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Abstract Charcot-Marie-Tooth type 1 disease (CMT1) is
a group of inherited demyelinating neuropathies caused
by mutations in genes expressed by myelinating Schwann
cells. Rather than demyelination per se, dterations of
Schwann cell-axon interactions have been suggested as
the main cause of motor-sensory impairment in CMT1 pa-
tients. In an attempt to identify molecules that may be in-
volved in such atered interactions, the extracellular ma-
trix (ECM) remodeling occurring in CMT1 sural nerves
was studied. For comparison, both normal sura nerves
and sural nerves affected by neuropathies of different ori-
gin were used. The study was performed by immunohis-
tochemical analysis using antibodies against collagen types
[, 11, 1V, V, and VI and the glycoproteins fibronectin,
laminin, vitronectin and tenascin. Up-regulation of colla-
gens, fibronectin and laminin was commonly found in
nerve biopsy specimens from patients affected by CMT1
and control diseases, but higher levels of overexpression
were usually observed in CMT1 cases. On the other hand,
vitronectin and tenascin appeared preferentially induced
in CMT1 compared to other pathologies investigated
here. Vitronectin, whose expression in normal nerves was
limited to perineurial layers and to the walls of epineurial
and endoneurial vessels, became strongly and diffusely
expressed in the endoneurium in most CM T1 biopsy spec-
imens. The expression of tenascin, confined to the peri-
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neurium, to vessel walls and to the nodes of Ranvier in
normal nerves, was displaced and extended along the in-
ternodes of several nerve fibersin the mgority of CMT1
nerves. Thus, compared with our pathological controls
CMT1 seemed to determine the most extensive remodel-
ing of peripheral nerve ECM.

Keywords Charcot-Marie-Tooth type | disease -
Extracellular matrix - Vitronectin - Tenascin - Sural nerve

Introduction

The hereditary motor and sensory neuropathies (HMSN)
are degenerative diseases that, through different patho-
genic mechanisms, lead to a progressive impairment of
both motor and sensory functions. Among these, the type
| HMSN or Charcot-Marie-Tooth type 1 disease (CMT1)
is a genetically heterogeneous group, the underlying ge-
netic lesions mapping to one of at least four different
genes, sharing demyelinating features [12, 20, 32]. Ac-
cordingly, the mutations which have been proved to cause
CMT1 affect genes expressed in myelinating Schwann
cells, namely those encoding the peripheral myelin 22 pro-
tein (PMP22), the myelin protein zero (P0), the connexin-
32 (Cx32) and the early growth response 2 (EGR-2) tran-
scription factor [20, 32]. Importantly, in addition to myeli-
nation these genetic lesions have been shown to affect
Schwann cell functions such as differentiation and cellu-
lar adhesion [14, 20]. On the other hand, the pathogenic
mechanism that, starting from the molecular lesions, leads
to the clinical manifestation of CMT1 remains poorly un-
derstood. Moreover, the picture is complicated by the
finding that the clinical symptoms of the disease, rather
than to the severity of demyelination, seem to be related
to the progressive distal axona degeneration observed in
CMT1 patients. Therefore, an ateration of Schwann cell-
axon interactions has been suggested as the main cause of
motor-sensory impairment [11, 20, 22]. Inthisregard, itis
of note that mutations in myelin-related proteins such as
PO and Cx32 can also cause axonal degeneration with rela-
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tive preservation of the myelin sheaths[39, 40]. The char-
acterization of Schwann cell microenvironment in CMT1
patients can thus help to identify molecules participating
in altered Schwann cell-axon interactions or involved in
the impeded regeneration of the damaged nerve fibers.

Extracellular matrix (ECM) molecules have been
demonstrated to play a fundamental role in the develop-
ment and maintenance of nervous tissues, and changes in
ECM microenvironment can have a profound influence
on cellular behavior [24, 31, 43]. Peripheral nerve ECM
provides protection for nerve fibers from teasing and pres-
sure and contributes to the formation of the blood-nerve
barrier. In addition, it exerts several regulatory functions
through specific interactions with integrin and non-inte-
grin cell surface receptors [3]. ECM molecules have been
proved to modulate axonal growth and pathfinding as well
as Schwann cell proliferation and differentiation during
both devel opment and regeneration [3, 10, 24]. It has been
demonstrated that both the availability and the activity of
several growth factors present in nervous tissues can be
modulated through the interaction with ECM molecules.
Furthermore, the contact with an appropriate ECM is re-
quired by neurons from different sources to respond to
survival factors, such as nerve growth factor or brain-de-
rived neurotrophic factor [43].

