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A nonconservative leucine to proline mutation in peripheral
myelin protein 22 (PMP22) causes the Trembler-J (Tr J) neurop-
athy in mice and humans. The expression levels and localiza-
tion of the PMP22 protein in the Tr J mouse have not been
previously determined. The aim of our studies was to reevaluate
the extent of myelin deficit in genotyped heterozygous and
homozygous animals and to examine how the Tr J mutation
alters the normal in vivo post-translational processing of
PMP22. Morphological studies show evidence for primary dys-
myelination and myelin instability in affected animals. As ex-
pected, Western blot analysis indicates that in adult heterozy-
gous Tr J animals, the level of PMP22 is markedly decreased,
similar to myelin basic protein and protein zero, whereas
myelin-associated glycoprotein is largely unaffected. The de-

crease in myelin protein expression is associated with an in-
crease in lysosomal biogenesis, suggestive of augmented en-
docytosis or autophagy. Double-immunolabeling experiments
show the accumulation of PMP22 in endosomal/lysosomal
structures of Tr J Schwann cells, and chloroquine treatment of
nerve segments indicates that the degradation of protein zero,
PMP22, and myelin basic protein is augmented in Tr J nerves.
These studies suggest that the Tr J mutation alters myelin
stability and that the mutant protein is likely degraded via the
lysosomal pathway.
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The Trembler (Tr) and Trembler-J (Tr J ) mice are animal models
for the human hereditary neuropathy Charcot-Marie-Tooth
(CMT) disease, a group of common (1/2500) (Skre, 1974) heter-
ogeneous peripheral neuropathies. In mice, the semidominant
and dominantly inherited mutations in the pmp22 gene result in
the nonconservative leucine-to-proline (L16P) or glycine-to-
aspartic acid (G160D) replacements in the PMP22 protein in the
Tr J or Tr mouse, respectively (Suter et al., 1992a,b). These mu-
tations are believed to be responsible for the PNS deficits. The
majority of human patients with CMT, however, do not have point
mutations in the PMP22 gene, but instead harbor a submicro-
scopic chromosomal duplication on human chromosome 17p11.2–
12, which encompasses the PMP22 gene (for review, see Suter and
Snipes, 1995a). The similarity of the disease phenotypes, including
disease progression, as well as the finding of the identical Tr J

single point mutation in a severely affected CMT disease type 1A
(CMT1A) family (Valentijn et al., 1992) substantiates the use of
these mice as models of human disease and provide a system for
elucidating the biology of the PMP22 protein.

The ways in which pmp22 mutations perturb myelination are
complex, particularly because the function of the PMP22 protein
is unknown (for review, see Suter and Snipes, 1995b). Previous
morphological studies of the Tr J mouse used the close linkage of

the Tr J phenotype to the vestigial tail marker on mouse chromo-
some 11 to predict the genotype of the progeny of heterozygous
(Tr J/1) crosses, although the homozygous (Tr J/Tr J) genotype
remained ambiguous. From these studies, Tr J/1 mice were shown
to live a normal life span, and only in adulthood did they show
clinical signs of myelin deficit (Henry and Sidman, 1983). In
contrast, putative Tr J/Tr J animals were severely affected early in
development and did not live beyond postnatal day 16 (P16) to
P18 (Henry and Sidman, 1983). That at least part of the Tr J

phenotype is unique to this mutation and is not simply a result of
general myelin loss is suggested by comparison to homozygous Tr
mice. In contrast to Tr J/Tr J, Tr/Tr mice live a normal life span
even with a virtual absence of peripheral myelin (Henry and
Sidman, 1988). In Tr/1 mice, the progression of the disease is
more rapid than in Tr J/1 mice, leading to prominent histological
abnormalities (e.g., “onion bulb” formation) in aged animals
(Henry et al., 1983). Although “onion bulbs,” which consist of
redundant Schwann cell processes and connective tissue sur-
rounding axons, are not common in Tr J nerves, both Tr and Tr J

animals show severe PNS hypomyelination and overproduction of
Schwann cells (Henry et al., 1983). Thus, there are significant
differences in the phenotypes of Tr and Tr J animals that may
reflect the unique effects of individual pmp22 mutations.

The hypomyelination evident in adult Tr nerves is reflected in
the severe reduction in the levels of mRNAs and proteins for the
structural components of compact myelin, protein zero (P0), and
myelin basic proteins (MBP) (Jacque et al., 1983; Bascles et al.,
1992; Garbay and Bonnet, 1992), whereas myelin associated gly-
coprotein (MAG) levels are unchanged (Inuzuka et al., 1985).
These results agree with morphological studies in Tr nerves dem-
onstrating the presence of loose, uncompacted myelin (Henry et
al., 1983) which are immunoreactive for MAG (Trapp and
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Quarles, 1982). In adult Tr J/1 sciatic nerves, ultrastructural im-
munolocalization studies showed the presence of MAG-positive
mesaxon-like membranes and P0-containing Golgi-associated ves-
icles in some of the Schwann cells (Heath et al., 1991). Thus, there
is growing evidence that post-transcriptional intracellular events
such as protein synthesis, transport, and processing are critical
determinants of successful myelination and are important vari-
ables in our understanding of the effects of pmp22 mutations on
Schwann cell biology.

