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Abstract

The peripheral nervous system (PNS), with all its branches and connections, is so complex
that it is impossible to study all components at the light or electron microscopic level in any
individual case; nevertheless, in certain diseases a simple nerve biopsy may suffice to arrive at
a precise diagnosis. Structural changes of the PNS in neuropathies of the Charcot-Marie-Tooth
(CMT) type and related disorders comprise various components of the PNS. These include
peripheral motor, sensory, and autonomous neurons with their axons, Schwann cells, and myelin
sheathsin theradicular and peripheral nerves as well as satellite cells in spinal and autonomous
ganglia. Astrocytes, oligodendroglial cells, and microglial cells around motor neurons in the
anterior horn and around sensory neurons in other areas of the spinal cord are also involved.
In addition, connective tissue elements such as endoneurial, perineurial, and epineurial com-
ponents including blood and lymph vessels play an important role. This review focuses on the
cellular components and organelles involved, that is, myelin sheaths, axons with their micro-
tubules and neurofilaments; nuclei, mitochondria, endoplasmicreticulum, and connective tissue
including the perineurium and blood vessels. A major role is attributed to recent progress in
the pathomorphology of various types of CMT1, 2, 4, CMTX, and HMNSL, based on light and
electron microscopic findings, morphometry, teased fiber studies, and new immunohisto-
chemical results such as staining of certain periaxin domains in CMTA4F.

doi: 10.1385/NMM.:8:1-2:23

Index Entries: Neuropathology of CMT; CMT subtypes; Schwann cells; demyelination
and remyelination; axonal degeneration and regeneration; blood vessels; connective tissue;
electron microscopy; fine structure.

Introduction of neuropathy (De Jonghe et al., 1997, 1998; Nelis
etal., 1999), thereis only alimited number of struc-

Compared with the large and growing number  turalchangesin peripheral nervesincluding small
of mutations in genes and chromosomal loci  nerve fascicles in muscle and skin biopsies. The
known to cause a Charcot-Marie-Tooth (CMT) type = main changes consist in segmental demyelination
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and remyelination, or axonal degeneration and
regeneration finally resulting in loss of nerve fibers.
Distally accentuated reduction of the number of
nerve fibers (“dying back”) is usually involved and
needs quantification using morphometric technics.

Yet the traditional basic neuropathological dis-
tinction between primarily “axonal” and primar-
ily “demyelinating” disorders of the peripheral
nervous system (PNS) needs further subdivision:

1. according to the topographical site of attack on
the neuron (motor, sensory, and/or autonomous
neurons);

2. in respect to the perikaryon (cell body with its
nucleus),

a. its distal peripheral,

b. proximal peripheral,

c. central peripheral, and central proximal
processes (neurite, axon),

d. its axonal and dendritic terminals or synapses
contacting postsynaptic elements; and

3. concerning the myelin sheath with its paranode,
internode, Schmidt-Lanterman incisures, and the
complicated attachment zone of myelin loops to
the axolemma.

In addition, differentiation is needed according
to the organelle that is primarily affected: nucleus,
mitochondria, endoplasmic reticulum of the
perikaryon and axoplasmic reticulum, Golgi com-
plex, pinocytotic vesicles, coated vesicles, lyso-
somes, peroxisomes, microtubules, intermediate
filaments (neurofilaments), microfilaments (actin)
and others. Furthermore, the metabolism of lipids,
carbohydrates, iron, copper, sodium, potassium,
and calcium ions may be affected within neurons,
Schwann cells, endoneurial fibroblasts, and peri-
neurial cells as well as endoneurial and epineurial
blood vessels including endothelial and smooth
muscle cells, and rarely lymph vessels. All these
elements may be primarily or secondarily affected.
Logically, all these structures, as far as we know,
may give rise to disorders, in man or under exper-
imental conditions, inherited or sporadic (acquired).
Some of these disorders are restricted to the PNS;
others affect the PNS and other systems to a more
or less severe degree.

Examples with representative changes are illus-
trated (Figs. 1-5). More illustrations are presented
inrecentreviews, handbooks, oratlases (King, 1999;
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Schroder, 1999, 2001; Dyck and Thomas, 2005). The
overwhelming proportion of changes are nonspe-
cific and not pathognostic. But in certain diseases,
a single nerve biopsy allows a specific diagnosis.
Nevertheless, many changes are group-specificand
offer ways to estimate the severity and time-course
of the disease.

Changes of Myelin Sheaths

More or less, severe segmental demyelination is a
basic reaction of nerve fibers in all conditions pri-
marily or secondarily affecting the myelin sheath
(Fig. 1A-F). It usually starts with paranodal demyeli-
nation and spreads to the complete internode. The
onset of demyelination at the paranode is particu-
larly impressive in CMTX in which microvesicula-
tion of terminal myelin loops represents one of the
major changes before other pleomorphic changes
atthissitelead to segmental demyelination. Because
of the limited space in journals, the wide spectrum
of fine structural changes seen at the paranode has
not yet been sufficiently covered despite a consi-
derable number of studies on this subject (Bergoffen
etal., 1993; Scherer, 1996; Sander et al., 1998; Scherer
et al., 1998; Senderek et al., 1998, 1999; Hahn et al.,
2001; Vital et al., 2001). A classification of develop-
mental, pathological, and artificial changes hasbeen
provided (Schroder, 1996). It is important to know
that some paranodal myelin loops are not attached
to the axon causing an erroneous impression of
pathological “axoglial dysjunction” (Thomas et al.,
1996). The number of these “detached” loops
increases in proportion to the growing thickness of
the myelin sheaths forming the so-called bracelets
of Nageotte, whereas the paranodal myelin attach-
ment zone is not proportionately increasing in
length (Bertram and Schroder, 1993). Its minimal
length is about 2.3 um at birth and not longer than
4-7.8 um at 2-17 mo of age, despite an increase of
thenumber of myelinlamellae from 40 to 125 during
this period of development in human sural nerves.
This needs to be considered when discussing
changes of the paranode in any type of neuropathy.