ECM remodeling in peripheral nerves of CMT1-affected
patients has been scarcely investigated, even though the
endoneurial ECM is synthesized and deposited mainly by
Schwann cells [3], which in this inherited disease exhibit
an altered phenotype [14]. This observation prompted us
to study the expression of ECM molecules, namely collagen
types I, I, IV, V, and VI and the glycoproteins laminin,
fibronectin, vitronectin and tenascin in sural nerve biopsy
specimens from CMT1 patients, aswell asin sural nerves
from subjects with no evidence of neuropathy and from
disease controls. This study highlights that some of the
above molecules appear to be preferentially modulated in
CMT 1-affected nerves.

Materials and methods
Subjects

The study was performed on diagnostic sural nerve biopsy speci-
mens obtained from 31 patients, after they had given their informed
consent (Table 1). Of these subjects, 10 had a diagnosis of CMT1,
according to the “Guidelines for the diagnosis of Charcot-Marie-
Tooth disease and related neuropathies’ by the ad hoc Working
Group of the Italian Neurological Society [26]. Five of these patients
were shown to have CMT1A with achromosome 17p11.2 duplica-
tion by molecular analysis. Sural nerve biopsy specimens from pa-
tients with hereditary neuropathy with liability to pressure palsies
with 17p11.2 deletion (HNPP, n=3), adrenomyel oneuropathy (AMN,
n=2), chronic inflammatory demyelinating polyneuropathy (CIDP,
n=8) and chronic idiopathic axonal neuropathy (n=8) were included
as disease controls. Biopsies of sural nerve with no sign of neu-
ropathy were obtained from organ donor control subjects (n=4).

Nerve biopsies

Sural nerve biopsy samples were obtained with standard procedures
under local anesthesia. The portion of each specimen assigned to

Tablel Summary of subjectsincluded in the study (CMT1 Char-
cot-Marie-Tooth type 1 disease, HNPP hereditary neuropathy with
liability to pressure palsies with 17p11.2 deletion, AMN adreno-
myeloneuropathy, CIDP chronic inflammatory demyelinating
polyneuropathy, Axonal chronic idiopathic axonal neuropathy)

No. Sex Mean Range
of cases (M:F) age (years)
(years)
Control 4 1:3 44 30-56
CMT1 10 6:4 455 16-70
HNPP 3 2:1 40.3 22-72
AMN 2 2:0 36 33-39
CIDP 8 53 63 33-78
Axonal 8 8.0 55.1 19-74

histological examination and to immunohistochemistry was frozen
in isopentane cooled by liquid nitrogen and stored at —80°C until
use. According to routine procedures, further portions were fixed
in 2% glutaraldehyde in 0.1 M cacodylate buffer and postfixed in
1% osmium tetroxide in the same buffer. These portions were ei-
ther dehydrated in acetone and embedded in Epon via propylene
oxide, for semithin sections and electron microscopy, or macerated
in glycerol, for teasing of single myelinated fibers under a stereo-
microscope.

