated muscle wasting characteristic of
CMT was strongly cormrelated with the reduction of the
functioning large axonal population, as assessed by CMAPs,
and was not correlated with slowing of nerve conduction.
This finding was common to patients with PMP22 duplica-
tion, MPZ mutations and Cx32 mutations. Similar observa-
tions were reported in patients with PMP22 duplication
(Krajewski et al., 2000). In that report, muscle wasting and
sensory impairment that was acceniuated in the distal
extremities correlated well with corresponding reductions in

CMAPs and SNAPs, but not with slowing of motor and
sensory nerve conduction. Our observations are in agreement
with these reported observations in PMP22 duplication, while
we have demonstrated further that clinical phenotypes of
patients with MPZ and Cx32 mutations are also determined
by reduction of the functioning large-axon population.
Pathological study of autopsy cases of CMT with a
hypertrophic form of extensive demyelination and an axonal
form with massive axonal sprouting both demonstrated
distally accentuated axon loss along peripheral nerve trunks
that showed relatively well-preserved axons proximally
(Smith et al., 1980; Berciano et al., 1986; Bird er al.,
1997). These pathological observations in CMT patients
showing distally pronounced axon loss irrespective of the
axonal or demyelinating phenotypes agree with the present
study in showing distally accentuated muscle wasting in both
axonal and demyelinating phenotypes.

In conclusion, our study demonstrates that three
myelin-related protein gene abnormalities, PMP22 dupli-
cation, MPZ mutations and Cx32 mutations, resulted in a
wide variety of demyelinating and axonal features.
PMP22 duplication induced demyelinating' changes; MPZ
mutations induced distinctive subgroups with a demyeli-
nating or axonal phenotype depending on the nature and
position of the mutation; and Cx32 mutations induced
predominant axonal and lesser demyelinating features
essentially simultaneously. These genetically determined
axonal and demyelinating phenotypes corresponded well
with median nerve MCVs, which remained constant
despite disease advancement. In contrast, clinical mani-
festations of muscle wasting - correlated well ‘with
decreases in CMAPs and axonal loss, which became
more pronounced as disease progressed.
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Abstract We investigated distribution of neuronal and glial
inclusions in 30 brains obtained at autopsy from patients
with Lewy bodies (LBs) disease, which was clinically di-
agnosed as Parkinson’s disease (PD), dementia with Lewy
bodies (DLB), or pure autonomic failure (PAF). The cases
were classified, according to the guidelines for the patho-
logical diagnosis of DLB, into three types: the neocortical
type, the limbic type, and the brain stem-predominant
type. All postmortem brains had coil-like glial inclusions
as well as LBs, and the distribution pattern and density of
glial inclusions and LBs varied. The distribution of glial
inclusions was strikingly similar to that of LBs. In the
cerebral cortex in particular, the number of glial inclu-
sions was fairly well correlated with the number of LBs,
irrespective of the three pathological types. In the brain
stem, distribution was similar between glial inclusions
and LBs, and there was no distinct pathological difference
among the three types. Glial inclusions and LBs were im-
munohistopathologically similar with respect to ubiquitin,
oi-synuclein, and Gallyas-Braak staining, The clinical fea-
tures of the three types of LB disease were also similar;
i.e., parkinsonism, some dementia, and/or autonomic fail-
ure. The inclusions in neurons and glial cells occurred in
parallel with respect to tissue distribution and immunohis-
tochemical features, suggesting that accumulation of neu-
ronal and glial inclusions in the LB diseases have a com-
mon pathological feature. Our findings suggest that DLB,
PD with and without dementia, aud PAF share one clini-
copathological entity.
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introduction

It is becoming increasingly evident that there is some over-
lap in the clinical and neuropathological features of
Parkinson’s disease (PD) with and without dementia, de-
mentia with Lewy bodies (DLB), and pure autonomic
failure (PAF) [2, 3, 4, 6, 14, 16, 20, 29]. Clinically, PD
and DLB patients show parkinsonism and can show auto-
nomic failure. DLB patients and some PD patients are de-
mented. Pathologically, PD, DLB, and PAF patients share
loss of pigmented neurons, usnally evident among the
pigmented and catecholaminergic neurons in the brain
stem [8, 9, 11, 17, 21, 25], and the presence of Lewy bod-
ies (LBs), which are intracytoplasmic, spherical, eosino-
philic, a-synuclein-positive neuronal inclusions. Spongi-
form changes (microvacuolation) or LB-related neurites
are often found in the temporal coriex of PD as well as
DLB patients [7, 10, 15].