The traditional classification of neuropathies of
the CMT type starts with demyelinating diseases
(Dyck and Thomas, 2005). The most frequent one
is CMT1A or “hereditary motor and sensory neu-
ropathy type Ia” (HMSN Ia) owing to duplication
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Fig. 1. Neuropathies of predominantly demyelinating type. (A) CMTTA owing to PMP22 duplication showing
multiple onion bulb formations. Nerve fiber density is severely reduced. Instead, the number of Schwann cells and
the connective tissue is increased in amount “hypertrophic neuropathy.” (B) Tomaculous neuropathy (neuropathy
with liability to pressure palsies) owing to PMP22 deletion showing only one tomaculous fiber (arrow). (C) Large
onion bulb formations and abnormally shaped and large nuclei (arrows) in neurofibromatous neuropathy type 2
(NF2). (D) Congenital hypomyelination neuropathy (CHN) owing to PO mutation showing numerous hypomyeli-
nated or demyelinated fibers and severe reduction of the number of nerve fibers. There is endoneurial edema and
the number of Schwann cells is increased (dark nuclei). The light halo around thinly remyelinated fibers indicates
“basal lamina onion bulb formation” (arrows). (E) CHN in PRX mutation showing similar changes as in Fig. 1D,
but with some thickly remyelinated fibers. (F) Adult polyglucosan body (PGB) neuropathy resulting from a muta-
tion in the branching enzyme gene (GBE). The myelin sheaths around axons containing PGB (arrows) are too thin
others are irregular in contour because of axonal shrinkage. PGB in Schwann cells and perineurial cells are not
apparent in this plane of section.
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Fig. 2. Optic-electronic evaluation of a cross-sectional area of a semithin section from the sural nerve of a

15-yr-old boy (A,C) and his mother (D) with CMTX shown at the highest available light microscopic resolution

with a planapochromat objective lens (x100) in comparison with an age-matched control (B). The number of nerve

fibers is reduced and the myelin sheaths are disproportionately thin in relation to the size of their axons and are

matched rather precisely by pseudocolors using the KS 300 system of Zeiss-Kontron (Oberkochen, Germany)

(Schroder, 1998). The three dimensional diagrams (B-D) illustrate the large scatter of myelin thickness in relation
to the axonal dimensions, especially in the boy’s nerve. (Modified from Senderek et al., 1998.)

of PMP22 onchromosome 17p11.2-p12 (Lupskietal., = microscopy to be made up of supernumerary
1991; Raeymaekers et al., 1991) (Fig. 1A). This type ~ Schwann cells concentrically arranged around
of neuropathy is structurally characterized by onion ~ demyelinated and remyelinated axons (Webster etal.,
bulb formations that were shown by electron  1967). “Onion bulbs” are formed by proliferation of

NeuroMolecular Medicine Volume 8, 2006



Neuropathology of CMT

35

27

30 4 " .
"] [N
]
.l .. [ ] ° o
L ] o L] L] ®
25 £ ° s § e s VY, ° . .
® e n e
&= e, ° [ 00 v o
2w . L
. "&u o < .. . %,
= 204 o ]
g ¢ A A )
8 : A & e
& A ]
= .4
& 15 A
' a
L )
[ ] n A
10 1 a A 'y
n
M . A A
n - -. A
- - n
5 - -
[ ] n - -
L]
0 T T T T * T T T T T T
-100 0 100 200 300 400 500 600 700 800 900 1000

AGE IN MONTHS

[# conTROL CASES ® HMSN 1A a HNPP|

Fig. 3. Scatter diagram comparing the myelin area per endoneurial area in percent (y-axis) of 133 control cases
(black dots), cases with PMP22 duplication (CMT TA; blue rectangles) and PMP22 deletion (tomaculous neuropa-
thy; red triangles) as evaluated by the same optic-electronic system, which was used for Fig. 2. The myelin area in
CMT1A is on the average more severely reduced than in tomaculous neuropathy despite similar age distribution of
the patients, which is indicated in months on the x-axis. This reflects the well-known differences in the clinical sever-
ity of both diseases. The blue rectangle on the x-axis (abscissa) indicates complete loss of myelinated nerve fibers
in a case of CMT2A complicated by severe diabetes mellitus. (Modified from Thiex and Schroder, 1998.) (See online

version for color.)

