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Neurobiologie, University of Hamburg, D-20246 Hamburg, Germany

Mice lacking the major Schwann cell myelin component P0
show a severe dysmyelination with pathological features remi-
niscent of the Déjérine-Sottas syndrome in humans. Previous
morphological and electrophysiological studies on these mice
did not only demonstrate a compromised myelination and my-
elin maintenance, but were suggestive of an impairment of
axons as well. Here, we studied the axonal pathology in P0-
deficient mice by quantitative electron microscopy. In addition,
we investigated epidermal receptor end organs by immunocy-
tochemistry and muscle pathology by histochemistry.

In proximal sections of facial and femoral nerves, axon cali-
bers were significantly reduced, whereas the number of myelin-
competent axons was not diminished in 5- and 17-month-old
P0-deficient mice. However, in distal branches of the femoral
and sciatic nerve (digital nerves innervating the skin of the first

toe) the numbers of myelin-competent axons were reduced by
70% in 6-month-old P0-deficient mice. Immunolabeling of foot
pads revealed a corresponding loss of Merkel cells by 75%,
suggesting that survival of these cells is dependent on the
presence or maintenance of their innervating myelinated axons.
In addition, quadriceps and gastrocnemius muscles showed
pathological features indicative of denervation and axonal
sprouting. These findings demonstrate that loss of an important
myelin component can initiate degenerative mechanisms not
only in the Schwann cell but also in the distal portions of
myelinated axons, leading to the degeneration of specialized
receptor end organs and impairment of muscle innervation.

Key words: hereditary neuropathies; animal models; ax-
onopathy; axonal degeneration; Schwann cell; myelin

Inherited demyelinating neuropathies are chronic disorders of the
peripheral nervous system that cause muscle weakness and sen-
sory dysfunction. Particularly in lower limbs, irreversible degen-
erative processes such as muscle atrophy are typical, and the
increasing loss of muscle strength results in malformation of the
skeleton (Dyck et al., 1993). So far, four genes have been identi-
fied that are related to these disorders, including the peripheral
myelin protein (PMP) 22, the myelin protein zero (MPZ, P0), the
gap junction protein connexin 32 (Cx32), and the early growth
responsive gene (EGR) 2 (Warner et al., 1998) (for review, see
De Jonghe et al., 1997; Martini et al., 1998). Depending on the
mutated gene and on the severity of the resulting disorder,
different subforms can be distinguished. These include various
types of the Charcot-Marie-Tooth (CMT) disorder and particu-
larly severe variants, such as the Déjérine-Sottas syndrome (DSS)
and congenital hypomyelination (Warner et al., 1998) (for review,
see De Jonghe et al., 1997; Martini et al., 1998).

A common histopathological feature in nerve biopsies is the
presence of abnormal myelin sheaths and reduced numbers of

myelin profiles (Dyck et al., 1993), a finding that is in concord
with the fact that the culprit genes are expressed by Schwann
cells. Electrophysiologically, the disrupted myelin formation or
myelin degeneration is reflected by lowered conduction velocities,
increased muscle response latencies, and dispersed compound
action potential profiles (Dyck et al., 1993). Paradoxically, the
disorders are often associated with reduced amplitudes of com-
pound action potentials, a feature that is indicative of compro-
mised axon properties rather than of myelin disruption (Sghirlan-
zoni et al., 1992; Berciano et al., 1998; Marrosu et al., 1998). The
surprising observation that mutations in Schwann cell-associated
genes cause axonal abnormalities or damage is of particular
interest, because dysfunction of axons may have robust functional
consequences.