Recent studies showed that argyrophilic coil-like glial
inclusions appear in the brain of PD and DLB patients,
and that these inclusions are characterized by oi-synuclein
immunoreactivity, but not tau-protein immunoreactivity,
and are present in both oligodendroglia and astrocytes [2,
12, 27, 31, 32, 33]. More recently, argyrophilic astrocytic
star-like inclusions were reported in the cortex of DLB
patients; these resembled tuft-shaped astrocytic fibrillary
tangles, and were immunohistochemically negative for
ubiquitin and o-synuclein [28]. These findings strongly
suggest that glial cells are involved in the pathogenesis of
both PD and DLB.

In the present study, we investigated the distribution of
argyrophilic coil-like glial inclusions in relation to the
presence of LBs and we examined spongiform change in
autopsied brains of LB discase patients. We further as-
sessed relation between the distribution patterns of neu-
ronal and glial inclusions and clinical features.
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Materials and methods
Subjects

We examined autopsy brains from 30 patients in whom the appear-
ance of LBs was the main histopathological finding. The clinical
characteristics of the 30 patients are shown in Table 1. The distribu-
tion and frequency of LBs were evaluated according to the consen-
sus criteria for pathological diagnosis of DLB [22]. The number of
LBs was counted in the brain regions [Brodmann area; BA8/9 (fron-
tal), BA21 (temporal), BA24 (anterior cingulate), BA29 (transentorhi-
nal), BA40 (parietal)] determined in the protocol (ubiquitin immuno-
stain) and each region was given a score: O (no LBs), 1 (1-4 LBs),
and 2 (5 LBs). The cases were then classified into three types, neo-
cortical (n =8, patients age at death 65-84 years, mean 74.1 years),
limbic (n =19, patients age at death 57-86 years, mean 75.4 years),
and brain stem-predominant (n =3, patients age at death 60-71 years,

Table 1 Clinical features of 30 cases of LB disease classified into
three types: neocortical, limbic and brain stem predominant (LB
Lewya body, PD Parkinson’s disease, PD+D Parkinson’s disease

mean 66.7 years), depending upon which area in each case was given
total score. Disease duration for the neocortical type {cases 1-8) ranged
from 4 to 13 years (mean 8.1 years), for the limbic type (cazes 9-27)
from 1 to 26 years (mean 9.9 years), and for the brain stem-predom-
inant type (cases 28-30) from 8 to 21 years (mean 14.5 years). The
presence of neurofibrillary tangles (NFTs) and senile plaques (SPs)
were classified in each case according to the stages of Alzheimer’s
disease (NFT; I-IV, SP; A—C) as described by Braak and Braak [5]
and CERAD [23]. No cases were included in our study that were
given an NFT classification of III or IV or SPs classification of B or
C, and other tau pathology, e.g., progressive supranuclear palsy,
corticobasal degeneration, Pick’s disease, and argyrophilic grain
disease.

The medical records of the 30 patients were reviewed. Parkin-
sonism was considered present if there was any mention of resting
tremor, rigidity, or akinesia. Dementia was noted as progressive
cognitive decline, fluctuating cognition, memory disturbance, or
impaired visuospatial performance. Autonomic failure was noted

with dementia, DLB dementia with Lewy body, PAF pure auto-
nomic failure, SDS Shy-Drager syndrome, DIC disseminated in-
travascular coagulation, NA not available, —absence, +presence)