Schwann cells during de- and remyelination,
whereas the basal lamina of the demyelinated nerve
fiber acts as a scaffold to keep the Schwann cells in
place close to the central axon and causing their semi-
circular or sometimes even circular arrangement.
The number of Schwann cells increases by a factor
of 8-14, depending on the size of the degenerating
myelinsheath, when demyelination occurs, for exam-
ple, in experimental allergic neuritis (Schroder, 1968b;
Schroder and Kriicke, 1970). This figure probably
equals the number of Schwann cells increasing after
segmental demyelinationinhereditary neuropathies
of man. The typical aspect of onion bulb formations
may bemitigated if CMT1A is combined with chronic
diabetic neuropathy or other conditions; this may
finally lead to a severe neuronal type of neuropathy
with rather complete loss of myelinated nerve fibers
(Thiex and Schroder, 1998; Beckmann and Schroder,
2000). The collagen between the layers of Schwann
cells is also increasing. The thickness of the collagen
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filaments and the amount of collagen tends to be
directly related to the duration of the disease and the
number of fibroblasts involved.

Myelin thickness and internodal length of the
largest remyelinated fibers remains usually reduced.
Thus on cross-sections the ratio between axon caliber
and myelin thickness appears to be increased and,
asmeasured inlongitudinal sections or teased fiber
preparations, internodal length is shortened to
about 250-300 um. These features are of diagnostic
importance for identifying chronic and slowly pro-
gressive demyelinating types of neuropathy. For
estimating myelin thickness it must be considered
that the axon/myelin ratio changes toward thicker
myelinsheaths during developmentas determined
in sural, femoral, radial, and facial nerves reaching
the adult value around puberty (15 yr of age)
(Schroder et al., 1978, 1988). Thus myelin sheaths
in infants and children are relatively thin. The
normal range must therefore be keptin mind before
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Fig. 4. Severe reduction of the number of nerve fibers, multiple onion bulb formations with demyelinated or
thinly remyelinated axons in their center, and five typical, focally folded myelin sheaths (arrows in A; electron
micrographs in B and C) in the sural nerve of a 8-yr-old boy with CMT4B. The axons (A) in B and C are thinly
remyelinated despite severe “hypertrophy” of their myelin sheaths. (B and C modified from Schroéder, 1999.)

diagnosing hypomyelination (see Developmental Dis-
orders of the Myelin Sheath section). Following
axonal degeneration and regeneration the myelin
sheaths of thelargest nerve fibers do not reach their
regular thickness or a normal axon/myelin ratio,
respectively (Schroder, 1972); they remain thinner
so that an increased axon/myelin ratio does not
necessarily indicate develomental delay or pre-
ceding segmental demyelination and remyelina-
tion. This is particularly important to realize when
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isolated nerve fibers have degenerated and regen-
erated without apparent formation of typical clus-
ters, i.e., bundles of regenerated fibers of uneven
size indicating overshooting regeneration (“hyper-
neurotization” of bands of Biingner) (Schroder,
1968a). Myelin sheaths may also become dispro-
portionately thin when axons increase in diameter
as seen in polyglucosan body neuropathy (Fig. 1F),
or giant axonal neuropathy (Asbury et al., 1972)
(Fig. 5L).
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Progressive demyelination is a common feature
in “congenital hypomyelination neuropathy”
(CHN) (Kennedy, 1977; Guzzetta et al., 1982). CHN
is clinically characterized by a Dejerine Sottas syn-
drome (DSS) with severely reduced conduction
velocity (few m/s) and structurally characterized
by demyelinated axons, disproportionately thin
myelin sheaths following remyelination, and onion
bulb formations of a special type, i.e., “basal lamina
onion bulbs” Fig. 1D,E). In these, the circularly ori-
ented Schwann cells processes have degenerated,
whereas their basal laminae are persisting. Pro-
gressive CHN may be caused by point mutations in
the following genes: PMP22 (Simonati et al., 1999),
myelin protein zero (MPZ; PO) (Warner et al., 1996)
(Fig. 1D), early growth response gene (EGR2)
(Warner et al., 1998; Timmerman et al., 1999), peri-
axin (PRX) (CMT4F; Fig. 1E) (Boerkoel et al., 2001;
Guilbot et al., 2001; Takashima et al., 2002), N-myc
downstream-regulated gene 1 (NDRG1) (HMSN
Lom) (Baethmann et al., 1998; Kalaydjieva et al.,
1998; Merlini et al., 1998; King et al., 1999; Chandler
et al., 2000; Colomer et al., 2000; Kalaydjieva et al.,
2000), and KIAA1985 (CMT4C) (Senderek et al.,
2003b). Distinguishing features between these dif-
ferent forms of CHN were elaborated for the first
time by immunohistochemical technics for staining
subunits of periaxin (Takashima et al., 2002) allow-
ing a specific morphological diagnosis. Immuno-
histochemical diagnosis has thus far not been
achieved in other hereditary neuropathies except
for amyloidosis (Linke, 1982). In CMT4C, thin
extended Schwann cell processes were described as
a distinguishing feature (Kessali et al., 1997;
Gabreels-Festen et al., 1999; Senderek et al., 2003b),
although this does not appear to be specific; clini-
cally thoracic scoliosis appears to be a more char-
acteristic feature in KIAA1985 mutations.