A tight link between the Schwann cell phenotype and axonal
properties has been experimentally demonstrated in the Trembler
(Tr) mouse (De Waegh et al., 1992), a spontaneous mouse mutant
carrying an Asp to Gly substitution at codon 150 of the CMT-
related gene PMP22 (Suter et al., 1992). In mice deficient in the
myelin-associated glycoprotein (MAG), reduced neurofilament
spacing, altered phosphorylation of neurofilaments, and axonal
loss are leading features in the peripheral nerves of these mutants
(Fruttiger et al., 1995a; Carenini et al., 1997; Yin et al., 1998).
Axonal impairment has also been described in sciatic and femoral
nerves of mice homozygously deficient in P0 (Giese et al., 1992),
an animal model for P0-related DSS (Martini et al., 1995a; Mar-
tini, 1997). To determine the extent of axonal changes in these
mice, we measured the calibers of myelinated axons and quanti-
fied the numbers of myelinated axons in various peripheral nerves
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by electron microscopy. We found that in proximal parts of
peripheral nerves, axons were reduced in their calibers but not in
their numbers. In distal parts of the nerves, the number of axons
was drastically reduced, accompanied by muscle denervation and
a significant loss of sensory Merkel cells.

MATERIALS AND METHODS
Animals. Wild-type mice (P011) and P0-deficient mice (P022) were
taken from our own breeding colony. The genotypes were determined by
their striking and typical phenotype (Giese et al., 1992). In some mice
determined to be P022 mice, presence of the inserted neo gene was
confirmed by PCR using appropriate primers.

Table 1 indicates the number of nerves of P011 and P022 mice
investigated at different postnatal ages.

Surgery. To confirm the sciatic and saphenous origin of the plantar and
dorsal toe nerves, respectively, sciatic or saphenous nerves were
transected as described (Fruttiger et al., 1995b), followed by an electron
microscopic investigation of nerve lesion-induced degeneration in the
first toe of the lesioned side at postoperative day 14.

Tissue preservation for light and electron microscopy. Mice were trans-
cardially perfused with 0.1 M cacodylate buffer containing 4% freshly
depolymerized paraformaldehyde and 2% glutaraldehyde. Facial and
femoral nerves comprising quadriceps and saphenous branches were
dissected at the level of the stylomastoid foramen and of the inguinal
ligament, respectively. For analysis of the facial nerve, we selected the
branch that bifurcates into the cervical branch, innervating the platysma,
and the marginal mandibular branch, innervating the muscles of the
lower lip. For simplicity, we called this common branch cervical branch.
In addition, the first toes containing the terminal branches of the femoral
saphenous and the sciatic nerves were dissected. Tissue specimens were
post-fixed for 12–24 hr in the perfusion fixative and processed for
transmission electron microscopy as described (Carenini et al., 1997).

Immunolabeling of Merkel cells. Immunolabeling of Merkel cells was
performed on 16-mm-thick acetone-fixed serial cryosections of foot pads
from 1.5- and 6-month-old P011 and P022 mice using antibodies to
cytokeratin 20 as described previously (Airaksinen et al., 1996). Instead
of fluorescent markers, biotinylated secondary anti-mouse antibodies and
an avidin–biotin complex coupled to horse radish peroxidase were used
(Sigma, St. Louis). Peroxidase activity was detected by a Tris-buffered
solution containing diaminobenzidine-HCl and 0.03% H2O2.

Immunolabeled Merkel cells were counted on every second section.
The total lengths of the dermis/epidermis interfaces of these sections
were measured, and the number of Merkel cells per millimeter of
dermis/epidermis interface was determined. Statistical analysis was per-
formed using a Student’s t test.

Quinacrine fluorescence of Merkel cells. To quantify the number of
Merkel cells in the back skin, we used the fluorescent vital dye quinacrine
(quinacrine hydrochloride, Sigma-Aldrich, Deisenhofen, Germany),
which is taken up by Merkel cells after it is injected systemically (Airaksi-
nen et al., 1996). Six-month-old P011 and P022 mice (n 5 4 in each
group) were injected intraperitoneally with quinacrine/saline solution
(1.5 mg quinacrine/100 gm body weight) as described previously
(Airaksinen et al., 1996). After 18–20 hr, the animals were killed by CO2
inhalation, and the back skin was shaved and depiliated with depiliating
cream. Approximately 1 3 1 cm of back skin was excised and embedded
with the hairy side up in Aquatex (Merck, Darmstadt, Germany). Whole-
mounts of skin were viewed under an Axiophot epifluorescence micro-
scope with a filter for fluorescein isothiocyanate. The entire tissue was

examined, and the number of Merkel cells per square centimeter was
determined. Statistical analysis was performed using a Student’s t test.