Despite the rapid advances in elucidating the genetics of the Tr
and Tr J mutations, to date the level and localization of the PMP22
protein in trembler animals have not been examined. The aim of
our studies was to determine the effects of the pmp22 mutation in
Tr J mice and to understand how alterations in PMP22 expression
lead to the demyelinating phenotype with particular emphasis on
post-transcriptional events. In these studies, we found low levels
of complex glycosylated PMP22 and an abundance of lysosomal
constituents, containing PMP22 immunoreactivity, in Tr J

Schwann cells. Our results indicate that PMP22 is transported
beyond the endoplasmic reticulum (ER) and transverses the Golgi
apparatus, followed by accumulation in lysosomes.

MATERIALS AND METHODS
Heterozygous Tr J animals in the C57BL/6J background were obtained
from Jackson Laboratories (Bar Harbor, ME) and were used to establish
a breeding colony at Stanford University.

Genotyping. Genomic DNA was isolated from the tails of newborn
mouse pups, and a 103 bp fragment of the pmp22 gene containing the
mutated region was amplified using PCR (forward primer 59-GAT-
CCCGAGCCCAACTC, reverse primer 59-CTGACGATGGTGGA-
GAC). Reaction conditions were as follows: initial denaturation at 97°C
for 1 min, followed by three cycles of 65°C for 1 min, 72°C for 40 sec, and
97°C for 30 sec. During a 4 min time delay period at 72°C, an additional
2.5 U of AmpliTaq DNA polymerase (Perkin-Elmer, Norwalk, CT) was
added to each sample. Next, 30 cycles at 94°C for 30 sec, 60°C for 1 min,
and 72°C for 40 sec, followed by a final extension at 72°C for 10 min, were
completed in a Perkin-Elmer Cetus DNA Thermal Cycler. An aliquot of
each PCR product was incubated with BanI restriction enzyme (New
England Biolabs, Beverly, MA) for 90 min at 37°C. Control and enzyme-
treated samples were analyzed on 6% acrylamide gels using a standard
Tris-borate-EDTA buffer system, and DNA bands were visualized by
ethidium bromide staining.

Morphological studies. For the morphological studies, all reagents were
obtained from Electron Microscopy Sciences (Fort Washington, PA).
Sciatic nerves were collected from P10 and adult genotyped animals.
Samples were fixed by immersion in ice-cold 2% glutaraldehyde/2%
paraformaldehyde in 0.1 M sodium cacodylate buffer, pH 7.4, overnight at
4°C. After five 10 min rinses in PBS, nerves were infiltrated with 80 mM
sucrose containing PBS and processed for standard Epon embedding.
Plastic sections (0.5 mm) were stained with toluidine blue enhanced with
silver. Measurements were performed on images captured with a Cohu
CCD camera (Model 4915-4000) digitized through a Scion VG5 frame
grabber onto a Macintosh computer running the public domain National
Institutes of Health Image program (v1.59, available through the Internet
at http://rsb.info.nih.gov/nih-image/, developed at NIH). Statistics were
performed by two-tailed ANOVA using the SPSS software package.

Immunocytochemical studies. Sciatic nerves were dissected out from
genotyped animals at P10, P18, and adult. Samples were frozen by
immersion in freezing N-methyl butane (isopentane). Frozen sections (10
mm thick) were dried for 1 hr on Superfrost/Plus microslides (Fisher,
Pittsburgh, PA) followed by fixation with 1% paraformaldehyde in 90%
ethanol for 2 min at room temperature. Samples were blocked by incu-
bation in PBS containing 20% normal goat serum for at least 30 min.
Primary antibodies (see below) were added in the same blocking solution
overnight at 4°C. After four 10 min rinses in PBS, the sections were
incubated with anti-rat IgG FITC conjugate (Boehringer Mannheim,
Indianapolis, IN) or anti-rabbit IgG Texas red conjugate (Jackson Im-
munoResearch Laboratories, West Grove, PA) for 1–2 hr. Hoechst dye
#33258 (Polysciences, Warrington, PA) was included in the secondary
antibody solution at 0.5 mg /ml. Samples were mounted with Citifluor

(University of Kent, Canterbury, UK). Slides were examined and photo-
graphed on a Nikon Microphot FXA microscope.

Primary antibodies. Rabbit polyclonal anti-PMP22 at 1:250, anti-P0 (the
gift of Dr. M. T. Filbin, Hunter College, New York) at 1:2000, anti-MAG
(the gift of Dr. M. B.Tropak, S. Lunenfeld Research Institute, Toronto,
Canada) at 1:1000, and anti-MBP (the gift of Dr. A. Campagnoni,
University of California Los Angeles) at 1:2000; and rat monoclonal
anti-ER (clone H-69, Developmental Studies Hybridoma Bank, Iowa
City, IA) at 12 mg /ml and anti-lysosome associated membrane protein
(LAMP1) (clone 1D4B, Developmental Studies Hybridoma Bank, Iowa
City, IA) at 13 mg /ml were used for the immunocytochemical studies.