It is of interest that onion bulb formation in auto-
immune disorders such as Guillain Barré syndrome
and chronic inflammatory demyelinating neuropa-
thy (CIDP) do not result in basal lamina onion bulb
formations so typical for CHN. Schwann cells in
early manifesting, genetically determined neu-
ropathies are obviously more liable to die and to
wasteaway, forming empty basallamina onion bulbs
than in disorders in which the myelin sheath is
attacked by immunological pathomechanismslead-
ing, for example, to chronic inflammatory demyeli-
nating neuropathy or multifocal hypertrophic
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neuropathy with palpably enlarged nerves owing
to increased numbers of Schwann cells, fibroblasts,
and collagen (Webster et al., 1967).

Cell “viability” is even more obvious in neoplastic
disorders such as neurofibromatosis type2,in which
onion bulb formations appear to be more cellular
and larger in size showing prominent nuclei with
irregular shape (Fig. 1C) (Sperfeld et al., 2002).

The myelin sheath may also be disproportion-
ately thick in relation to the size of the axon. The
pathomechanism underlying this type of dispropor-
tionately increased myelin thickness or myelin “hyper-
trophy” is not definitely clarified, but can best be
explained by a model of concentric slippage of the
spiral of the myelin lamella around the axon fol-
lowing reduction of the axonal perimeter. It is seen
more or less frequently in nearly all types of neu-
ropathy because of axonal atrophy and may be
owing to primary disorders of neurons or axons, or
may follow secondarily to segmental demyelina-
tion in a series of proximal segments (Fig. 1A). On
the other hand, axonal atrophy may cause secondary
segmental demyelination, which can only be verified
morphometrically using statistical analysis of teased
fiber preparations as exemplified in uremic neu-
ropathy and Friedreich’s disease (Dyck et al., 1971;
Thomas et al., 1971). Because this needs laborious
verification of anincreased number of demyelinated
orremyelinated segments on very long teased nerve
fibers in primarily axonal types of neuropathy, this
method did not gain widespread application. Nev-
ertheless, secondary segmental demyelination must
always be considered when, on cross-section, dis-
proportionately thin myelin sheaths are seen in a
primarily neuronal or axonal type of neuropathy.

“Hypertrophy” of myelin sheaths is also seen in
“tomaculous neuropathy” or “hereditary neuropa-
thy with liability to pressure palsies” (Behse et al.,
1972; Madrid and Bradley, 1975; Jacobs and Gregory,
1991; Malandrini et al., 1992; Thomas et al., 1994;
Mancardi et al., 1995; Tachi et al., 1997). It is usually
caused by PMP22 deletion (Chance et al., 1993) and
tendstobelessseverethan CMT1A caused by PMP22
duplication (Fig. 3). Typical tomaculous fibers (Fig.
1B) are the result of a pathomechanism of intus-
susception or invagination of a hypertrophic
myelin sheath by a double, complete ring of addi-
tional myelin around itself thus causing three com-
plete layers of myelin sheaths on cross-sections
(Madrid and Bradley, 1975). This results in focal
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Fig. 5. Representative axonal types neuropathy in comparison with a normal control (A). (B) Complete aplasia
of myelinated nerve fibers in a 14-yr-old girl without any evidence of preceding degeneration of myelinated nerve
fibers and with corresponding hypoplasia of this nerve fascicle (most unmyelinated fibers are preserved) (modi-
fied from Schroder et al., 1993a). (C) Complete degeneration of myelinated and unmyelinated nerve fibers includ-
ing their Schwann cells in the sural nerve of a case with Tangier disease resulting from a mutation in the ABC1
gene (case V:2 in Zlchner et al., 2003). There are only several fibroblasts and a single blood vessel left over within
this sclerotic nerve fascicle, which is filled with collagen (fibrosis). The perineurium is remarkably well
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tomaculous (sausage-like) thickening of the myelin
sheath at the paranode or at other, circumscribed
portions of the internode, best visualized on longi-
tudinal sections or in teased fiber preparations.
Tomaculous fibers are not absolutely specific; they
may also occur in PMP22 duplication (CMT1A) or
other conditions, although a single typical tomac-
ulous fiber can already lead to the correct diagno-
sis of a PMP22 deletion (Thiex and Schroder, 1998).
Tomacula must be distinguished from the most fre-
quent traumatic (artificial) damage of myelin
sheaths consisting in severe distortion of the myelin
sheath, usuallyinalarger number of adjacent fibers;
the focal accumulation of clumsy myelin sheaths
usually allows distinction between artefacts and real
tomaculous fibers. This traumaticlesionleads to the
most frequent misinterpretation of a nerve biopsy.

Tomaculous fibers must also be distinguished from
“focally folded myelin” originally described in “glob-
ular neuropathy” (Dayan et al., 1968), in “congeni-
tal hypo-and hypermyelination neuropathy” (Vallat
et al., 1987), and in an autosomal-recessive motor
and sensory neuropathy with “excessive myelin out-
folding” (Ohnishi et al., 1989) (Fig. 4). Autosomal-
recessiveinheritance was alsonoted in other families
(Gabreels-Festen et al., 1990; Sabatelli et al., 1994;
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Quattrone et al., 1996; Gambardella et al., 1998) ini-
tially linked to chromosome 11q23 (Salih et al.,
2000). Focally folded myelin has, meanwhile, been
attributed to mutations in the myotubularin-related
protein-2 gene on chromosome 11q22 (CMT4B)
(Bolino et al., 1996, 2000; Previtali et al., 2003). We
noted extensive myelin folds also in a 57-yr-old
man with a mitochondrial myopathy (Fig. 163 in
Schroder, 2001). Extensive myelin folds may also
occur in vasculitis and some other conditions
although not in the typical form of intussusception
as seen in tomaculous fibers or as excessive as in
CMT4B (Fig. 4).