Immunohistochemistry

Immunohistochemical detection of ECM molecules was performed
on cryostat sections obtained from frozen sural nerve specimens
(7 pm-thick transverse sections and 8 um-thick longitudinal sec-
tions), using the Histostain-SP kit (Zymed Laboratories, San Fran-
cisco, Calif.) according to the manufacturer’ s protocol. Briefly, the
sections were fixed with cold acetone (10 min) and endogenous
peroxidase activity was quenched with a 3% H,0, solution (10 min,
room temperature). All subsequent procedures were performed at
room temperature. After a blocking step with non-immune goat
serum (20 min), the sections were incubated 1 h with the following
PBS-diluted primary antibodies: polyclonal anti-collagen type | and
anti-collagen type |11 (AB745 and AB747, respectively, Chemicon
International, Temecula, Calif.; 1:100 diluted), polyclonal anti-col-
lagen types 1V, V, and VI (AB748, AB763, AB7822, respectively,
Chemicon; 1:250), polyclonal anti-laminin (L9393, Sigma Chemical
Co., St. Louis, Mo.; 1:100), monoclonal anti-fibronectin (F7387,
Sigma; 1:200), monoclonal anti-vitronectin (MAB1945, Chemicon;
1:100), and monoclonal anti-tenascin (T2551, Sigma; 1:4,000). The
sections were then washed in PBS and overlaid with the appropri-
ate biotinylated secondary antibody (goat anti-rabbit or anti-mouse
1gG, 30 min), followed by extensive PBS washing, a streptavidin-
peroxidase conjugate incubation (10 min), PBS rinsing and finally
by the substrate-chromogen (AEC) solution (3-5 min, depending
on the primary antibody). Hematoxylin was used for counterstain-
ing. Negative controls were performed replacing the primary anti-
body with rabbit or mouse non-immune serum. At the end of the
procedure the sections were observed and photographed with a
Zeiss Axiophot photomicroscope.

Nerve fiber morphometry and evaluation
of histopathological features in nerve biopsy specimens

Transverse semithin sections obtained from selected sural nerve
biopsy specimens were stained with toluidine blue and used to
quantify the density of myelinated fibers (MF/mm?), using aLeica
Quantimet 500 image analyzer, and to evaluate the prevalence of
onion bulbs, tomacula, axonal ovoids and clusters of axonal regen-
eration. Teased fibers preparations obtained from the same biopsy
samples were used to evaluate the presence of demyelinated or re-
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Table 2 Immunodetection of

ECM moleculesin normal ECM molecule  Localization Control CMT1 Other neuropathies
fsgét aéd”grvg‘Ma_rI‘_‘i I(Tr r;)er\gﬁ:rf- Typel collagen  Eps + + Perineurial expression similar to control
neuropa%/hies: HNPP,},/AM N, P . il _nerveass;e((ejndoneu;iI ?l exprlessi on variably
CIDP, chronic idiopathic ax- Eng + ++ Itﬂglein CMg-I??er y to alower extent
onal neuropathy; (ECM extra- sc T+ I
cellular matrix, Epg epineurial
stroma, P perineurium, Engen-  Typelll Eps + +
doneurial stroma, SC Schwann  collagen o+ St
cells, MF myelinated fibers, P
— no staining, + moderate stain- Ens + i
ing, ++ intermediate staining, Fibronectin Ep. + +
+++ strong staining) b s ot e
Eng + +
SC ++ +++
TypelV andV, Epg - -
|am| ni n P ++ +++42
Eng - -
SC ++ +++
Type VI Eps + +
collagen P ++ +++2
Eng + +
ScC ++ +++
a . . Vitronectin Epg - - Expression similar to control nerves
b'” 5/10 nerve biopsy specimens p " 48 except in 2/2 AMN and 1/8 CIDP with
Occasionaly positive . endoneurial expression similar to CMT1
cIn 7/10 nerve biopsy specimens Eng - Tt
d i i -
d’:neg:tvl\x teh?;]%eﬁgé;cg{ rl%\?ﬁiner Tenascin Eps - - Expression similar to control nerves
eln 7/10 nerve biopsy speci- P + 442 except in 2/3 HNPP and 1/8 CIDP with
mens, a variable number of En, _ _ endoneurial expression similar to CMT1
myelinated fibers is immuno- ME _d 4l

stained

myelinated internodes. The prevalence of these histopathological
figures was classified as moderate (+), intermediate (++), or marked
(+++), according to an arbitrary scale.

Results

The results of the immunohistochemical characterization
of ECM molecules expression in normal and pathol ogical
sural nerves are summarized in Table 2.