Deglycosylation and Western analysis. Sciatic nerves were collected from
genotyped 18-d-old and adult animals and were frozen immediately in liquid
nitrogen. Nerves pooled from two to four animals were pulverized under
liquid nitrogen, and total tissue homogenates were prepared in SDS gel
sample buffer (62.5 mM Tris, pH 6.8, 10% glycerol, 3% SDS) or in denatur-
ation buffer (0.5% SDS, 1% b-mercaptoethanol), supplied with the endogly-
cosidases, for the deglycosylation studies. Protein concentrations were de-
termined using BCA reagents (Pierce Chemicals, Rockford, IL) or the
Lowry method. Endoglycosidase digestions with N-glycosidase F (PNGase
F) and endoglycosidase H (endoH), both from New England Biolabs, were
performed according to the manufacturer’s suggestions, for 16 hr at 37°C.
Protein samples were separated on 12.5% SDS gels under reducing condi-
tions, and gels were transferred to nitrocellulose membranes. The same
polyclonal antibodies as above, anti-PMP22 at 1:1000, anti-MBP at 1:4000,
anti-P0 at 1:4000, anti-MAG at 1:1000, and anti-cathepsin D (CatD), puri-
fied rabbit IgG (Cortex Biochem, San Leandro, CA) at 1:100, and rat
monoclonal anti-LAMP1 undiluted supernatant were used. Bound antibod-
ies were detected using the ECL chemiluminescent detection method (Am-
ersham Corporation, Arlington Heights, IL).

Chloroquine treatment. To prevent lysosomal degradation, excised nor-
mal and Tr J sciatic nerves were incubated in DMEM, 10% fetal calf
serum, and 100 ng/ml nerve growth factor, with and without the addition
of 100 mM chloroquine (Calbiochem, La Jolla, CA), overnight at 37°C.
Samples were quickly frozen and processed for immunocytochemical
studies and Western analysis as described above.

RESULTS
Myelinating homozygous and heterozygous Tr J nerves
show evidence for primary dysmyelination
Now that the gene defect in the Tr J neuropathy has been identi-
fied as a mutation in pmp22, a peripheral nerve myelin protein, we
reanalyzed the morphology of the peripheral nerves in Tr J mice
for clues as to whether the mutation primarily affects general
Schwann cell function, myelin formation, or myelin stability. At
the DNA level, the thymidine-to-cytosine transition mutation at
position 190 in the Tr J mouse pmp22 sequence introduces a novel
BanI restriction site (Fig. 1A). We genotyped all of the mice used
in this study by PCR to amplify a 103 bp region of the mouse
pmp22 gene containing the mutated site, followed by BanI restric-
tion digestion and electrophoresis (Fig. 1B). Previous studies of
Tr J/1 and putative Tr J/Tr J sciatic nerves showed increased
amounts of endoneurial tissue, abnormally thin myelin, increased
number of Schwann cell nuclei, and irregular axonal contours in
affected animals (Henry et al., 1983). We have reconfirmed many
of these findings on genotyped animals. Epon-embedded sciatic
nerve samples were stained with toluidine blue enhanced with
silver to evaluate the extent of myelination (Fig. 2). In agreement
with the findings of Henry et al. (1983), we found differences in
the abundance and thickness of myelin, the diameter of the axons,
increased amount of extracellular matrix, and increased number
of Schwann cells per unit area of nerve. Furthermore, we also
found a low frequency of abnormally thick myelin (tomacula) and
myelin fragmentation, the latter indicating active myelin break-
down, in sciatic nerves of 10-d-old Tr J/1 mice (Fig. 2F).

These morphological studies showing only minor differences
between 10-d-old 1/1 and Tr J/1 nerves, and marked differences
in older animals, suggest that the heterozygous Tr J neuropathy is
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progressive. In agreement with the histological findings, 1/1 and
Tr J/1 animals are behaviorally indistinguishable at young age
(until 3–4 weeks of age), whereas Tr J/1 animals display notice-
able tremors in adulthood. The neuropathy often progresses to
complete paralysis of the hind legs in older animals. In compari-
son, Tr J/Tr J pups display tremors, problems with movements soon
after birth (P5–P7), remain smaller in size, and generally die at
;P18–P22 (weaning age), possibly because of inability to obtain
proper nutritional support.

Although the 10-d-old 1/1 and Tr J/1 nerves appear similar,
there are significant differences between the ratios of the fiber
(axon and myelin together) to axon diameters (referred as g
ratios: 1/1, 0.47 6 0.09; Tr J/1, 0.55 6 0.11; p , 0.001, ratios
calculated from all myelinated axons in representative fields on at
least 50 fibers) (compare Fig. 2, A and B). Because the overall
axon diameters are similar between 1/1 and Tr J/1 animals at this
age (average axon diameters: 1/1, 1.41 6 0.49 mm; Tr J/1, 1.39 6
0.37 mm), the differences in the g ratios indicate a significant
decrease in the thickness of myelin in Tr J/1 animals, compared
with normal littermates as early as P10. In agreement with previ-
ous investigators, the increased amount of extracellular connec-
tive tissue (stained brown; compare Fig. 2, A and B) and increased
number of nuclei per cross-section are already evident in affected
nerves of 10-d-old mice (Tr J/1 and Tr J/Tr J have approximately
twofold more nuclei per cross-section than littermate controls).
Adult Tr J/1 animals show severe signs of demyelination (Fig.
2E), and when compared with the normal adult nerve, only a few
of the axons are surrounded by thick myelin (compare Figs. 2, D
and E, and 3). Taken together, these data suggest that the het-
erozygous Tr J phenotype is expressed during early myelin forma-
tion and appears more severe in older animals because of an

arrest in the size of the axon–Schwann cell units. However, even
when normalized for axon size, scatterplots demonstrate that
axons from Tr J/1 mice have less myelin than littermate controls,
at least for axon diameters .1 mm (Fig. 3).