Concerning genotype—phenotype correlation,
molecular genetically defined cases are frequently
associated with different clinical and histopatho-
logical phenotypes. For example, in PO mutations,
the resulting phenotype may be HMSN I, DSS, or
CHN (Hayasakaetal., 1993a,1993b; Tachietal., 1994;
Yoshikawa et al., 1994; Ikegami et al., 1996; Warner
et al., 1996; Hattori et al., 2003). In this context, it
should be mentioned that delineation of DSS vs
CHN is presently not clear because the molecular
genetic basis of the original DSS cases is not defined
whereas, for example, the original family with
HMSN Ib has later been attributed to a mutation in

Fig. 5. (Continued) preserved although moderately thickened (fibrotic). (D) Riley-Day syndrome with preser-
vation of large and many medium-sized or small myelinated nerve fibers but rather complete absence of unmyeli-
nated fibers. Thus the density of myelinated fibers appears to be increased compared with the control (A) (modified
from Schroder, 1999). (E) Absence (aplasia) of large myelinated fibers with epilepsy, deafness, and mental retar-
dation in a 2.5-yr-old girl without any evidence of preceding degeneration (modified from Miiller et al., 2000).
(F) Complete absence of myelinated and unmyelinated nerve fibers owing to Wallerian degeneration after implan-
tation of an inefficient nerve graft, 8 cm in length, 6 mo after surgery in a dog. Compared with Fig. 5C, most of
the Schwann cells appear to be preserved in bands of Biingner (Schroder and Seiffert, 1972) although many of
their nuclei are condensed and darkly stained because of inactivity. Myelin degradation products have been
removed after this period of time. (G) In CMT2A, resulting from mitofusin2 mutation in a 7-yr-old boy, there is
severe loss of nerve fibers with little evidence of regeneration (Schroder et al., 2005). (H) Electron micrograph of
the same case as in Fig.5G. The mitochondria are focally accumulated in an unmyelinated axon, showing various
changes, possibly including inefficient fusion although this cannot be concluded from such a static image. (I) Inter-
mediate, axonal and demyelinating type of neuropathy in a 54-year-old woman with CMT1F owing to a mutation
in the NEFL gene (modified from Ziichner et al., 2004b). The number of nerve fibers is reduced. Clusters of small
regenerated myelinated fibers are never the less apparent in addition to thinly remyelinated fibers, some of which
show incipient onion bulb formation (as seen on electron micrographs). No giant axons (cf. Fig. 5L below) with
increased numbers of neurofilaments were seen in this case. (J) Severe neuropathy in neuroaxonal dystrophy in a
3-yr-old girl. Dystrophic nerve fibers are apparent, although the characteristic axonal changes with complex mem-
branous structures and splits can only be identified on electron micrographs (K). (Modified from Schroder, 1999.)
(L) Giant axonal neuropathy in an 11-yr-old girl. A small number of nerve fibers only are affected. The enlarged
axons (A) are demyelinated or thinly remyelinated.
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the PO gene (Bird et al., 1997). As outlined earlier,
CHN may be caused by at least six different genes.

Developmental Disorders of the Myelin Sheath

These consist of apparently extremely rare con-
ditions with complete absence of myelin only in the
peripheral nervous system (PNS; Palixand Coignet,
1978; Charnas et al., 1988), or in the PNS and cen-
tral nervous system (CNS; Schroder and Bohl, 1978)
(Fig. 5B). Disproportionately thin myelin sheaths
without any or very little evidence of progression
have been reported, in addition to the conditions
mentioned earlier and also in systemic disorders
with presumably anabolic disturbance of myelina-
tion (Schroder, 1982a) such as Leigh’s syndrome
(Goebel et al., 1986; Peiffer et al., 1988; Jacobs et al.,
1990), Cockayne syndrome (Moosa and Dubowitz,
1970; Ohnishi et al., 1987; Schroder, 2001), and
muscle phosphoglycerate kinase deficiency
(Schroder et al., 1996). It is not settled whether dis-
proportionately thin myelin sheath, such as seen in
certain cases with Cx32 mutation (CMTX; Fig. 2),
are caused by a developmental disturbance or early
demyelination and remyelination.

Thereisa great variety of other fine structural changes
of myelin sheaths. Although recommended, the com-
plete spectrum of myelin changes is only rarely
evaluated because a large number of electron micro-
graphs at different magnifications are needed (cf.,
Table 3 in Senderek et al., 2000). Which of these fine
structural changes of the myelin sheath are associ-
ated with which and how many mutations is not
yet settled. For example, dissociation of terminal
myelin loops from the axon and loss of transverse
bands was defined as the initial change in periaxin
neuropathy (CMT4F) (Takashima et al., 2002). Yet
the paranodium is the site of initial changes in other
demyelinating neuropathies such as diphthericneu-
ropathy (Webster etal., 1961), although exactly sim-
ilar changes have not been documented at the
electron microscopic level in diphtheritic and other
neuropathies.