Case Age Sex Duration Parkin- De- Duration Auto- Initial Clinical Canse of death
(years) (years) sonism mentia of nomic symptoms diagnosis
dementia failure :
(years)
Neocortical type
1 70 F 13 + + 1 NA Tremor PD+D Pneumonia
2 70 M 7 + + 6.5 + NA SDS NA
3 65 M 5 + + 2 + Bradykinesia DLB NA
4 78 M 6 + + 6 + Bradykinesia DLB Pneumonia
5 77 M 1 + + 6 + Bradykinesia SDS Sepsis
6 71 M 12 + + 12 NA Tremor PD+D Sepsis
7 84 M 7 + + 7 + Bradykinesia DLB Respiratory insufficiency
8 72 M 4 + + 1 + Tremor PD+D Pneumonia
Limbic type
9 73 M 26 + + 4 - Bradykinesia PD+D Pneumonia
10 81 M 14 + + 2 - Dysbasia PD+D Pneumonia
11 75 F 13 + + 4 - Tremor PD+D Pneumonia
12 84 M 11 + + 7 + Tremor PD+D or DLB  Heus
13 86 M 11 + + 4 - Dysbasia PD+D Respiratory insufficiency
14 80 M 5 + + 2 + Bradykinesia PD+D or DLB Pneumonia
15 71 M 8 + + 3 + Orthostatic PD+D or DLB Pneumonia
hypotension
16 67 M 25 + + 0.5 + Orthostatic PD+DorDLB DIC
hypotension
17 79 M 13 + + 5 - Tremor+dysbasia  PD+D or DLB  Pneumonia
18 69 M 1.1 + - - + Tremor+orthostatic  SDS Sudden death
hypotension
19 83 M 6 + - - + Tremor+dysbasia PD Pneumonia
20 80 M 17 + - - + Tremor PD Pneumonia
21 74 M 14 + + 2 - Dysbasia PD+D Hepatic insufficiency
22 75 M ? + + 4 + NA PD+D or DLB Sudden death
23 7 M 12 + - - - Bradykinesia FD Sudden death
24 74 M 6 + + 2 Tremor+dysbasia  PD+D or DLB  Sudden death
25 81 M ? + NA NA NA NA PD Sudden death
26 57 M 1.6 + - - NA Bradykinesia PD Pneumonia
27 72 M 4 + NA NA NA NA PD Pneumonia
Brain stem-predominant type
28 69 F 21 + - - + Tremor PD Sudden death
29 60 M 8 - - - + Lethargy PAF or SDS Sudden death
30 7 M NA - - - + NA PAF Sudden death
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if there was mention of signs of orthostatic hypotension, such as
postural faintness, blurred vision, syncope, or a drop in blood pres-
sure (>30 mmHg in systolic pressure) in response to upright pos-
ture. Head-up tilt test and metaiodobenzylguanidine myocardial
scintigraphy findings were also noted.

Histopathology and immunocytochemistry

All brains were removed within 12h of death and immersed in
20% neutral-buffered formalin. Brain areas were sliced into 5-mm-
thick sections along various planes: frontal plane for the cerebrum,
horizontal plane for brain stem and spinal cord, and sagittal plane
for cerebellum. The tissues were embedded in paraffin and sec-
tioned at 8-um thickness. For routine histological examination,
each section was stained with hematoxylin and eosin (H-E) and
Kliiver-Barrera (K-B) stains. Selected sections were also stained
with the Bodian and Holzer stains. In all cases, additional sections
taken from the cerebrum, brain stem, cerebellum and spinal cord
were stained by the Gallyas-Braak (G-B) method and immuno-
stained by the avidin-biotin-peroxidase complex method. The
following antibodies were used: anti-o-synuclein (polyclonal, at
1:400; Santa Cruz Biotech., Calif.); anti-ubiquitin (polyclonal, at
1:600; DAKO, Glostrup, Denmark); anti-tau (TAU-2, monoclonal,
at 1:500; Sigma, St. Louis, Mo.); anti-paired helical filament
(PHF)-tau (AT-8, monoclonal, at 1:1,000; Innogenetics, Ghent,
Belgium). For staining with anti-o-synuclein antibody, the sec-
tions were pretreated with 99% formic acid (Wako, Osaka, Japan)
for 5 min at room temperature.