PMP22 protein levels are reduced out of proportion to
other myelin proteins in the Tr J neuropathy
The abnormally thin myelin observed in younger animals and the
nonconservative nature of the Tr J mutation are consistent with
the notion that the mutated allele either interferes with myelin
formation or enhances myelin degradation through an intracellu-
lar mechanism. As a first step in evaluating the intracellular
processing of PMP22, we performed immunoblots to compare the
levels of PMP22 protein expression with those of other known
peripheral myelin protein constituents. Accordingly, total sciatic
nerve lysates of P18 and adult mice were analyzed for the expres-
sion of MAG, P0, MBP, and PMP22, as shown in Figure 4. As
expected from the pathology, severely affected Tr J/Tr J nerves
contained nearly undetectable amounts of P0 and MBP and
essentially no anti-PMP22 immunoreactive protein even when up
to 100 mg of nerve lysate protein was analyzed. In adult heterozy-
gous animals, the levels of P0 and MBP, the major structural
proteins of PNS myelin, were severely reduced. We found PMP22
protein levels similarly decreased. In comparison, we did not
detect a significant alteration in the amount of MAG in Tr J/1
mice between P18 and adulthood. Similar to the Tr J/1 condition,
MAG levels in Tr J/Tr J animals remained approximately normal;
however, a low molecular weight form of the molecule, possibly
resulting from altered glycosylation (Johnson et al., 1989; our
unpublished observations), was also detected. We found no evi-
dence of a higher molecular weight form of MAG in any of the
nerve lysates, as has been described previously in Tr animals
(Inuzuka et al., 1985). The relative differences in P0 and MBP
protein levels between the 1/1 and Tr J/1 animals are much less
pronounced at P18. In contrast, PMP22 protein expression is
apparently reduced in P18 heterozygotes compared with normals.

Most of the steady-state PMP22 protein undergoes
complex glycosylation in heterozygous Tr J nerves
We investigated the acquisition of PMP22 glycosylation in Tr J/1
nerves to determine whether we could detect differences in the
intracellular processing of the PMP22 protein in affected animals.
Previous pulse-chase studies have demonstrated that PMP22 is
synthesized as a core 18 kDa protein and then progressively
modified by glycosylation to a 22 kDa high-mannose form
(endoH-sensitive) and finally to a 22 kDa complex form (endoH-
resistant) (Pareek et al., 1993). Thus, we compared the glycosy-
lation profile of the protein in 18-d-old and adult normal and
Tr J/1 mice (Fig. 5) as a marker for the extent of its intracellular
processing through the Golgi network. As expected, PNGase F
digestion revealed that the size of the core peptide is approxi-
mately the same in all samples (18 kDa). During normal periph-
eral nerve development, a greater fraction of the total PMP22
becomes endoH-resistant; however, a significant endoH-sensitive
pool remains, even in normal adult nerves, probably representing
an ER and/or Golgi pool of newly synthesized PMP22. At P18,
the ratio of endoH-sensitive to endoH-resistant protein is similar
in 1/1 and Tr J/1 nerves. In adult Tr J/1 nerves, however, PMP22
almost exclusively contains complex-type sugars. As a control,
anti-P0 immunoblots of identical samples revealed a similar but
less pronounced shift of the P0 protein toward complex glycosy-
lation in adult Tr J/1 nerves (Fig. 5). This result is in agreement

Figure 1. Identification of the Tr J genotype. The Tr J mutation introduces
a novel BanI restriction site in the pmp22 sequence (A). A 103 bp fragment
of the pmp22 gene, including the mutated site, was amplified by PCR.
BanI restriction enzyme untreated (2) and treated (1) samples were
analyzed on an ethidium bromide-stained 6% acrylamide gel (B). Ho-
mozygous (Tr J/Tr J) and heterozygous (Tr J/1) Tr J animals are identified
by the cleavage of the 103 bp PCR-amplified fragment into two smaller
pieces (70 and 33 bp). The numbers on the left of the gel indicate DNA
fragment size in base pairs.
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with the accumulation of P0 in Golgi-associated vesicles in Tr J/1
nerves (Heath et al., 1991). Because of the low levels of PMP22 in
Tr J/Tr J animals, similar Western blot studies on the carbohydrate
content of the protein could not be performed. The lack of
detectable levels of endoH sensitive PMP22 in adult Tr J/1 nerves
suggests that at steady-state, most of PMP22 is transported and
processed through the trans-Golgi network in Tr J/1 nerves with-
out accumulating in the ER or the early Golgi network. However,
these data alone do not rule out the possibility that the endoH-
resistant PMP22 represents only the product of the normal allele.

Immunoreactive PMP22 protein accumulates in the
cytoplasm of Tr J/1 Schwann cells where it co-localizes,
in part, with lysosomal markers
To follow further the processing of PMP22 in Tr J/1 animals, we
used immunostaining of frozen nerve sections with polyclonal
anti-PMP22 antibodies. In the normal peripheral nerve, PMP22 is
found distributed uniformly in compact myelin and is absent from

the nodes of Ranvier (Fig. 6A) (see also Snipes and Suter, 1995).
In contrast, nerve sections of adult Tr J/1 mice show low levels of
myelin-like anti-PMP22 immunoreactivity, whereas a significant
proportion of the PMP22 protein appears to accumulate in some
of the Schwann cell perikarya (Fig. 6D, arrowheads). We interpret
the myelin-like immunoreactivity as representing both myelin and
cytoplasmic staining of PMP22. In longitudinal sections, the
Schwann cells with cytoplasmic immunoreactive PMP22 from the
Tr J/1 nerves can be distinguished morphologically by their
rounded cell bodies and nuclei (Fig. 6F) from the Schwann cells
of normal mice, which have elongated cell bodies and nuclei (Fig.
6C). Comparison of the nerve sections stained with the nuclear
Hoechst dye also reveals the increased density of nuclei in Tr J/1
(Fig. 6F), compared with 1/1 mice (Fig. 6C) (see above). In
some nerve sections of 10- and 18-d-old Tr J/1 mice, we were able
to detect PMP22-like immunoreactivity in myelin sheaths resem-
bling normal nerve (Fig. 6G). Nonetheless, the staining intensity