Collagens, fibronectin and laminin

In healthy sural nerves, type | and type Il collagen, the
major stromal collagens, were expressed in the epineurium,
perineurium and endoneurium. In the latter the immuno-
staining for type Il collagen was distributed diffusely,
whereas type | staining appeared less homogeneous, be-
ing particularly evident around axon-myelin units. This
finding is consistent with previous reports in which a high
type 111 to type | ratio of intrafascicular collagen was de-
scribed [1, 35]. Both collagens were also expressed in as-
sociation with epineurial and endoneurial vessels. The
anti-fibronectin antibody stained the three peripheral nerve
compartments diffusely, with the perineurium, particularly

the inner perineurial layers, showing the highest immunore-
activity. The intrafascicular stroma was moderately im-
munolabeled, while Schwann cells and blood vessel walls
displayed a stronger staining. Type IV and type V colla-
gens shared a similar pattern of distribution: neither of the
two collagens was detected in the general epineurial or
endoneurial stroma, while perineurial layers and Schwann
cells were strongly immunolabeled, as well as epineurial
and endoneurial vessels. The previous finding of a higher
type V collagen expression in the inner perineuria layers
versus the outer ones was also confirmed [1]. The distrib-
ution of type VI collagen closely resembled that of type
IV and V. However, unlike type IV and type V, a moder-
ate labeling for type VI collagen was also present in both
the epineurial and endoneurial stroma, and a stronger stain-
ing was found in association with epineurial fibroblasts
(Fig.1). The distribution of laminin also paralleled that of
type IV and type V collagen. As reported for type V colla-
gen, the expression of this glycoprotein appeared stronger
in the inner perineurial layers than in the outer ones.

In the endoneurium of nerves affected by CMTL1 or by
the other pathological conditions listed in Table 1, a vari-
able increase of type | and type 11 collagen was detected in
the stromal compartment, whereas the deposition of laminin,
fibronectin, type IV, V and VI collagen (Fig. 1b) appeared
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Fig.1 Immunohistochemical detection of type VI collagen in trans-
versally sectioned sural nerves from a control subject (a) and a
CMT1 case (b). In CMT1-affected nerves type V1 collagen deposi-

tion appears increased in association with Schwann cells, espe-
cially around some myelinated fibers. The arrows in b indicate
epineurial blood vessels. a, b x280

Fig.2 Immunohistochemical detection of vitronectin in transver-
sdly (a, b) and longitudinally sectioned (c, d) sural nerves from a
control subject (a, ¢) and two CMT1 cases (b, d). Both CMT1

toincrease to avariable extent in association with Schwann
cells, especialy around myelinated fibers. The expression
of the aforementioned ECM molecules was thus quantita-
tively affected, while their distribution reflected that ob-
served in control nerves. The highest levels of increased
deposition were found in CMT1 and in some CIDP nerve

nerves display a strong endoneurial immunostaining for vitronectin,
but only the nerve in b shows epineurial positivity in association
with fibroblasts. a—d %280

biopsy specimems. Furthermore, five of ten nerves affected
by CMTL1 displayed perineurial hypertrophy and the ex-
pression of perineurial ECM molecules was accordingly
increased. In these nerves the immunolabeling for fi-
bronectin, collagen type V and laminin was often of the
same intensity in the outer and inner perineurial layers.



Fig.3 Immunohistochemical detection of tenascin in transversally
(a, b) and longitudinally sectioned (c, d) sural nerves from a control
subject (a, ¢) and a CMTL1 case (b, d). In normal nerve, a strong
staining of the perineurium (a, c) and of epineurial vessels (arrow-
headsin a) is evident. Moreover, nodes of Ranvier are clearly im-
munodecorated (arrowsin ¢). In asural nerve fromaCMTL1 patient,
the majority of myelinating Schwann cells are stained, as well as
the hypertrophic perineurium (b); in longitudinal section, the im-
mune reaction outlines several serial internodes (d). a—d %180

Vitronectin

In control nerves vitronectin immunostaining was restricted
to a punctated pattern distributed along perineuria layers
and associated with epineurial and endoneurial blood ves-
sels (Fig. 2a, ¢). The appearance of a strong endoneurial
immunostaining for vitronectin was a feature of the ma-
jority (seven of ten) of CMT1 nerves. This immunostain-
ing displayed a diffused distribution, suggesting that in
the endoneurium the spatial organization of the molecule
can be completely distinct from that of the perineurium
and vessel walls (Fig.2b, d). An endoneuria up-regula-
tion similar to that observed in CMT1 nerveswas found in
the two AMN nerves included in the study, a lower in-
trafascicular increase was occasionally observed in nerves
affected by CIDP (one of eight cases), and no clear in-
crease was seen in HNPP or in axonal neuropathy biopsies.
Regardless of the presence of intrafascicular vitronectin,
in some CMT1 and CIDP nerve biopsy specimens the ex-
pression of this glycoprotein was also found in association
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with epineuria fibroblasts. An increase in its perineurial
deposition was also detectable in those CMT1 nerve sam-
ples displaying perineurial hypertrophy. Therefore, a patho-
logical vitronectin increase could be found in each of
the three peripheral nerve compartments, epineurial, per-
ineurial and endoneurial, but the increase in one compart-
ment did not imply that the others were similarly affected
(Fig.2b, d).