Type grouping of muscle fibers. Quadriceps and gastrocnemius muscles
were dissected from 6-month-old P011 and P022 mice followed by
immediate freezing in liquid nitrogen-cooled isopentane. Cryosections
(12 mm thick) were mounted on poly-L-lysine-coated glass slides and
air-dried. Myofibrillar actomyosin ATPase histochemistry has been per-
formed at pH 4.3, 4.6, and 9.4 as described (Hämäläinen and Pette, 1993).

Morphometry. For quantitative analysis, all myelinated axons (includ-
ing axons without myelin but having achieved a 1:1 ratio with Schwann
cells and abnormally myelinated axons in P022 mice) of the facial
cervical nerve and the femoral quadriceps and saphenous nerves were
considered. In addition, the myelinated axons of the first toe were
investigated.

The numbers and diameters of myelinated axons were determined on
electron micrographs at a final magnification of 2000–40003. For each
nerve, all axons were considered. The axons were categorized according
to their diameters (,1 mm, 1–3 mm, 3–6 mm, .6 mm). Significance of
differences between mean values was determined by a two-sided Stu-
dent’s t test.

RESULTS
To study the morphological appearance and number of axons in
mice deficient in P0, we investigated various peripheral nerves. In
particular, we selected two muscle nerves, the cervical branch of
the facial nerve and the femoral quadriceps nerve. Because we
have shown previously that the neuropathy in P0-deficient mice
progresses with age, we investigated the mice at 6 and 17 months.
In addition to the muscle nerves, we scored the saphenous nerve,
a cutaneous and particularly long branch of the femoral nerve, at
6 months of age. The cervical facial nerve was investigated ;4
mm distal to the stylomastoid foramen, the femoral quadriceps,
and saphenous nerves at the level of the inguinal ligament.

Reduced axon diameters in peripheral nerves of
P0-deficient mice
In peripheral nerves of P011 mice, axons of larger caliber were
always surrounded by normal myelin sheaths. In P022 mice,
various forms of abnormal axon-Schwann cell units were found in
all nerves investigated. As shown previously, axons had either
achieved a 1:1 relationship to Schwann cells without myelin or
were surrounded by abnormally compacted myelin (Giese et al.,
1992; Martini et al., 1995b; Carenini et al., 1999). For simplicity,
axons that had achieved a 1:1 relationship with Schwann cells and
axons surrounded by abnormal myelin were considered to be
abnormally myelinated axons. A typical pathological feature in
the nerves of the P022 mice was the presence of supernumerary
Schwann cells forming onion bulbs around abnormal axon-
Schwann cell units. Such onion bulbs are indicative of myelin
degeneration-induced Schwann cell proliferation (Martini, 1997).

Cervical branch of the facial nerve
In 6- and 17-month-old P011 mice, the cervical branch of the
facial nerve (CF) contained 1180 (6180) myelinated axons (Fig.
1A). Approximately 80% of the myelinated axons had diameters
between 3 and 6 mm (Fig. 1B). Myelinated axons with diameters
smaller than 1 mm were apparently absent, and axons exceeding 6
mm were rarely found. In 6- and 17-month-old P022 mice, a
similar number of larger caliber axons was determined as in
P011 mice (Fig. 1A). However, a significant reduction in axon
caliber was found at both ages (Fig. 1B). Whereas in P011 mice
most myelinated axons were between 3 and 6 mm in diameter, in
P022 mice ;70% of the axons had a caliber of 1–3 mm. Fur-
thermore, axons displaying a diameter ,1 mm were present in the
mutants.

Table 1. Number of nerves of P011 and P022 mice analyzed at
different postnatal ages

Age (months)

P011 P022

CF FQ FS TN CF FQ FS TN

1.5 5 3
4 2 4
6 4 4 4 4 3 3 3 3

17 2 4 5 5

CF, Cervical branch of facial nerve; FQ, femoral quadriceps nerve; FS, femoral
saphenous nerve; TN, toe nerves.
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Femoral quadriceps nerve
The femoral quadriceps nerve (FQ) contains 560 (640) myelin-
ated axons in both P011 and P022 mice (Fig. 1C). As shown in
Figure 1D, most of the myelinated axons of P011 mice were
larger than 3 mm in diameter, and ;40% exhibited calibers of .6
mm. In P022 mice, however, the situation was dramatically
changed (Fig. 1D). Most axons were ,3 mm in diameter, and this
shift to smaller caliber axons was at least partially at the expense
of the categories containing axons with a diameter .3 mm.
Similar to the CF, a significant number of axons were ,1 mm in
P022 mice (Fig. 1D).