For electron microscopy, selected light microscopy sections
staining with anti-o-synuclein were reused. They were washed in
phosphate buffer, postfixed with 1% osmium tetroxide, dehydrated
in a graded series of ethanol and embedded in Epon. The sections
were cut into 65 nm, and examined with an electron microscope at
75kV (Hitachi H-7000, Tokyo, Japan).

Quantification of LBs and coil-like glial inclusions

Frequency and distribution of the LBs were assessed by ubiquitin
staining according to the guidelines for the pathological diagnosis of
dementia with LBs [22]. Following these guidelines, the number of
ubiquitin-positive LBs was counted in the brain regions determined
in the protocol, including frontal, temporal, parietal, anterior cingn-
late, and transentorhinal, and converted into scores from O to 2.

Argyrophilic coil-like glial inclusions were counted in the
same regions of cerebral cortex in which LBs were assessed. The
midbrain was cut at the level of the superior colliculus and oculo-
motor nucleus; the pons was cut at the level at which the locus
ceruleus was the most extended, and the medulla was cut at the
level of the dorsal vagal nucleus through the middle of the inferior
olivary nucleus. The glial inclusions were counted in each area
(1.5x%1.5 mm?x10 fields) of the substantia nigra, tegmentum of the
pons, and tegmentum of medulla (Fig. 1). The areas were given a
score, depending upon the numbers of inclusions found; 0, none;
+, 1-50/22.5 mm?; ++, 51-100/22.5 mm?; 4+++, 101-200/22.5 mm?2;
and +--++, >200/22.5 mm?,

The correlations between the number of glial inclusions and
LBs in the cingulated gyrus and in the transentorhinal cortex were
studied. Spearman’s linear correlation analysis was used to deter-
mine any relationship between them. Statistical analysis was per-
formed with the statistical package StatView (Abacus Concepts
Inc., Berkeley, Calif.).

Results
Distribution of LBs and coil-like glial inclusions
Neocortical type

In all neocortical cases, a number of LBs were found in
the residual neurons of the substantia nigra, locus ceruleus,

Fig.1 A-E Five areas of the cerebral cortex were sampled for
evaluation of the number of Lewy body and glial inclusion are
shown. These areas were defined according to the guideline for
evaluation of LB distribution and pathological diagnosis of de-
mentia with LBs. F—H In the dorsomedial part of the substantia
nigra, tegmentum of the pons, and tegmentum of the medulla, the
coil-like glial inclusions were counted in ten 1.5x1.5 mm? fields.
Glial inclusions were found more frequently in these areas (LB
Lewy body)

dorsal vagal nucleus, and intermediate lateral nucleus of
the spinal cord, in the hypothalamus, Meynert’s nucleus,
and amygdala, as well as in cerebral cortex (Figs.2A,
3A,B). In each of the five areas of the cerebral cortex, LBs
were found more frequently than those of the limbic and
brain stem-predominant types; the LB scores were 7-10. In
the limbic area, LBs were detecied frequently in the ante-
rior cingulate BA24, and transentorhinal BA29 (Table 2).

Argyrophilic coil-like inclusions were distributed widely
in the central nervous system (Figs.2B, 3D), the brain
stem (midbrain, pons, medulla), cerebral cortex, cerebral
white matter, striatum, globus pallidus, thalamus, hypo-
thalamus, amygdala, Meynert’s nucleus, accumbens, ol-
factory tubercle, hippocampus, infralaminar nucleus of
thalamus, cerebellum (white matter, superior and inferior
cerebellar peduncle), and the spinal cord (especially the
lateral and anterior horn and the lateral anterior funicu-
lus). The distribution patterns were similar to these of the
LBs (Fig. 2A,B). The glial inclusions were immunoreac-
tive for ai~synuclein and ubiquitin (Fig. 3E-H) but not for
tau or PHF-tau protein. Immunoelectron microscopically,
the glial inclusions consisted of filamentous structures ap-
proximately 25-45 nm in diameter, and associated granu-
lar structures (Fig. 31, I).