Tenascin

Tenascin expression was also deeply affected in the ma-
jority of CMT1 nerve biopsy specimens. The immuno-
staining for this glycoprotein, which was limited to perineu-
rial layers, to the nodes of Ranvier and to blood vessel
wallsin normal sural nerves (Fig. 3a, c), became strikingly
evident in the form of numerous endoneurial foci resem-
bling axon-myelin unitsin severa transversally sectioned
CMTL1 nerves (Fig.3b). The immunohistochemistry per-
formed on longitudinally sectioned CMT1 nerves con-
firmed that the anti-tenascin antibody specifically marked
nerve fibers, myelinated to a variable extent, and further
evidenced that in these fibers tenascin expression was ex-
tended along the internodes (Fig. 3d). This pattern of en-
doneurial tenascin expression was found, to a different de-
gree, in seven of ten CMT1 cases. Importantly, these cases
included only some of the CMT1 cases displaying in-
trafascicular vitronectin. A similar pattern of expression,
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Table 3 Histopathological

features of selected sural nerves Case Age/sex Diagnosis ggg?is\(/:(ien- Mge?lslr:jztnegty Other histological features
'er)]({f%r; tgftth ;ggﬂ?iﬂgw nerve fibers (MF/mm?) Type Degree
of myelinated fibers (MF/mm?) ¢ 56/F CMT1 4t 1,895 Deremyelination  +++
and de-remyelination figures, .
onion bulbs, tomacula, axonal Onion bulbs +
ovoids, regeneration clusters Ovoids -
(— none; + moderate, ++ inter- Clusters +
mediate, +++ marked presence) 5 35/M CMT1 +t 1,936 Deremyelination  +++
Onion bulbs ++
Ovoids —
Clusters +
3 70/M CMT1 +++ 1,921 De-remyelination +++
Onion bulbs +++
Ovoids —
Clusters ++
4 28/F CMT1 - 1,850 De-remyelination ++
Onion bulbs ++
Ovoids -
Clusters -
5 70/M CMT1 - 1,750 De-remyelination +++
Onion bulbs +++
Ovoids —
Clusters +
6 27/IM HNPP ++ 4,424 De-remyelination +++
Tomacula ++
Onion bulbs —
Ovoids —
Clusters +
7 70/M CIDP ++ 3,392 De-remyelination +++
Onion bulbs -
Ovoids —
Clusters +

but with a minor number of tenascin-positive fibers, was
also observed in two of three HNPP nerves. On the other
side, only one of the eight nerves affected by CIDP (dif-
ferent from the one with increased vitronectin), presented
a milder but more diffused increase in intrafascicular
tenascin, and no increase was observed in AMN or axondl
neuropathy nerve biopsies. Due to perineuria hypertro-
phy, an increased deposition of tenascin was observed in
this compartment in some CMT1-affected nerves, as re-
ported for the other ECM molecules.

In the attempt to find a possible relation between the
presence of tenascin-positive nerve fibers and specific
histopathol ogical features, the density of myelinated fibers
and the prevalence of de-remyelination figures, onion
bulbs, ovoids and clusters of axonal regeneration were
evaluated in semithin sections and teased fibers prepara-
tions from CMT1 biopsies either highly positive (n=3) or
negative (n=2) for tenascin-expressing fibers. The same
analysis was performed in control disease samples display-
ing increased endoneuria tenascin expression. As shown
in Table 3, no evident relation was found between the in-
creased deposition of the molecule and the parameters
taken into account. The presence of tenascin-negative ax-
ona ovoids was also observed in two pathologica nerve

sections immunostained with the anti-tenascin antibody
(data not shown).