Femoral saphenous nerve
In P011 mice, the femoral saphenous nerve (FS) contains 780
(680) myelinated axons (Fig. 1E). In P022 mice, this number
was reduced by ;25%, but this reduction was not statistically
significant (Fig. 1E). A very significant change, however, was

found when the axon calibers were compared (Fig. 1F). In P011
mice the majority of the axons had a diameter between 3 and 6
mm; in the mutants 80% of the axons had a diameter of 1–3 mm
only. Similar to the CF and FQ, a significant number of axons had
a diameter of ,1 mm in the P022 mice. In all nerves of P022
mice examined, electron microscopy revealed a substantially ele-
vated density of neurofilaments in myelin-competent axons (see
Fig. 4A,C).

Reduced numbers of axons and features indicative of
axonal degeneration in distal parts of FS and sciatic
nerves of P0-deficient mice
We have shown that in proximal aspects of three different periph-
eral nerves of P022 mice axon calibers are significantly altered,
but the number of myelinated axons was not significantly reduced.
Because it is known that in inherited peripheral neuropathies the
clinical and pathological alterations are usually most severe in the

Figure 1. Representations of the number of
myelin-competent axons (A, C, E) and size-
frequency histograms (B, D, F ) of the femoral
quadriceps nerve (C, D), of the cervical branch
of the facial nerve (A, B), and of the femoral
saphenous nerve (E, F ) of P011 and P022
mice. The total number of myelin-competent ax-
ons in the proximal nerves of P022 mice is not
significantly changed at all ages investigated (A,
C, E) ( p . 0.05). Note the reductions of axonal
diameters in P022 animals. All differences be-
tween P011 and P022 mice in the axon num-
ber per size category were significant. Mean 6
SD are shown. Inset in E applies to A, C, E; inset
in F applies to B, D, F.
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lower parts of the extremities with features reflecting axonal
damage (Dyck et al., 1993), we investigated the myelinated axons
of the first toe. In cross sections through the basis of the first toe,
two plantar and two dorsal nerves can be found (Fig. 2A). All
myelinated axons innervating the plantar side are derived from
the sciatic nerve, whereas the axons innervating the dorsal side
are derived from the FS. These anatomical conditions were con-
firmed by transecting either the sciatic or the FS nerve of normal
mice followed by studying the lesion-induced degeneration of
axons in the respective location of the toe (Fig. 2B–E). When
sciatic nerves had been transected, all axon-Schwann cell units
from the plantar side degenerated (Fig. 2D), whereas transection
of the FS resulted in the degeneration of all dorsal axon-Schwann
cell units (Fig. 2C).

Each plantar nerve of a P011 mouse contains ;40 myelinated
axons, and each dorsal nerve contains ;25 myelinated axons. In
addition, several small nerve branchlets derived from the FS can

be detected in the dorsal aspect of the toe. When investigating the
plantar and dorsal nerve branches in the toes of P022 mice, we
found a dramatic reduction of myelin-competent axons (Fig. 3).
In general, the strongest reduction was found in 6-month-old
P022 mice, the oldest age investigated, with ;50% reduction in
the sciatic nerve derivatives (plantar) and ;75% reduction in the
FS branches (dorsal) (Fig. 3).

Whereas in the proximal parts of the peripheral nerves the
abnormal axon-Schwann cell units were often associated with
supernumerary Schwann cells reflecting myelin degeneration-
induced Schwann cell proliferation, such features were not de-
tectable in the distal nerve parts (Fig. 4). Instead, Schwann cell
profiles reminiscent of bands of Büngner were occasionally
found, suggesting previous axonal loss (Fig. 4B). The number of
bands of Büngner, however, was clearly smaller than the number
of putatively degenerated axons, possibly reflecting Schwann cell
degeneration.