Figure 2. Morphological studies of normal and Tr J sciatic nerves. Microscopic sections at equivalent magnifications from normal (A, D), heterozygous
Tr J (B, E, F ), and homozygous Tr J (C ) sciatic nerves from 10-d-old (A–C, F ) and adult (D, E) mice are shown. Note the marked increase in axon caliber
and myelin thickness during nerve development between normal (A, D) and Tr J/1 mice (B, E). Also note the increasing severity of dysmyelination, even
at 10 d of age between the 1/1, Tr J/1, and Tr J/Tr J nerves (A–C, respectively). Homozygous Tr J have only small amounts of myelin (C, arrows). Adult
Tr J/1 animals have increased endoneurial connective tissue (E, brown material) and occasional tomaculae are observed (bold arrow). Myelinic debris
(arrowhead ) can be found in longitudinal sections from 10-d-old Tr J/1 animals (F ). Scale bar, 20 mm.
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was usually reduced, compared with wild type, probably reflecting
the thin myelin and decreased density of myelinated fibers as
noted in the resin sections. Similar, but less abundant, myelin-like
profiles were observed in adult Tr J/1 nerves (Fig. 2). In Tr J/Tr J

nerves, we could not detect anti-PMP22 immunoreactive myelin
(data not shown).

Intracellular accumulation of PMP22 in Tr J/1 Schwann cells is
suggestive of altered protein processing, transport, and possibly,
degradation. Therefore, we performed double-immunolabeling with
rat monoclonal organelle markers for ER and lysosomes. These
studies revealed co-localization of PMP22 with LAMP1 (Fig. 6E),
but not with the ER marker (clone H-69) (see Materials and Meth-
ods) (data not shown). There is a dramatic increase in the abundance
of LAMP1 immunoreactive lysosomal structures in Tr J/1 nerves
(Fig. 6E), compared with normals (Fig. 6B). In the normal nerve,
very low levels of LAMP1-like immunoreactivity were detected,
usually concentrated at paranodal regions (Fig. 6B). Paranodal dis-
tribution of lysosomal constituents in normal myelinated nerves has
been described previously (Hildebrand et al., 1992). Inhibition of
lysosomal degradation by chloroquine treatment before immuno-
staining augmented the intracellular staining of PMP22 in Tr J/1
nerves (data not shown) (see also Fig. 9).

We also examined the anatomical distribution of three other
myelin constituents, MAG, P0 and MBP, to determine whether
their expression pattern was altered. High levels of mouse Igs in
Tr J nerves (our unpublished observations) prevented double-
immunolabeling studies with polyclonal anti-PMP22 antiserum
and mouse origin monoclonal anti-myelin protein antibodies. In
adjacent sections, however, using polyclonal anti-myelin protein
antibodies, we found that the normal distribution of MAG is
highly altered in Tr J/1 and Tr J/Tr J nerves. In the normal nerve,
MAG is found in the periaxonal region of the myelin sheath and

in areas of uncompacted myelin, such as Schmidt–Lanterman
incisures and the paranodes (Fig. 7A) (see also Martini and
Schachner, 1986, and references therein). As with PMP22, signif-
icant levels of MAG (Fig. 7B) and LAMP1 immunoreactivity (Fig.
7C) co-localize to intracellular Schwann cell compartments in
Tr J/1 (Fig. 7B,C, arrowheads) and Tr J/Tr J nerves (data not
shown). In 10-d-old Tr J/1 mice, some punctate staining of para-
nodal structures was identified by their MAG immunoreactivity,
which was absent from 10-d-old homozygous animals (data not
shown). Compared with the normal nerve (Fig. 7D), the abun-
dance of P0 (Fig. 7E) and MBP (data not shown) reactive myelin
segments was severely reduced in adult Tr J/1 nerves. Neverthe-
less, we were able to detect both P0 and MBP apparently at or
near the surface of Schwann cells. Low levels of intracellular
P0-like immunoreactivity were also found in some of the Tr J/1
Schwann cells of the adult nerve (Fig. 7E), in agreement with the
findings of Heath et al. (1991). In contrast to P0, MAG, and
PMP22, we did not detect intracellular accumulation of MBP
(data not shown).