Limbic type

The number of LBs in the cerebral cortex in the limbic
type cases represents a transition between neocortical type
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Fig.2 Distribution of LBs and argyrophilic coil-like inclusions. In
each sections LBs and glial inclusions are plotted; each dot repre-
sents one ubiquitin-immunoreactive LB or argyrophilic glial inclu-
sion. A, B Neocortical type, C, D limbic type; E, F brain stem-pre-
dominant type. A, C, E LBs stained with ubiquitin immunocyto-
chemistry; B, D, F argyrophilic coil-like glial inclusions

and brain stem predominant type. LBs were distributed in
the cerebral cortex (especially the anterior cingulate and
transentorhinal coriex), hypothalamus, Meynert’s nucleus,
amygdala, brain stem nucleus, spinal cord, and the LB
scores ranged from 3 to 6 (Fig. 2C). Argyrophilic coil-like
inclusions were widely dispersed (Fig. 2D), and the distri-
bution pattern was similar to that of the LBs (Fig. 2C, D).

Brain stem-predominant type

In this study, only three cases belonged to this type. Nu-
merous LBs appeared in the brain stem nucleus of sub-
stantia nigra, locus ceruleus, dorsal vagal nucleus, inter-
mediate lateral nucleus of the spinal cord, hypothalamus,
Meynert’s nucleus, and amygdala. Within the cerebral cor-
tex, only a few LBs were detected, and these were mainly
in the limbic area (Fig. 2E), and LB scores were 2.

The argyrophilic glial inclusions in this group were
distributed mainly in the brain stem and spinal cord (lat-

eral and anterior horn and the lateral anterior funiculus).
A small number of glial inclusions were seen in the cere- -
bral cortex, hypothalamus, striatum, globus pallidus Mey-
nert’s nucleus, amygdala, and cerebellum (Fig. 2F). The
LBs and argyrophilic glial inclusions distribution patterns
were similar in all three cases.

Common features

The distribution and density of argyrophilic glial inclu-
sions and Lewy bodies in the cases overall are shown in
Table 2. The distribution and density of glial inclusions in
the brain stem did not differ between pathological types.
Within the cerebral cortex, the number of coil-like glial
inclusions in each area was fairly well correlated with the
number of LB (Fig. 4A, B). Both LBs and glial inclusions
were found most frequently in the limbic area of the cere-
bral cortex.

Neuritic degeneration demonstrable by immunostain-
ing for o-synuclein and ubiquitin occurred in substantia
nigra, dorsal vagal nucleus, Meynert’s nucleus, amygdala,
CA2/3 region of the hippocampus and other regions
(Fig. 3C). The change in the CA2/3 region was found more
frequently in the neocortical and limbic type cases.
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Fig.3 A o-Synuclein-positive brain stem-type LB. B Ubiquitin
positive cortical LB, which is also immunostained by anti-o-synu-
clein antibody. C In the CA2-3 sector of the hippocampus, numer-
ous neuritic changes can be observed by a-synuclein immuno-
staining. D Coil-like inclusions in the substantia nigra. E Ubiqui-
tin-positive glial inclusion in the medulla. F o-Synuclein-positive
glial inclusion in the medulla. G Higher magnification of the ubig-
uvitin-positive glial inclusion in the medulla. Hl Higher magnifica-

tion of the o-synuclein-positive glial inclusion in the medulla.
I Immunoelectron micrograph of a-synuclein-positive glial inclu-
sion in putamen. J High-power view of the glial inclusion (asterisk)
in I. K Spongiform changes within the temporal neocortex. A, C,
F, H-J a-Synuclein immunostaining; B, E, G ubiquitin immuno-
staining; I Gallyas-Brask stain; K hematoxylin-eosin. A x1,000;
B x900; C, K x200; D-F x400; G, H x1,500; I %8,000; J %x20,000
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Fig.4 Correlation of the total number of glial inclusions and LBs
in the transentorhinal cortex (A) and anterior cingulated gyrus (B).
Total inclusions connts correlate well to the total counts of LBs
(transentorhinal cortex; r =0.539, P <0.003, and anterior cingu-
lated gyrus; r =0.690, P <0.001). The areas of the transentorhinal
cortex and anterior cingulated gyrus were defined according to
[22]

Spongiform changes (microvacuolation)

Spongiform changes were found most frequently in the
neocortical-type cases and were found only occasionally
in the other two types of cases (Table 2) (Fig. 3K). Spongi-
form changes were largely restricted to the temporal neo-
cortex, amygdale, and cingulate gyrus.