Figure 2. Micrographs of semithin
cross sections of the base of the first toe
of P011 mice. A, Low-power micro-
graph of the toe showing the position of
dorsal branches of the femoral saphe-
nous nerve (circles with stars) and plan-
tar branches of the sciatic nerve (circles).
Dorsal (B, C) and plantar (D, E) nerve
branches of the toe after transection of
the sciatic (B, D) and the femoral saphe-
nous (C, E) nerves. Wallerian degener-
ation in C and D reflects the femoral
saphenous and sciatic nerve origin of the
dorsal and ventral nerves, respectively.
b, Bone; d, dorsal; h, hair follicles; p,
plantar; t, tendons; v, vessels. Scale bar
(shown in A): A, 300 mm; B–E, 15 mm.
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Reduced numbers of Merkel cells in P0-deficient mice
It has been shown previously that sensory Merkel cells are de-
pendent on the presence of their innervating myelinated axons
(Mills et al., 1989; Airaksinen et al., 1996). We therefore deter-
mined the numbers of these specialized terminal cells in the foot
pads by immunohistochemistry using antibodies to cytokeratin
20. Merkel cells were detected at the basal side of the epidermis
close to the border of the dermis. In 1.5-month-old P011 mice,
approximately two (1.8 6 0.4) Merkel cells per millimeter of
dermis/epidermis interface could be detected. A similar number
of Merkel cells could be found in 1.5-month-old P022 mice
(1.5 6 0.3). At 6 months of age, the number of Merkel cells was
not significantly altered in P011 mice (2.2 6 0.3), whereas in
6-month-old P022 mice, the number of Merkel cells was reduced
to 0.5 (6 0.1) per millimeter of dermis/epidermis interface (Figs.
5A,B, 6). Thus, in P022 mice, loss of sensory axons is accompa-
nied by a profound reduction of Merkel cells.

We also investigated the numbers of Merkel cells in the hairy
skin of the back of P011 and P022 mice. For this purpose we
injected mice with quinacrine, a fluorescent vital dye that labels
Merkel cells (Airaksinen et al., 1996). Again, the number of
Merkel cells was dramatically reduced in 6-month-old P022
mice when compared with age-matched P011 mice (2.2 6 3.9
Merkel cells per square centimeter in P022 mice vs 248.5 6 86.8
cells per square centimeter in P011 mice; p 5 0.003) (Fig. 5C,D).

Type grouping of muscle fibers
Based on our observation that in cutaneous sensory nerves ter-
minal axons degenerate and cause loss of Merkel cells, we con-
sidered the possibility that terminals of motor axons degenerate
as well. As one possibility one might investigate distal aspects of
muscle nerves close to their entrance into the corresponding
muscle. However, because muscle nerves contain both motor and
sensory axons, a loss of axonal profiles in muscle nerves does not
stringently reflect a loss of motor axons. We therefore investi-
gated quadriceps and gastrocnemius muscles with respect to es-
tablished histopathological features that are indicative of loss of
motor axons.

Although proximal aspects of motor nerves did not show sig-
nificant axonal loss by electron microscopy, quadriceps muscles
and, even more striking, gastrocnemius muscles of 6-month-old
P022 mice showed features indicative of denervation. For in-
stance, in the lateral head of the gastrocnemius muscle of P011
mice, ATPase staining at pH 4.3 revealed a checkerboard pattern
of relatively few, darkly labeled type I myofibers (Fig. 7A). La-
beling for type II myofibers at pH 9.4 resulted in a complemen-
tary staining pattern (data not shown). In the same muscle of
P022 mice, a grouped arrangement of type I myofibers was
striking at pH 4.3 (Fig. 7B). Such groups usually contained 4–7
tightly apposed myofibers. It is well established that such a stain-
ing pattern of grouped myofibers results from denervation of
muscle fibers followed by collateral reinnervation by sprouts from
neighboring motor units (De Girolami et al., 1997). In addition to
the type grouping of myofibers, small, angulated myofibers that
were often associated with grouped myofibers of normal size were
detected (Fig. 7C,D). Such myofibers that were never detected in
muscles from P011 mice are indicative of denervation and
represent neurogenic muscle atrophy (De Girolami et al., 1997).