Components of the endosomal-lysosomal pathway
are upregulated in heterozygous Tr J/1 nerves
The co-localization of PMP22 with LAMP1 prompted us to
investigate whether the lysosomal pathway is activated in Tr J/1
Schwann cells. We used Western blots to examine nerve lysates
(aliquots of the lysates that had been probed for myelin pro-
teins in Fig. 4) for the abundance of LAMP1 and CatD (Fig. 8).
LAMP1 is a structural component of lysosomes that has been
used as a marker for lysosomal vesicles (Chen et al., 1985),
whereas CatD levels are taken as indicators of lysosomal en-
zyme activity (Cataldo et al., 1995). Abnormally high levels of
LAMP1 and CatD are present in Tr J/1 nerves (Fig. 8), sug-

Figure 3. Scatterplot analysis of 10-d-old and adult nerves. Plots of fiber diameter (including axon and myelin) versus axon diameter for 10-d-old (A)
and adult (B) wild-type (1) and Tr J/1 (open circles) nerves reveal a marked tendency for the Tr J/1 myelinated fibers to have thinner myelin sheaths (fiber
diameter) for a given axon size. The best-fit linear regression lines are shown for comparison purposes and do not necessarily imply a linear relationship
between the two parameters.
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gesting a generalized increase in protein degradation. Particu-
larly striking is the marked increase in LAMP1 levels in Tr J/1,
compared with adult normal nerves. As our morphological
studies suggest (Fig. 2 F), there is an active myelin breakdown
in Tr J/1 nerves. The parallel decrease in structural myelin
components (P0, MBP, and PMP22) and increase in lysosomal
constituents were reconfirmed by reprobing the same blots with
all six different antibodies (MAG, P0, PMP22, MBP, LAMP,
and CatD).

To correlate the intracellular localization of PMP22, MAG, and
P0 with the enhanced lysosomal activity and apparent myelin
instability in Tr J/1 nerves, chloroquine-treated ex vivo nerve sam-
ples were analyzed (Fig. 9). Chloroquine, a weak base, is thought
to inhibit lysosomal enzyme activity by increasing the pH of the
acidic vesicles leading to the accumulation of proteins that are
destined for degradation (Brown et al., 1984). After a 16 hr
chloroquine treatment, we found a notable accumulation of
PMP22, P0, and MBP in Tr J/1 nerves (Fig. 9A). Compared with
these compact myelin proteins, MAG levels were less affected. We
detected only a small increase in the levels of the same proteins in
chloroquine-treated normal nerves, likely reflecting general pro-
tein degradation secondary to early Wallerian degeneration dur-
ing the overnight incubation period. Chloroquine sensitivity of
PMP22, P0, and MBP degradation further supports increased
endocytosis /autophagy in Tr J/1 nerves.

DISCUSSION
Recent and emerging studies reveal a variety of pathogenetic
mechanisms by which mutations in myelin genes can cause hered-
itary myelinopathies. In humans, a large proportion of patients
with CMT and hereditary neuropathy with liability to pressure
palsies are caused by altered PMP22 gene dosage resulting from
a duplication or deletion, respectively, of a submicroscopic por-
tion of chromosome 17 containing the human PMP22 gene (see
Suter and Snipes, 1995a). Although controversial, the altered
PMP22 gene dosage in CMT1A appears to be reflected by in-
creased levels of PMP22 mRNA in Schwann cells (Yoshikawa,
1994) and PMP22 protein in peripheral myelin (Vallat, 1996; see
also Hanemann, 1994). In mouse models alone, altered dosage of
normal myelin genes causing myelination defects has now been
described for the major compact myelin proteins in both the CNS
and PNS, namely for MBP (Shine et al., 1992), P0 (Giese et al.,
1992; Martini et al., 1995), PLP (Nave, 1994), and PMP22
(Adlkofer et al., 1996; Magyar et al., 1996; Sereda et al., 1996). In
addition, apparent gain of function, as well as dominant negative
mutations, has been identified among this group of proteins
(Warner et al., 1996). It is within this background that we discuss
the effects of the L16P mutation in the first putative transmem-
brane domain of the PMP22 protein in the Tr J mouse.

Since the original description of the Tr and Tr J mice, these
animals have been used as models of human hereditary peripheral
neuropathies (Nave, 1994). We have begun to address the cellular
pathogenesis of the PMP22 myelinopathies by focusing on the Tr J

neuropathy. Our studies confirmed and extended earlier morpho-
logical (Henry et al., 1983) and immunochemical (Heath et al.,
1991) findings in Tr J mice. Data indicate an increasing disparity
between normal and diseased nerves in the Tr J neuropathy with
advancing age, similar to the disease progression in humans with
CMT1A and the Tr mouse (Ayers et al., 1976; Low, 1977). We
show that the Tr J neuropathy is manifest as a primary dysmyeli-
nation early in myelin formation. Studies on children with
CMT1A also reveal heterogeneous nonprogressive slowing of
nerve conduction from early childhood consistent with a dysmy-
elinating process with full genetic penetrance (Nicholson, 1991;
Kaku et al., 1993a,b). The Tr J and CMT1A clinical phenotypes
are similar; namely, both are progressive sensorimotor neuropa-
thies, although their pathologies and axon–myelin thickness rela-
tionships differ (Gabreels-Festen, 1995). Thus, although there are
many similarities between the Tr J neuropathy caused by a point
mutation and CMT1A attributable to PMP22 duplication, there
are likely to be fundamental pathogenetic similarities and differ-
ences that remain to be elucidated.