Changes of Axons

Neuropathies of “axonal” or “neuronal” type
(Fig. 5A-L) are 3.2-fold more frequent in the pre-
sentauthor’s data bank of 8052 sural nerve biopsies,
collected over 40 yr, than those of a “demyelinating”
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type (4500:1406). Of these, 578 were classified as
“mixed axonaland demyelinating” in type. The other
cases were not classified using this simplifying
scheme.

The distinction between an axonal and a neuronal
type of neuropathy may be arbitrary. But we con-
sider neuropathies of axonal vs neuronal type when
there is evidence of regeneration, i.e., when there
are clusters of regenerated or regenerating fibers;
these clusters indicate persisting viability of the cell
body (perikaryon of the neuron). When there is loss
of nerve fibers with no evidence of regeneration, a
neuronal type of neuropathy is assumed which ini-
tially does not exclude more proximal viability of
the axon and neuron. However, in a chronic type of
neuropathy of several years duration at least some
regenerating sprouts forming clusters within their
original basal lamina or band of Biingner should
have reached the distal (sural) site of the nerve
biopsy if the proximal axon and neuron have per-
sisted. The preponderance of axonal types of neu-
ropathy is presumably owing to the extraordinary
length of theaxon. Anaxondepends on theintegrity
ofits perikaryon as well as on adequate blood supply
fornutrition, and a proper endoneurial milieu along
its length.

Developmental disturbances of peripheral neurons are
seeninseveral rare conditions. The most severe form
includes total absence of myelinated fibers as
already mentioned when describing disorders of
myelination. Aselectiveinvolvement of certain neu-
ronal systems is apparent in the following diseases,
whichneed tobeascertained using morphometry. One
of these conditions is characterized by autosomal-
recessive deficiency of large myelinated nerve fibers in
the sural nerve (Sabatelli et al., 1998) with a corre-
sponding deficiency of large neurons in spinal
ganglia and in the spinal cord (Miiller et al., 2000)
(Fig. 5E). The condition is nearly nonprogressive,
and isassociated with epilepsy, deafness, and mental
retardation. The underlying molecular genetic back-
ground has notyetbeen analyzed. Ahereditary sen-
sory neuropathy with selective reduction of small
myelinated nerve fibers has alsobeen described (Don-
aghy et al., 1987). This condition may be difficult to
differentiate from cases with nonhereditary “small
fiber neuropathy,” which is increasingly studied
using skin biopsies. Rather complete absence of
unmyelinated fibers is seen in hereditary sensory auto-
nomic neuropathy type III (HSAN III; Riley-Day
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syndrome; Fig. 5D); some unmyelinated axons
may still develop and survive in this condition
when studied electron microscopically (Schroder,
1999).

Inherited (nontoxic, ischemic, inflammatory, or
traumatic) neuropathies of the axonal type primar-
ily tend toinvolve the most distal portions of anerve
fiber (“dying back” type of neuropathy). The pro-
totype of an axonal type of neuropathy is neuro-
axonal dystrophy, which also affects the CNS (Fig.
5],K) (Wolfe et al., 1995). Other disorders affecting
different organelles in the perikaryon and axon can
cause a neuropathy of the axonal or neuronal type.
An interesting example for a neuropathy caused by
aprimary disorder of neurofilaments, one of the main
components of the axoplasmic cytoskeleton, is
CMT2E (Fig. 5I), which is allelic to CMT1F show-
ing a more demyelinating type of neuropathy. Both
phenotypes are caused by mutations in the NEFL
gene (Jordanova et al., 2003; Ziichner et al., 2004b).
There is phenotypic variation of axonal changes in
CMT2E. In some cases, typical giant axons charac-
teristic for giantaxonal neuropathy may occur (Fab-
rizietal.,2004). Yet giantaxonal neuropathy (Asbury
etal., 1972; Sabatelli et al., 1992) is a disorder affect-
ing other intermediate filaments as well and is
caused by mutations in the gene gigaxonin (GAN1)
(Bomontetal.,2000). In addition to axons, Schwann
cells, fibroblasts, cardiac muscle fibers, and hairs are
characteristically involved (Timmerman et al., 2000)
sothatadiagnosis canbeachieved by scanning elec-
tron microscopy of asingle “curly” hair (cf. Fig. 191E
in Schroder, 2001).

Microtubules were also considered as a primary
site of CMT2A resulting from mutations in KIF1B
(Zhao et al., 2001); however, this could not be con-
firmed by others (Bissar-Tadmouri et al., 2004).
Microtubules are always involved when axons
degenerate as a result of any lesion causing distal
(Wallerian type) degeneration. Yet such impressive
changes of tubular structures as seen in experimental
taxol neuropathy (Royttd and Raine, 1986) have not
yet been recorded in human nerves.

Other examples of axonal neuropathies are those
caused by mitochondrial disorders. These may be the
result of either mutations in the mitochondrial DNA
such as NARP, MELAS, MERRF, and KSS (Schroder
and Sommer, 1991; Schroder, 1993; Zanssen et al.,
1998), or mutations in the nuclear DNA such as
MNGIE (Bardosi et al., 1987; Papadimitriou et al.,
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1998; Nishino et al., 2001), and the mitofusin 2 gene
(MFN2)inCMT2A (Ziichner etal.,2004a) (Fig.5G,H).