DISCUSSION
We have shown that in mice deficient in the Schwann cell com-
ponent P0 axonal properties are significantly changed. In proxi-
mal parts of peripheral nerves, axons are reduced in their cali-
bers, but there is no significant loss of axons. In distal parts of the
nerves, a robust loss of axons could be found as reflected by
reduced numbers of axons, hallmarks of Wallerian degeneration,
and features indicative of denervation of peripheral target organs.

Myelinating glia cells determine axonal properties and
axon survival
The finding that axonal properties, such as axon size, are strongly
dependent on glial partners has been described in various differ-
ent systems. In MAG-deficient mice, myelination is initially nor-
mal, but in mice older than several months, axons and myelin
degenerate (Fruttiger et al., 1995a; Carenini et al., 1997). A
characteristic abnormality is the presence of paranodal myelin
tomacula (Carenini et al., 1997; Yin et al., 1998). These tomacula
have been suggested to form as a result of reduced axon calibers
at the paranode caused by reduced neurofilament phosphoryla-
tion and spacing (Yin et al., 1998). However, it is also conceivable
that myelin tomacula cause a physical constriction of axons at-
tributable to a local overproduction of myelin turns, as has been
proposed in other tomaculous peripheral neuropathies (Meier
and Moll, 1982; Adlkofer et al., 1997). This constriction could
lead, in turn, to axonal strangulation. In a very elegant series of
experiments, De Waegh and colleagues transplanted nerve
stumps from Trembler (Tr) mice into transected nerves of wild-
type mice, allowing regrowing axons from wild-type mice to
become myelinated by Schwann cells from Tr mutants (De Waegh
and Brady, 1990; De Waegh et al., 1992). Abnormal Schwann cells
of Tr mice were associated with smaller diameters of the wild-
type axons and with a reduced degree of phosphorylation and
spacing of the neurofilaments. Investigations on dorsal root gan-
glion neurons in vivo confirm the view that the Schwann cell
phenotype can influence axon properties. Each dorsal root gan-
glion neuron extends a nonmyelinated stem process that bifur-
cates into two myelinated axons, one projecting into the spinal
cord via the dorsal root and the other into the spinal nerve. In line
with the view that glial cells can modify axonal properties, the
nonmyelinated stem process of the neuron has a smaller diameter

Figure 3. Representation of the number of myelin-competent axons in
the nerve branches innervating the first toe of P011 and P022 mice at
1.5, 4, and 6 months ( m) of age. Note the significant reduction of axons in
the distal nerve branches of 4- and 6-month-old P022 mice (*p # 0.01).
Mean 6 SD are shown.
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and more dense neurofilament packing with lower phosphoryla-
tion status than the myelinated central and distal axons that are
myelinated (Hsieh et al., 1994). The influence of myelinating glial
cells on the axonal phenotype is not confined to Schwann cells. In
optic nerves that have been depleted of oligodendrocytes by x-ray
irradiation, the retina ganglion cell axons do not reach the cali-
bers of myelinated retina ganglion cell axons (Colello et al.,
1994). In line with this observation is the finding that enwrapping
(Sanchez et al., 1996) or formation of compact myelin (Wind-
ebank et al., 1985) by oligodendrocytes leads to an increase of
axonal calibers.

The loss of terminal axons in P0-deficient mice could be viewed

as an extreme form of modulatory effect of glial cells on axonal
properties. This phenomenon is not unique to mice deficient in
P0 and has also been described in other experimental models or
disorders. Sahenk and Chen (1998) recently demonstrated the
vulnerability of distal axons from mice that are associated with
mutant Schwann cells from humans. Sural nerve biopsies from
patients with the X-linked form of CMT (CMTX) were grafted
into transected nerves of immune-deficient nude mice. Axons
were reduced in their calibers and displayed tightly spaced neu-
rofilaments in the human xenografts. In distal but not in proximal
aspects of the grafts, features indicative of axon degeneration
were found. It is interesting to mention in this context that