The major finding in this paper is that the endosomal / lysosomal
pathways are activated in the Tr J neuropathy and that PMP22 and
other myelin proteins are degraded at a high rate in Tr J/1 nerves.
There are several cellular mechanisms by which a mutant trans-
membrane glycoprotein may be degraded. First, if the mutation
interferes with the normal folding or oligomerization of the pro-
tein, then it is retained and degraded in the ER (Bonifacio and
Lippincott-Schwartz, 1991). A second possible pathway involves
the direct transport of the glycosylated mutant protein from the
trans-Golgi network to endosomal / lysosomal vesicles. This path-
way has been described for the transport of lysosomal proteins via
specific targeting sequences (Green et al., 1987; Kornfeld and
Mellman, 1989), but has not yet been implicated in the elimina-
tion of mutant proteins destined for the plasma membrane. Third,
the mutant protein could translocate to the plasma membrane,

Figure 4. PMP22, P0, and MBP protein levels are reduced significantly in
Tr J nerves, whereas MAG remains normal. Total sciatic nerve homoge-
nates of 18-d-old (P 18) wild-type (1/1), heterozygous (2/1), homozy-
gous (2/2), and adult wild-type (1/1) and heterozygous (2/1) mice were
analyzed for the expression of four different myelin proteins, MAG, P0,
PMP22, and MBP. All lanes contain 25 mg of total protein. Molecular
weights are indicated in kilodaltons.
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where its insertion may be unstable. Autophagy of the mutant
protein (or abnormal membranes) would lead to degradation by
the lysosomal pathway.

Based on recent in vitro studies of the Tr mutation in pmp22
(Naef et al., 1997) and several proteolipid protein mutations
(Gow et al., 1994), we had reason to expect that the nonconser-
vative L16P mutation in PMP22 underlying the Tr J neuropathy
would result in its ER retention and degradation. In these muta-
tions, the abnormal protein is apparently recognized as defective
and is retained in the ER. Degradation of misfolded or incorrectly
oligomerized proteins from the ER is a commonly used pathway
(Bonifacio and Lippincott-Schwartz, 1991) for ensuring the integ-
rity of protein synthesis. As will be discussed below, we find no
evidence that the effect of the Tr J mutation is manifest at the level
of the ER. That not all mutations are detected by ER fail-safe
mechanisms is clearly shown by studies of mutations in transmem-
brane proteins underlying other human diseases (for review, see
Amara et al., 1992). For example, depending on the specific
mutation in the rhodopsin molecule, the mutant protein may be
retained in the ER or may be transported to the plasma mem-
brane (Sung et al., 1991). We hypothesize that the differences
observed between Tr and Tr J mice with regards to the intracellu-
lar processing of PMP22 reflect a similar pleiotropism. Alternative
explanations, however, including species differences attributable
to distinct genetic backgrounds and methodological differences,
will need to be explored further.

Although the products of the normal and the mutated pmp22
alleles were not differentiated in heterozygous Tr J/1 mice, we do
not believe that the mutated PMP22 in Tr J/1 animals is selec-
tively eliminated by ER retention and degradation for several
reasons. First, our immunohistochemical results co-localizing
most of the intracellular PMP22 in Tr J/1 nerves with lysosomal
markers, and not ER markers, argue against a mutation-specific
ER retention. This histochemical localization is consistent with
our inability to detect a pool of ER- and/or Golgi-resident

endoH-sensitive PMP22 in Tr J/1 nerves, even though this pool is
readily visible in normal nerves. One interpretation of this finding
is that newly glycosylated PMP22 is used more rapidly in Tr J/1
nerves than in normal nerves, reflecting increased myelin turn-
over. Furthermore, simply removing the mutated PMP22 protein
from the ER (assuming no other effects of the mutated protein)
would lead to a 50% reduction in functional protein, which should
result in the phenotype of heterozygous PMP22 knock-out
(PMP220/1) mice. PMP220/1 mice display prominent tomacula at
a young age (Adlkofer et al., 1995). In contrast, we and others
(Henry et al., 1983) find only a few of these structures in Tr J/1
nerves. Moreover, homozygous pmp22 knock-out mice live past 20
weeks of age, whereas Tr J/Tr J animals die at P18, again indicating
either a gain of function or a dominant-negative effect for the Tr J

protein. The effects of different genetic backgrounds in these
examples are unlikely to be significant, because both PMP220/1

and Tr J/1 mice appear to faithfully reflect their human disease
counterparts, hereditary neuropathy with liability to pressure pal-
sies (Adlkofer et al., 1995) and variant CMT1A (Valentijn et al.,
1992). Finally, ER retention and degradation of mutated PMP22
would not explain the accumulation of PMP22, MBP, and P0 in
endosomes / lysosomes after chloroquine treatment.

It is difficult to distinguish from the data presented here
whether there is direct transport of mutated PMP22 from the
Golgi network to lysosomes, or whether the mutation leads to
increased instability of myelin, without determining if the mutated
PMP22 protein is incorporated into myelin. A specific shunting of
trans-Golgi mutant PMP22 resulting in a 50% reduction of
PMP22 is unlikely based on the observed differences between
PMP220/1 and Tr J mice. Furthermore, if the mutated PMP22 is
shunted directly to endosomes / lysosomes without being incorpo-
rated into myelin, it would have to be associated with other myelin
proteins, perhaps as “premyelin” vesicles, to account for the
increased accumulation with P0 and MBP in endosomes / lyso-
somes after chloroquine treatment. The possibility of an effect on