Discussion

In this study we compared the expression and distribution
of ECM molecules in normal and CMT1-affected sural
nerves, as well as in nerves from patients affected by
HNPP, AMN, CIDP and chronic idiopathic axonal neu-
ropathy, as control diseases. Other authors have described
the expression of some ECM molecules in normal periph-
eral nerve, either human or animal, and our results are
generaly in agreement with their reports [1, 3, 27, 33].
More interestingly, we show that, in comparison with our
pathological controls, CMT1 disease seems to determine
the most extensive quantitative and qualitative remodel-
ing of peripheral nerve ECM. In fact, if the collagens, fi-
bronectin and laminin were up regulated in all the patho-
logical conditions investigated, the extent of this up-regu-
lation was generally higher in CMT1 cases. Furthermore,
ECM molecules such as vitronectin and tenascin appeared
preferentially overexpressed in CMT1 compared to other
pathologies here studied.



We report a conspicuous increase in type | and 111 col-
lagen in CMT1 biopsy specimens and, to a minor degree,
in our control disease cases. Therefore, we interpret this
finding as due to both the severity of nerve fiber loss and
the duration of the disease, rather than to an intrinsic
metabolic feature of Schwann cells harboring CMT1 ge-
netic mutations. In fact the intrafascicular up-regulation of
these interstitial fibrillar collagensis generally considered
as areaction of endoneurial cellular elementsto nerve fiber
degeneration, as it has been previously described in stud-
ies on human neuropathies as well asin animal studies af-
ter peripheral nerve injury [1, 35]. It is worth noting that
denervated Schwann cells, which are particularly abun-
dant in CMT1 nerves, express transforming growth fac-
tor-beta 1, which in turn can alter and enhance the expres-
sion of ECM molecules [36]. Molecules that are up regu-
lated in the vicinity of nerveinjury arelikely to be involved
in the regulation of axonal re-growth, suggesting that the
increased collagen deposition could be induced to support
axonal regeneration. This view is indirectly corroborated
by experimental evidences showing that fibrillar colla-
gens are able to promote neurite outgrowth in vitro [2, 31,
43] and to support peripheral nerve regeneration in vivo
[41, 44, 45]. On the other hand, it is possible that taking
the disease and the consequent collagen deposition a
chronic course, asin the case of CMT1, the high collagen
content could represent a mechanical barrier and thus ham-
per the regeneration process [1, 35, 44].