Figure 4. Electron micrographs of dorsal
nerve branches of the first toe (A, B) and
of femoral quadriceps nerves (C) of
P011 (A) and P022 (B, C) mice. A, In
the toes of P011 mice, large axons with
compact myelin sheaths are found. B, In
the toes of P022 mice, Schwann cell pro-
files reminiscent of bands of Büngner and
representing Wallerian degeneration are
pathological hallmarks. C, In proximal
nerve parts of P022 mice such as in
femoral quadriceps nerves, abnormal
myelin profiles associated with onion
bulb cells are typical. Scale bars: A, C, 1
mm; B, 0.25 mm.
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CMTX patients often suffer from an axonopathy rather than from
a myelinopathy (Timmerman et al., 1996; De Jonghe et al., 1997;
Sander et al., 1998), and mice deficient in Cx32 display features
indicative of axon degeneration and regrowth at later ages (An-
zini et al., 1997; Scherer et al., 1998). A robust effect of oligoden-
drocytes on survival of axon terminals has recently been demon-
strated in multiple sclerosis. In this kind of neurological disorder,
oligodendrocytes suffer from autoimmune attacks against partic-
ular membrane components (Archelos et al., 1998). The chronic
impairment of oligodendrocytes apparently leads to a robust
damage of axons as reflected by the frequent occurrence of
terminal axonal ovoids in multiple sclerosis lesions (Trapp et al.,
1998).

How can glial cells influence axonal properties and impair the
survival of terminal axons? It is conceivable that molecules at the
axon interface, such as MAG and possibly others, might be
important mediators for the modulation of axonal properties by
myelinating glial cells (De Waegh et al., 1992; Yin et al., 1998).
Intriguingly, MAG is only weakly expressed at the Schwann
cell-axon interface in P0-deficient mice (Carenini et al., 1999).
The compromised axon–glia interactions could also alter slow
axonal transport, as has been shown in trembler mutants (De
Waegh and Brady, 1990; De Waegh et al., 1992). It is tempting to

speculate that axonal receptors of glial molecules could locally
modify axonal transport, possibly by signaling into the cell inte-
rior. It has recently been shown that particular mutations in the
copper/zinc superoxide dismutase linked with amyotrophic lateral
sclerosis in humans lead to impaired slow axonal transport of
neurofilaments in transgenic mice, long before motor neuron
decline occurs (Williamson and Cleveland, 1999). In this model,
it is suggested that the impaired transport mechanism leads to the
typical hallmarks of the disease, such as neurofilament-containing
axonal swellings that result in axonal strangulation and eventually
death of motor neurons (Williamson and Cleveland, 1999). In the
case of inherited neuropathies, we propose a different mecha-
nism, because axonal swellings and death of motor neurons are
not hallmarks of these diseases. It is conceivable that in glia-
mediated neuropathies, impaired slow axonal transport in all
parts of the nerve leads to a deprivation of vital cell soma-derived
molecules, particularly in the distal aspects of the axons. This in
turn could induce local detrimental mechanisms that eventually
lead to the decline of the axon terminal, whereas proximal aspects
of the axons and the neuronal cell bodies (H. Lassmann, personal
communication; M. Sendtner, personal communication) remain
preserved. The implication of anterograde axonal transport in the
degeneration of axons in various forms of hereditary neuropa-

Figure 5. Light microscopy of Merkel cells in the glabrous (A, B) and hairy skin (C, D) of 6-month-old P011 (A, C) and P022 mice (B, D) using
antibodies to cytokeratin 20 (A, B) and the fluorescent vital dye quinacrine (C, D). A and B show cryosections of the footpads; C and D show whole-mount
preparations of the back skin. A, In P011 mice, Merkel cells (arrows) are detectable at the dermis/epidermis interface. B, In P022 mice, the number
of Merkel cells is strongly reduced so that long stretches of dermis/epidermis interface are devoid of Merkel cells. C, In hairy skin of P011 mice, groups
of Merkel cells (between arrows) representing touch domes are frequently found. D, In hairy skin of P022 mice, Merkel cells are only rarely found.
Highly fluorescent conical structures visible in hairy skin of both P011 and P022 mice represent the hair shafts. Scale bar (shown in D): A, B, 25 mm;
C, D, 50 mm.
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thies could explain the paradoxical observation that although all
myelinating Schwann cells are abnormal, degeneration of axons is
most severe at the distal ends of long nerves (Dyck et al., 1993).
On the other hand, it is conceivable that Schwann cells at the
terminal regions of the nerves suffer particularly severely from the
absence of P0 and cause distal axon loss. We consider this
possibility unlikely, however, because there is no evidence for
such a mechanism, neither in young P0-deficient mice nor in other
myelin mutants (Martini, unpublished observations).