Figure 5. Increased proportion of PMP22 and P0 is endoH-resistant in Tr J/1 nerves. Sciatic nerve lysates of 18-d-old and adult, wild-type (1/1), and
heterozygous Tr J (2/1) mice were treated with PNGase F (N ) or endoH (H ) and immunoblotted with anti-PMP22 and anti-P0 antibodies. Samples
incubated without the addition of enzyme are analyzed in lanes C. Top open arrows indicate endoH-resistant proteins, and bottom arrows show the
migration position of the deglycosylated protein. Lanes for the wild-type samples (1/1) contain 25 mg of total protein, and lanes for the heterozygous
(2/1) samples contain 75 mg of total protein. Molecular weights are indicated in kilodaltons.
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Figure 6. Co-localization of PMP22 and LAMP1 in Tr J Schwann cells. Fresh-frozen sections of adult normal (A–C ) and Tr J/1 (D–F ) sciatic nerves were
double-immunolabeled with polyclonal anti-PMP22 (A, D) and monoclonal LAMP1 (B, E) antibodies. Nuclei were stained with Hoechst dye (C, F ). In
the normal nerve, PMP22 is found in myelin (A) and is absent from the nodes of Ranvier (A, arrows). In comparison, PMP22 accumulates in the cell bodies
of some of the Schwann cells in Tr J/1 nerve (D, arrowheads). A low level of LAMP1-like immunoreactivity is found in the normal nerve (B, arrows), which
is markedly increased in the Tr J/1 nerve (E). Several Schwann cells are identified in the Tr J/1 sample and show co-localization of PMP22 and LAMP1
(arrowheads in D and E, respectively). In 10-d-old heterozygous Tr J nerve, PMP22-like immunoreactivity can be detected in the Schwann cell membrane
(G). Scale bar (shown in G): 50 mm.
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“premyelin” vesicles seems particularly unlikely for MBP, a cyto-
plasmic protein synthesized on free polyribosomes in close prox-
imity to myelin assembly (for review, see Campagnoni and Mack-
lin, 1988). Ultimately though, this putative pathway fails to explain
why the leftover wild-type PMP22 and the other compact myelin
proteins cannot support the formation of normal myelin over a
longer period of time.

The possibility that the L16P PMP22 mutation might behave
either as a dominant negative mutation by disrupting the interac-
tion of PMP22 with itself or other myelin proteins, or as a gain of
function mutation by sequestering interacting proteins or over-
whelming degradation pathways during biosynthesis and process-
ing or within the myelin membranes, cannot be readily dismissed.

The altered expression pattern and intracellular detection of P0
and MAG in Tr J/1 nerves may indicate an interaction of PMP22
with MAG and/or P0. These transmembrane myelin proteins
carry adhesion motifs and are thought to have a role in PNS
myelin formation and maintenance (for review, see Snipes and
Suter, 1995). In vivo homotypic and /or heterotypic interaction and
likely multimerization of myelin proteins have been proposed but
has only been documented in vitro (D’Urso et al., 1990; Sinoway
et al., 1994; Jung et al., 1995). These protein interactions may take
place during intracellular trafficking, such as in the case of PLP
and DM20 (Sinoway et al., 1994) and /or in the plasma membrane
(D’Urso et al., 1990; Shapiro et al., 1996). Our morphological and
biochemical studies suggest that the Tr J mutation in PMP22 leads

Figure 7. The Tr J mutation alters the normal distribution pattern of MAG and P0. Fresh-frozen sections of adult normal (A, D) and Tr J/1 (B, C, E)
sciatic nerves were examined for the distribution of MAG (A, B) and P0 (D, E). The normal localization pattern of MAG is shown in A. Intracellular
MAG-like immunoreactivity (B, arrowheads) is co-localized with LAMP1 (C, arrowheads) in Tr J/1 nerves. In the normal nerve, P0 is found in compact
myelin (D). Reduced levels of myelin-like P0 immunoreactivity are present in Tr J/1 nerves (E). A nerve sample processed without primary antibody
incubation is shown in F. Scale bar (shown in F ): 80 mm.
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to altered distribution of both MAG and P0. We and others
(Heath et al., 1991) have found abnormal intracellular accumula-
tion of PMP22, P0, and MAG in Tr J/1 Schwann cells either in
Golgi-associated vesicles or associated with LAMP1-positive
structures, suggesting that if these dominant-negative or gain-of-
function mechanisms are operative, they affect post-Golgi
compartments.

In conclusion, our results are most consistent with the possibil-
ity that the effect of the L16P mutation in PMP22 is to increase
myelin instability in Tr J/1 nerves. Augmented myelin breakdown
in excess of myelin synthesis would account for the morphological
and biochemical hypomyelination observed in the Tr J/1 mouse at
all ages. This hypothesis is supported additionally by our obser-
vation that PMP22 protein in Tr J/1 Schwann cells is found in
abnormally large quantities in the cytoplasm, apparently co-
localizing with the lysosomal marker LAMP1. In addition,
LAMP1 and CatD protein levels are upregulated, whereas the
steady-state levels of PMP22, MBP, and P0 proteins are reduced.
We hypothesize that the mutant Tr J PMP22 is normally glycosy-
lated and is incorporated into myelin along with MBP and P0. The
myelin containing these three proteins then becomes unstable and
undergoes autophagy and/or endocytosis by the Schwann cells
that degrade the myelin proteins and recycle the lipids through
the endosomal / lysosomal pathway which is upregulated in the Tr J

neuropathy. The final proof of this hypothesis will await studies
that examine directly whether PMP22 carrying the L16P mutation
is incorporated into myelin and direct measurements of myelin
turnover in Tr J/1 nerves. Although we have outlined significant
differences between the Tr J neuropathy and CMT1A, it will be of
considerable interest to determine whether CMT1A also shows
evidence for increased myelin turnover as a final common path-
way for one class of myelin disorders.
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