Type IV and V collagens and the multi-domain glyco-
proteins fibronectin and laminin are also induced after pe-
ripheral nerve injury and have been proved to play impor-
tant roles for neurite elongation and for ensheathment and
myelination of axons by Schwann cells [2, 3, 8, 10, 24,
43]. The deposition of these ECM molecules, which were
variably increased in all the pathological conditions in-
cluded in this study, again appeared to reach the highest
levelsin CMTL1 nerve biopsy specimens, especialy in ar-
eas encircling myelinated fibers. Similar levels of up-reg-
ulation were also found in some CIDP biopsy samples.
This conspicuous deposition can again be related to the
abundance of denervated Schwann cells, as well as to the
presence of onion bulb formations. Moreover, it is possi-
ble that due to the recurrent remyelination processes occur-
ring in these neuropathies, especially in CMT1, Schwann
cells are in a metabolically activated state, which may
render them incline to deposit increased amounts of base-
ment membrane components and associated molecules. In
our material an increased deposition of type VI collagen
paralleled that of type IV and type V. In agreement with
our results, the expression of this microfibrillar collagen
has been previously reported in normal human peripheral
nerve in association with Schwann cells tubes, perineurial
and epineuria cells [1, 27]. However, according to our
findings, type VI collagen displayed a partially different
distribution compared to that reported by other authors
since, unlike type IV and V, it appeared to be expressed
diffusely, even if in limited amounts, in the endoneurial
stroma of normal nerve. This quantitative discrepancy is
probably imputable to the different sensitivity of the anti-
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body or of the technique utilized in this study. Increased
type VI collagen deposition is a common finding in sev-
eral fibrotic processes such as neurofibroma and keloid
[27, 28]. On the other hand, little information is available
with respect to the functional role of this collagen in the
physiopathology of the peripheral nervous system (PNS).
It has been reported that type VI collagen is expressed dur-
ing development of both animal and human nerves, being
regarded as an organizer of ECM architecture, and that in
some experimental models it acts as a non-permissive
substrate for neuritogenesis [2, 16, 28, 29]. Of note, most
of the studies regarding type VI collagen expression in pe-
ripheral nerve deal with its increased deposition in the
perineurium and endoneurium of nerves affected by dia-
betic polyneuropathy, and even in this pathology it is till
uncertain whether and how such an increase could con-
tribute to the impairment of neuronal functions [1, 28].
Vitronectin is a multifunctional glycoprotein present
both in plasma and in the ECM of several tissues. It isim-
plicated in cell adhesion, migration, proliferation and dif-
ferentiation, as well as in processes such as coagulation,
fibrinolysis, regulation of the complement- and perforin-
mediated cytolysis and, through its ability to bind colla-
gen and glycosaminoglycans, in the organization of the
extracellular microenvironment. Moreover, its expression
has been found to rise in pathological conditions such as
neoplasia and in fibrotic and necrotic areas [37, 38].
Nonetheless, vitronectin expression in normal and patho-
logical peripheral nerve has received little attention. In
agreement with our findings, its distribution in the peri-
neurium and vessel walls of normal peripheral nerve has
been marginally reported in studies whose main object was
the role of the complement system in neuropathies of dif-
ferent origin [34]. In fact, since vitronectin is an inhibitor
of the complement membrane attack complex, its pres-
ence is considered an indicator of the complex functional
state [38]. An increase in its deposition, associated with
increased expression of complement proteins, has actually
been found in endoneurial vessels of patients with dia-
betic and amyloid AL neuropathy [34, 46]. However, to
our knowledge, there are no reports of such a widespread
and marked endoneurial immunolabeling for vitronectin
as the one we observed in CMT1- and AMN-affected
nerves. Due to the abundance of this glycoprotein in nor-
mal plasma, we cannot rule out that the high amount of
vitronectin we found in the endoneurium of pathological
nerve biopsy specimens is of vascular origin, instead of
being synthesized by endoneurial cells, although our strong
and uniform vitronectin immunostaining seems to argue
against this hypothesis. A further element inconsistent
with this interpretation is that the intrafascicular deposi-
tion of plasmavitronectin would most likely require an al-
teration of the blood-nerve barrier. Therefore, this glyco-
protein should be conspicuous in the endoneurium of
nerves affected by inflammatory neuropathies, in which
blood-nerve barrier aterations are more frequent and se-
vere. On the contrary, in our material a moderate vitronectin
immunolabeling was observed in only one out of eight
CIDP nerve bhiopsy specimens, while a strong immuno-
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staining was found in the majority of CMT1- and AMN-
affected nerves. These observations indicate that the high
vitronectin content we observed in pathological nervesis
probably due to local synthesis. It is worth underlining
that the intensity of the endoneurial vitronectin immuno-
labeling did not seem to be related to the extent of type |
and type |11 collagen endoneurial expression, as revealed
by the comparison of our vitronectin positive (9/31) and
negative (22/31) pathological nerves. This finding sug-
gests that vitronectin induction may not be simply related
to the general fibrotic response accompanying nerve fiber
loss. Vitronectin has been found to stimulate axonal growth
from different types of neurons in vitro [13, 17, 25], and
integrin receptors for vitronectin are expressed by Schwann
cells [7]. Therefore, the induction of this molecule in the
endoneurial microenvironment could influence both ax-
onal and Schwann cell behavior. Moreover, vitronectin
could indirectly participate in the remodeling of the en-
doneurial microenvironment, through the modulation of
proteases active on ECM components [5, 37]. Further
studies are thus necessary to establish which is the source
and what role could be played by this glycoprotein in the
pathogenesis of CMT1 and other human neuropathies.