The fine structural changes of mitochondria owing
to MFN2 mutations in CMT2A are of special interest
because CMT2A includes about 20% of all axonal
CMT neuropathies and because mitochondria are
of major importance concerning energy supply. The
neuropathy is characterized by severe axonal loss
and progressive axonal degeneration. There are
large bands of Biingner but very little evidence of
axonal regeneration. Aggregates of abnormal mito-
chondria were seen at paranodal protrusions of the
axonand atsites of axonal degeneration. These mito-
chondrial abnormalities consisted of swelling,
shrinkage, and irregularities of the outer and inner
membranes of mitochondria (Schroder et al., 2005).
Defective mitochondrial fusion was suggested
because the longest mitochondria in CMT2A mea-
sured only 1.35 pm on electron micrographs of lon-
gitudinally oriented myelinated axons, whereas in
CMTX cases, which were used as (pathological) con-
trols, a maximal length of 5.31 um was measured.
No paracrystalline or homogeneous globular inclu-
sions were detectable such as those seen in muscle
fibers of cases with mtDNA mutations. Some
paracrystalline inclusions in mitochondria of
Schwann cells of unmyelinated fibers were present;
yettheseare nonspecificand occurinalarge number
of conditions. Tilting the goniometer stage of the
electron microscope revealed changing directions
of the “paracrystalline lines” suggesting a granular
rather than a membranous composition of the mito-
chondrial inclusions in addition to an amorphous
component (Schroder, 1993).

In dominantly inherited neuropathies with optic
atrophy of the Vizioli type (HMSN VI), abnormal
cristae were seen in Schwann cells of myelinated
fibers and rare, abnormal mitochondria with needle-
like inclusions (presumably of hydroxyapatite) in
axons (Sommer and Schroder, 1989b; Schroder and
Sommer, 1991; Schroder, 1993). The Vizioli type of
neuropathyislikely tobe caused by mitofusin2 muta-
tions as in CMT2A (Ziichner, personal communica-
tion). Perikarya of motor neurons in the spinal cord,
or of sensory neurons in spinal ganglia have not been
studied so far in respect to mitochondrial changes,
although this would be of major interest.

In Leber’s hereditary optic neuropathy (LHON),
which is known to be caused by mutations in the
mtDNA, paracrystalline inclusions were noted in
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Schwann cells of unmyelinated fibers in which they
have already been seen in various neuropathies
(Lyon and Evrard, 1970) including Refsum'’s dis-
ease (Fardeau and Engel, 1969) and mitochondrial
myopathy of undefined cause (Yiannikas et al.,
1983). In Schwann cells of myelinated fibers, closely
opposed mitochondrial cristae with paracrystalline
material were an interesting finding not seen in con-
trols (Sommer and Schroder, 1989b). It would be
worthwhile to study DNA in archival material from
these cases to classify these disorders with molec-
ular genetic techniques as has been done in other
cases (Thiex and Schroder, 1998; Senderek et al.,
1998, 1999, 2000, 2003a; Schroder et al., 1999b;
Zichner et al., 2003).

Intermediate (Axonal and
Demyelinating) Forms of Neuropathy

An increasing number of neuropathies are nei-
ther typically demyelinating (conduction velocities
<45 m/s) nor typically axonal (conduction veloci-
ties ranging from normal to 25 m/s). These are des-
ignated as “intermediate” and occur following
mutations, for example, in Cx32 (Rouger et al., 1997;
Senderek et al., 1999a), NEFL (Ziichner et al., 2004b)
(Fig. 5I) and GDAP1 (Senderek et al., 2003a) and
other dominant intermediate forms of CMT (DI-
CMT) such as those caused by mutations of the pleck-
strin homology domain of dynamin 2 (DNM2)
(Zichner et al., 2005). Nerve biopsies from the latter
type of neuropathy are not available as long as no
biopsies, previously performed and stored in
archives of certain laboratories, have been attributed
to such a mutation. Biopsies in cases with GDAPI
mutationsrevealed evidence of axonal degeneration
and regeneration as well as segmental demyelina-
tion and remyelination with a moderate degree of
onion bulb formation (Senderek et al., 2003a). In PO
mutations, a predominantly axonal type of neu-
ropathy may be encountered (Senderek et al., 1999),
although PO is the major component of peripheral
myelin sheaths.

Endoneurial Connective Tissue Changes

The endoneurial connective tissue is regularly,
although seemingly always secondarily, involved
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in all types of peripheral neuropathy. These neu-
ropathies are made up of various forms of (heredi-
tary) amyloidosis that can be delineated and
differentiated immunohistochemically and electron
microscopically by their characteristic fibrillar
endoneurial deposits (for references see Sommer and
Schroder, 1989a).

The endoneurial collagen is particularly increased
in chronic “hypertrophic” types of neuropathy
where aninteraction between proliferated Schwann
cells and fibroblasts may lead to a severe increase
of the endoneurial collagen. As mentioned earlier,
collagen fibers are, in chronic cases, a major com-
ponent of onion bulb formations. The increase of
collagen may be most prominent in multifocal
hypertrophic neuropathy (Webster et al., 1967). As
illustrated in Fig. 5C, collagen may persist and may
be the major endoneurial component after all
parenchymal elements (axons and Schwann cells)
have disappeared.

