The Journal of Neuroscience, September 1892, 12(9): 3676-3687

Primary Demyelination Induced by Exposure to Tellurium Alters
Schwann Cell Gene Expression: A Model for Intracellular Targeting
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Exposure of developing rats to tellurium results in a highly
synchronous segmental demyelination of peripheral nerves
with sparing of axons; this demyelination is followed closely
by a period of rapid remyelination. Demyelination occurs
subsequent to a tellurium-induced block in the synthesis of
cholesterol, the major myelin lipid. We utilized the tech-
niques of Northern blotting, in situ hybridization, and im-
munocytochemistry to examine temporal alterations in
Schwann cell gene expression related to demyelination and
remyelination. Tellurium-induced demyelination is associ-
ated with downregulation of myelin protein expression and
a corresponding upregulation of NGF receptor (NGF-R) and
glial fibrillary acidic protein (GFAP) expression. Steady-state
mRNA levels (expressed on a “per nerve” basis) for P,, the
major myelin protein, were decreased by about 50% after 5
d of tellurium exposure, while levels of mMRNA for NGF-R and
GFAP were markedly increased (about 15-fold). In situ hy-
bridization of teased fibers suggested that the increase in
steady-state mRNA levels for NGF-R was primarily associ-
ated with demyelinated internodes and not with adjacent
unaffected internodes. Although P, message was almost to-
tally absent from demyelinating internodes, it was also re-
duced in normal-appearing internodes as well. This sug-
gests that limiting the supply of a required membrane
component (cholesterol) may lead to partial downregulation
of myelin gene expression in all myelinating Schwann celis.

In partially demyelinated internodes, NGF-R and GFAP im-
munofluorescence appeared largely confined to the demy-
elinated regions. This suggests specific targeting of these
proteins to local areas of the Schwann cell where there is
myelin loss. These results demonstrate that demyelination
is associated with reversion of the affected Schwann cells
to a precursor cell phenotype. Because axons remain intact,
our results suggest that these changes in Schwann cell gene
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expression do not require input from a degenerating axon,
but instead may depend on whether concerted synthesis of
myelin is occurring.

In normal adult peripheral nerve, myelinating and nonmyeli-
nating Schwann cells express different proteins. The myelin pro-
teins, including P,, myelin basic protein (MBP), and myelin-
associated glycoprotein, are expressed only in myelinating
Schwann cells (Mirsky et al., 1980; Trapp and Quarles, 1982,
1984; Griffiths et al., 1989; Jessen et al., 1990). Nonmyelinating
Schwann cell gene expression is very similar to that of the de-
velopmental “precursor cell” phenotype. Nonmyelinating
Schwann cells express NGF receptor (NGF-R), glial fibrillary
acidic protein (GFAP), and neural cell adhesion molecule (N-
CAM), among others. All of these proteins are significantly
downregulated in myelinating Schwann cells (Jessen and Mir-
sky, 1984; Mirsky et al., 1986; Jessen et al., 1990), although
expression of N-CAM and another cell-adhesion molecule, L1,
continues at “nodal regions” of myelinating Schwann cells and
on the nodal axon of the adult (Rieger et al., 1986).

Models frequently used for study of Schwann cell differenti-
ation in the PNS involve transection or crush of nerves in adult
animals. In vivo, a viable axon is necessary not only to initiate
the commitment of Schwann cells to myelination, but also to
maintain the differentiated Schwann cell. Transection of a pe-
ripheral nerve is followed by rapid and profound downregula-
tion of the myelin protein genes (LeBlanc et al., 1987; Gupta et
al., 1988, 1990; Trapp et al., 1988; LeBlanc and Poduslo, 1990,
Thompson et al., 1991) and loss of galactocerebroside (Jessen
et al., 1987b). There is 2 concomitant reexpression of NGF-R
(Taniuchi et al., 1986, 1988; Heumann et al., 1987; Johnson et
al., 1988; Bosch et al., 1989) and N-CAM (Nieke and Schachner,
1985; Daniloffetal., 1986; Jessen et al., 1987a) in the denervated
Schwann cells. The processes involved in myelination during
development are recapitulated during the regeneration that oc-
curs subsequent to a nerve crush (Gupta et al., 1988, 1990;
LeBlanc and Poduslo, 1990; Mitchell et al., 1990).