In the past years, from research performed on animal
models, tenascin has emerged as a mediator of neuron-glia
interactions in both the central nervous system and the
PNS [22, 33]. The expression of this ECM glycoprotein,
characterized by adhesive and counter-adhesive proper-
ties, is transiently induced during development, being
subsequently down regulated so that in the adult it is low
and restricted to limited regions. It has been found to rise
again, however, if aremodeling process such as tissue re-
pair or tumorigenesis occurs [18, 19]. This genera para-
digm iswell represented in the PNS. In fact, high levels of
tenascin expression are found in developing periphera
nerves and myelinating Schwann cells, whereas a restricted
tenascin expression, limited to the perineurium and to the
nodes of Ranvier, istypical of the adult nerve [4, 19, 33].
The reported distribution concurs with our results on nor-
mal nerve biopsy samples. Conversely, endoneurial tenascin
up-regulation and diffusion along the internodes was a fre-
guent finding in our CMT1 and HNPP nerve specimens
and, even if less prominently, was also a feature of one of
the eight CIDP biopsy samples included in this study. Until
recently tenascin-C was considered to be the only isoform
expressed in the mammalian PNS; however, lately it has
been demonstrated that tenascin-R and -X are also present
during peripheral nerve development, and that tenascin-R
isinduced after injury of the mouse sciatic nerve [18, 19,
30]. Since the antibody used in this study does not dis-
criminate between tenascin-C, -R, and -X, it would be in-
teresting to ascertain whether specific tenascin variants
are selectively overexpressed in CMT1 and in other hu-
man neuropathies.

No evident relation was found between the presence
of tenascin-positive nerve fibers and the prevalence of
histopathological features such as de-remyelination fig-
ures, onion bulbs, ovoids of axona degeneration and re-
generation clusters. Moreover, axona ovoidswere not im-

munostai ned in sections displaying tenascin-positive nerve
fibers. Interestingly, the lack of aunivocal relation between
tenascin overexpression and the presence of specific his-
topathological figures has also been reported by Fruttiger
et a. [9] in the myelin-associated glycoprotein (MAG)-
deficient mouse peripheral nerve. In fact in their study
tenascin was detected by immunoelectron microscopy in
the ECM surrounding Schwann cells devoid of axonal
contact, in association with some, but not all, the onion
bulb formations, as well as in the basal lamina of a few
morphologically norma myelinating Schwann cells [9].
A tenascin up-regulation similar to that observed here has
also been described in other animal models of CMTL,
such as the trembler mouse and the PO-deficient mouse,
but not in human neuropathies [9, 23, 33]. Research per-
formed on these models and nerve transection studies sug-
gest that the presence of tenascin-expressing nerve fibers
can be indicative of regenerative events [9, 10, 23, 33].
That tenascin can have a pro-regenerative role in the PNS
is sustained by the observation that in the distal stump of
transected nerves its content rises during the degeneration
phase, to return to background levels after reinnervation,
and by the demonstration that this ECM molecule is able
to promote neurite outgrowth from peripheral neurons in
vitro [4, 6]. In addition, it has been proposed that tenascin
could mediate the clustering of the voltage-gated sodium
channels at the nodal regions during both development
and remyelination [22, 42].

We found a variable number of tenascin-expressing
nerve fibers in the majority, but not in al, the CMT1 and
HNPP nerve biopsy specimens, and in one CIDP nerve
sample. These findings, coupled with the reported litera-
ture, underline that tenascin up-regulation is not specifi-
cally associated with a type of neuropathy, but rather re-
flects a particular functional stage of Schwann cells in-
volved in axona regeneration and/or remyelination
processes. However, it is possible that Schwann cells har-
boring genetic mutations such as those typical of CMT1
and HNPP could remain longer in this functional stage
which is consequently more represented in these than in
other neuropathies. This hypothesis is consistent with re-
ports suggesting that an abnormal Schwann cell differen-
tiation is a feature of CMT1 disease [14]. Importantly, as
previously reported, molecules that are transiently upreg-
ulated to support regenerative functions can, on the other
hand, interfere with regeneration processes if chronically
accumulated in the endoneurial microenvironment [28]. It
is noteworthy that tenascin can also induce matrix metal-
loproteases, which in turn have recently been implied in
several neurological disorders and have been shown to de-
grade myelin proteins, thereby possibly contributing to
myelin damage [15, 19, 21].

In this report we have shown that CMT1 is characterized
by complex ECM changes. These are probably secondary
to degenerative events occurring in the endoneurium, as it
is in other neuropathies. On the other hand in CMT1, at
variance with other neuropathies, Schwann cells have
been shown to exhibit an impaired phenotype and an ab-
normal differentiation, which can lead to an altered ECM



remodeling. Functional studies should further investigate
whether specific ECM molecules chronically overexpressed
in CMTL1 nerves can contribute to nerve fiber damage or
hamper an efficient regeneration.
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