Degenerating endoneurial fibroblasts are a fre-
quent phenomenon in a large spectrum of periph-
eral neuropathies, including inherited neuropathies.
They are particularly frequent in vasculitic neu-
ropathy (Grehl and Schroder, 1991).

Neuropathy as a result of neurofibromatosis type 2
(Fig. 1C; v. s.) may be included in this group of dis-
eases, although Schwann cells, which are considered
as parenchymal cells, appear to be more severely
affected in this disease than fibroblasts which, aside
from blood vessels, are the main cellular compo-
nent of the connective tissue. Quiescent or active
endoneurial macrophages may also be considered as
a component of the connective tissue. They play a
major role in various storage diseases or in remov-
ing debris from degenerating nerve fibers.
Macrophages with large vacuoles occur in chronic
hereditary neuropathies and are nonspecifically
indicating chronicity. Matrix metalloproteinases as a
primary site of a genetic disorder have thus far not
been delineated as a cause of hereditary peripheral
neuropathy, although they form an important com-
ponent in peripheral nerves.

Perineurial Changes
Arare, presumably heterogeneous and autosomal-

recessive, “complicated” type of neuropathyisasso-
ciated with mental retardation and cataract. The
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hallmark are perineurial alterations consisting of
unusual, abnormally proliferated, indented, and
extended perineurial cells in the endoneurium
(Schroder et al., 1999a; Thomas et al., 2000; Wolfe
et al., 2000). These are unlike those seen in “mini-
fascicles” and perineurioma (Schroder, 1999).

Similar perineurial cell alterations were not
noted in Marinesco-Sjogren syndrome, which is
also characterized by mental retardation and
cataracts but additionally by short stature. It has
recently been attributed to mutations in SILI
(Senderek et al., 2005) and shows a nonprogres-
sive or very slowly progressive neuropathy of a
mixed, axonal, and demyelinating type (Serratrice
etal., 1973; Alexianu et al., 1983); this is supported
by muscle biopsies revealing some degree of neuro-
genicatrophy (Zimmeretal., 1992). Yet theimpres-
sive and seemingly specific fine structural changes
involving sarcolemmal nuclei (Schroder, 1982b;
Goto et al., 1990; Sewry et al., 1988) were not seen
in peripheral nerves.

Vascular Changes

Certain hereditary diseases are associated with
generalized vascular changes. These diseases may
be diagnosed by a peripheral nerve biopsy because
of characteristic alterations in endothelial, smooth
muscle, or perivascular cells. Such diseases include
neuraminidase A and B (Sandhoff’s disease)
(Schroder, 2001), CADASIL (Schroder et al., 1995;
Schroder et al., 2005), and ferritinopathy (Schroder,
2005), which has previously been described as
“granularnuclearinclusionbody disease” (Schroder
etal., 1985).

Hereditary Multisystem (Metabolic)
Diseases With Characteristic Changes
Affecting Peripheral Nerves More

or Less Severely

As already mentioned, the most severe neu-
ropathyin our wholeseries of 8052 sural nerve biop-
sies was neuronal in type with complete loss of axons
as well as Schwann cells in a case of Tangier disease
(Fig. 5C). This disease is caused by a mutation in
the ATPase binding cassette transporter gene 1
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(ABC1) gene (Ziichner et al., 2003). There were only
a few surviving blood vessels and some macro-
phages with characteristic lipid storage products in
theendoneurium, whereas the perineuriumand the
epineurium were rather well preserved. Usually,
following Wallerian degeneration and definite loss
of axons, Schwann cells tend to survive in bands of
Biingner despite lack of reinnervation (Fig. 5F).
Other cases were less severely affected showing
characteristic endoneurial macrophages and
Schwann cells with lipid inclusions that are not
membrane-bound (Gibbels et al., 1985). When the
lipids are extracted during the embedding proce-
dure these inclusions may be misinterpreted as
“membrane-bound vacuoles.”

Fabry’s disease, Sandhoff’s disease (neu-
raminidase Aand Bdeficiency), gangliosidosis types
1 and 2, Niemann Pick’s disease, and various forms
of mucopolysaccharidosis (Chen et al., 1999) should
alsobe mentioned because of characteristic fine struc-
tural changes allowing a specific diagnosis (forillus-
trations see Schroder, 2001). Among the latter,
Sanfilippo’s disease may be associated with a severe
form of peripheral neuropathy. In addition, polyglu-
cosan body disease (branching enzyme deficiency;
glycogenosis type IV) owing to mutations in the
branching enzyme gene may cause a peripheral neu-
ropathy showing impressive and specific inclusions
(polyglucosan bodies) in axons (Fig. 1F), Schwann
cells, and perineurial cells (Busard et al., 1990;
Schroder et al., 1993b; Ziemssen et al., 2000), even-
tually also in epineurial smooth muscle cells. In perox-
isomal diseases bilaminar or trilaminar inclusions in
Schwann cells and other cells may allow a group-
specific fine structural diagnosis (Schroder et al.,
2004). These diseases, however, are not restricted to
the PNS, although PNS symptoms may predominate.

In conclusion, although most pathological changes
in peripheral nerves are nonspecific, a large number
of those listed allow a more or less specific fine struc-
tural diagnosis. In many cases, it remains a difficult
neuropathological task to distinguish pathognostic
from nonspecific and normal structures in developing,
adult, and aging peripheral nerves.
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