Certain toxicant-induced disorders produce segmental de-
myelination (e.g., lead neuropathy; Krigman et al., 1980). These
models offer the potential for studying demyelination and re-
myelination without the added complexity of axonal changes.
Exposure of developing rats to a diet containing tellurium results
in a peripheral neuropathy characterized by a highly synchro-
nous, transient primary demyelination without observable ef-
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Figure 1. Northern blot analysis of steady-state mRNA levels for P,, NGF-R, and GFAP. Samples of total RNA from sciatic nerves of control
(C) rats and from rats exposed to tellurium (7e) for 5 d were separated on denaturing agarose gels, transferred to nylon membranes, and hybridized
with cDNA probes specific for each protein. The same samples were used for all three hybridizations; data for NGF-R and GFAP are from the
same blot (5 ug/lane), while data for P, are from a different blot containing 0.3 ug/lane. The two Te lanes are from separate animals. Althou_gh !he
signals for NGF-R and GFAP were very weak in control sciatic nerve samples, longer exposures than those shown in this figure allowed quantitation
of relative message levels in these samples. Because the Te /lanes in the longer exposure times needed to quantitate control message levels may
have been overexposed, the calculated degree of upregulation (~ 15-fold for both NGF-R and GFAP) may actually be an underestimate.

fects on the axon. Demyelination is followed closely by a period
of rapid remyelination (Lampert and Garrett, 1971; Duckett et
al., 1979; Said et al., 1981; Takahashi, 1981; Bouldin et al.,
1988). Tellurium blocks cholesterol synthesis, specifically by
inhibiting the squalene epoxidase reaction that converts squa-
lene to lanosterol (Harry et al., 1989; Wagner-Recioetal., 1991).
Although the tellurium-induced block is systemic, it is sciatic
nerve myelin that is preferentially affected. This is presumably
due to the structural requirement for cholesterol to stabilize the
multilamellar myelin membranes. Although this requirement
also holds for CNS myelin, the rate of myelin synthesis, and
thus the demand for newly synthesized cholesterol, is much
greater in sciatic nerve than in brain.

As in the regeneration models, there is a reversible downre-
gulation of mRNA expression for the major structural proteins
of myelin (P, and MBP) during the demyelinating phase (Toews
et al., 1990), and upregulation of mRNA expression for the
NGF-R and the POU domain protein, SCIP (Toews et al., 1991a).
We now extend our observations to correlation of the expression
of specific markers with the presence or absence of pathological
alterations in individual Schwann cells.

Preliminary findings have been presented (Griffiths et al., 1992;
Toews et al., 1992).

Materials and Methods

Experimental model. Animals were exposed to tellurium as previously
described (Harry et al.,, 1989). Briefly, 20-d-old male Long-Evans or
Sprague-Dawley rats were placed on a diet containing either 1.1% or
1.5% tellurium for 7 consecutive days, after which a normal (Purina
rodent chow) diet was provided ad libitum. Sciatic nerves were removed
at times ranging from 1 to 30 d after initiation of tellurium exposure.
The same nerves were used for RNA isolation and morphological studies
(in situ hybridizations and immunocytochemistry); a 5 mm segment
was immersion fixed in 4% paraformaldehyde, 0.1% glutaraldehyde,
and the remainder was used for RNA isolation.

RNA isolation and Northern blot analyses. For total RNA preparation,
nerves were homogenized in guanidine isothiocyanate and the RNA
purified by centrifugation through cesium chloride with subsequent eth-
anol precipitation (Toews et al., 1990; based on Chirgwin et al., 1979).
RNA species were separated according to molecular weight on dena-
turing 0.7% agarose gels containing formaldehyde (Pauley et al., 1984)
and transferred to Zeta-Probe nylon blotting membranes (Bio-Rad Lab-
oratories, Richmond, CA). Filters were hybridized with 3?P-labeled cDNA
probes (synthesized using the random-primer method; Feinberg and
Vogelstein, 1983) specific for either P, (Lemke and Axel, 1985), NGF-
R (Raedeke et al., 1987), or GFAP (Lewis et al., 1984). Filters were
washed and then exposed to x-ray film; at least three autoradiography
films with varying exposure times were analyzed for each hybridization.
Levels of RNA were determined by quantitative densitometry of the
autoradiograms. To control for variability in sample handling, values
so obtained were normalized to the amount of ribosomal RNA in each

lane, as assayed with a ¥P-end-labeled oligonucleotide (Maniatis et al.,
1982) specific for 28S ribosomal RNA.