Clinical implications
The fact that axon-glia interactions result in robust axonal
changes has important clinical implications. A particularly strik-
ing phenomenon in our mouse model is the loss of axons at distal
aspects of longer nerves. Interestingly, recent electrophysiological
studies in young children diagnosed as CMT1A patients revealed
that the first pathophysiological signs of the disease are a reduc-
tion of the amplitude of compound muscle action potentials,
possibly reflecting axonal degeneration (Garcia et al., 1998). Sim-
ilarly, several patients suffering from CMTX have previously
been misdiagnosed as CMT2 because of a robust reduction of the
amplitude of compound action potentials that is indicative of

Figure 6. Quantification of Merkel cells in the glabrous skin of P011
and P022 mice. At the age of 6, but not at 1.5 months, the number of
Merkel cells in the skin of P022 mice is significantly reduced compared
with age-matched P011 mice (**p , 0.01). Mean 6 SD are shown.

Figure 7. ATPase activity in the gastrocnemius muscle of 6-month-old P011 (A) and P022 mice (B–D) at pH 4.3. A, Labeling for ATPase activity
in gastrocnemius muscle of P011 mice reveals the typical checkerboard staining pattern. B, In the P022 mice, type I muscle fibers are grouped. C, D,
Larger magnification of gastrocnemius muscle of P022 mice. Note small groups of atrophic myofibers (arrow), angulated fibers (arrowheads), and fibers
of intermediate staining intensity (double arrows), probably reflecting a change of fiber type. Scale bar (shown in C): A, B, 25 mm; C, D, 12.5 mm.
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substantial axonal loss (Timmerman et al., 1996; De Jonghe et al.,
1997). The increased vulnerability of relatively long nerves is
most probably responsible for the well known phenomenon that
the peroneal muscles and the intrinsic foot muscles of patients are
first and most severely affected, followed by muscle atrophy in the
hands (Dyck et al., 1993). This leads to irreversible skeletal
deformities such as pes cavus and clawhand formation caused by
unopposed action of long toe and finger muscles, respectively. In
P022 mice, muscle atrophy is not as severe as in human. This
might be explained by the shorter life span of the animals and also
by the reduced vulnerability of the nerves attributable to their
shorter extension in a small-sized animal.

The robust loss of axons in at least some forms of inherited
neuropathies has important implications for possible treatment
strategies. One possibility might be to mimic correct Schwann
cell–axon interactions, possibly by activating axonal receptors for
glial cell surface molecules with the appropriate ligands. Further-
more, it might be promising to treat the distal aspects of the
nerves with trophic factors in the hope of preventing or reducing
axonal loss. A promising approach has recently been presented by
Haase et al. (1997) using adenoviral vectors for gene transfer of
neurotrophin-3 into muscles of spontaneous mouse mutants suf-
fering from progressive motor neuronopathy. Loss of motor ax-
ons could be attenuated, and neuromuscular function was im-
proved. Similar approaches could be of interest in hereditary
neuropathies with the aim to rescue axon terminals of particularly
severely affected nerves. Alternatively, it might be helpful to
foster axonal regrowth or intramuscular sprouting before muscle
atrophy will occur. Interestingly, insulin-like growth factor I
strongly fosters intramuscular axonal sprouting (Caroni and
Grandes, 1990). In addition, this factor accelerates myelination by
Schwann cells (Feldman et al., 1997) and therefore could preserve
abnormal myelin sheaths that would otherwise be prone to de-
generation. The availability of animal models will be instrumental
in searching for the appropriate strategies to prevent degenera-
tive processes that result in irreversible degenerative changes in
hereditary neuropathies in humans.
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