Clinical and pathological correlation

In this study, all neccortical type cases involved parkin-
sonism and dementia, and autonomic failure was noted in
all cases examined. Dementia appeared within 1 year of
the onset of parkinsonism in cases 2, 4, 6, and 7. Cases 1,
3, 5, and 8 also showed dementia, but this appeared more
than 1 year after the onset of parkinsonism. Clinical diag-
nosis was DLB in 3 cases, PD with dementia in 3 cases,
and Shy-Drager syndrome in 2 cases (Table 1).

All limbic type cases involved parkinsonism (Table 1).
Twelve of 17 patients {70.6%) who were examined were
demented. Severe and fluctuating cognition, and impair-
ment of visuospatial performance were observed in 4 of
these 12 cases (cases 15, 17, 21, 24). In all cases, the on-
set of dementia was more than 1 year after the appearance of
parkinsonism. There was no sign of dementia in 7 cases,
and, in 9 of 16 patients (56.2%) who counld be examined,
autonomic failure was seen. The clinical diagnosis was
PD with dementia in 12 cases, PD in 6, and Shy-Drager
syndrome in 1.

All of the brain stem-predominant type cases involved
sympiom of autonomic failure. There was only one case
that involved parkinsonism that carried a diagnosis of PD.
Two other cases that had no sign of parkinsonism carried
a diagnosis of PAF. Dementia was not noted in any of the
brain stem-type cases (Table 1).
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Theappearance of LBs is a common neuropathological
feature and a principal hallmark of both PD and DLB;
LBs are also found in PAF [11]. LBs are eosinophilic neu-
ronal inclusion bodies, with o-synuclein being a major
component [14, 28]. There have been several resent stud-
ies showing that cytoplasmic aggregation of o-synuclein
also occurs in glial cells in the brains of both PD and DLB
patients [2, 12, 32, 33]). These inclusions can be distin-
guished from glial fibrillary tangles, glial cytoplasmic in-
clusions, and coiled bodies by their distribution pattern,
shape, o-synuclein positivity, 1au protein negativity, and
presence in both oligodendroglia and astrocyies. How-
ever, the frequency and precise distribution of such glial
inclusions and their relation to the presence of LBs have
not yet been clarified. Thus, we investigated the relation
between the distribution pattern of o-synuclein aggregates
in neurons and glial cells and the clinical phenotypes.

We confirmed that aggregation of o-synuclein occurred
in both neurons and glial cells in all cases of LB disease.
The patiern of LBs distribution in the cerebral cortex dif-
fered among the three pathological types. The distribution
pattern in the brain stem and spinal cord, however, was
quite similar among the three types. All 30 cases showed
abundant coil-like glial inclusions to various degrees, and
these were distributed extensively in the cerebral cortex,
white maiter of the cerebrum and cerebellum and the spi-
nal cord, and most frequently in the brain stem. In our
study, we used 8-um-thick sections for G-B staining and
immunocytochemistry, and performed formic acid pre-
treatment, which markedly enhanced ¢-synuclein immuno-
reactivity. This treatment is suggesied o enhance the glial
inclusions, and in the present study these were found to be
more widespread than has been reported previously.

In any given individual, the distributions of LBs and
coil-like glial inclusions were similar in the brain stem
and cerebral coriex independent of types of pathological
classification. The underlying pathological basis for this
parallel distribution of LBs and glial inclusions is un-
known, but we can speculate that glial inclusions are re-
lated pathogenically to the process of LB formation. Abe-
liovich et al. [1] recently reported that o-synuclein-defi-
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