Preparation of nerves for cytochemical studies. Fresh-frozen 10 um
sections of sciatic nerve were cut, air dried, fixed in 4% paraformal-
dehyde for 5 min, washed, and redried. Sections were stored at —20°C
until use (usually overnight, but no longer than 2 weeks). Fibers were
loosely teased from small bundles of fixed or unfixed sciatic nerve on
poly-L-lysine—coated slides, allowed to air dry, and then processed as
described previously (Griffiths et al., 1989). Each slide contained both
tellurium-treated and control nerves for parallel processing and evalu-
ation.

In situ hybridization. Antisense and sense RNA probes labeled with
38-UTP were transcribed. Full details of the P, probe have been pub-
lished previously (Griffiths et al., 1989; Mitchell et al., 1990). The probe
for the rat NGF-R was a 1.7 kilobase EcoRI/BgllIl fragment of the
pNGFR.1 plasmid (Raedeke et al., 1987), subcloned into pBluescript
11 KS (+; Stratagene). Hybridizations were performed on frozen sections
and on bundles of teased fibers essentially as described previously (Grif-
fiths et al., 1989; Mitchell et al., 1990). Autoradiograms of teased fibers
were stained with Sudan black B to visualize myelin. Frozen sections
were lightly counterstained with hematoxylin to visualize nuclei.

Immunocytochemistry. Antiserum to rat NGF-R (clone 192), ob-
tained from Boehringer-Mannheim and Dr. E. M. Johnson (Taniuchi
etal., 1986, 1988), was used ata concentration of 1.25 ug/ml. Antiserum
to GFAP (Dako) was used at 1:750. MBP antiserum, from Dr. J.-M.
Matthieu (Centre Hospitalier Universitaire Vaudois, Lausanne, Swit-
zerland), was used at 1:500. Secondary antisera for immunofluorescence
were FITC-conjugated goat anti-mouse IgG1 (Southern Biotechnology)
used at 1:100; FITC-conjugated goat anti-rabbit IgG (Sigma) used at
1:130; TRITC-conjugated goat anti-rabbit IgG (Sigma) used at 1:200,
and FITC-conjugated goat anti-mouse IgG (Sigma) used at 1:75. Mouse
peroxidase-antiperoxidase (ICN) and goat anti-mouse IgG (Sigma) were
used for immunoperoxidase staining.

Primary and secondary antibodies were diluted in PBS plus 1% nor-
mal goat serum. NGF-R antibody was applied to unfixed nerves for 60
min at room temperature. Additionally, NGF-R antibody was used on
fibers fixed for 30 min at 4°C in 3% paraformaldehyde. Following in-
cubation with secondary antibody for 30 min at room temperature,
fibers were fixed for 10 min in 3% paraformaldehyde. Unfixed nerves
for GFAP staining were extracted with 0.1% Triton X-100 for 10 min
at room temperature and then fixed for 20 min at room temperature in
paraformaldehyde, and then antiserum was applied overnight at 4°C.
Some fibers were labeled for NGF-R as above, fixed in 3% parafor-
maldehyde, extracted in 0.1% Triton X-100, 0.1% deoxycholate for 30
min at room temperature, and then stained overnight at 4°C with anti-
MBP. Slides were mounted in 0.1% paraphenylenediamine in PBS/
glycerol. In some cases, fibers were processed by the standard peroxi-
dase-antiperoxidase technique (Van Noorden and Polak, 1983) and then
counterstained with Sudan black B, after immunostaining for NGF-R
as described above. In some instances, fibers were stained with propi-
dium iodide to demonstrate nuclei prior to mounting (Jones and Kniss,
1987).

Results

The sequence of events following exposure of developing rats
to a tellurium-containing diet begins with a primary segmental



Figure 2. In situ hybridization of frozen sections from sciatic nerves of control and tellurium-treated rats, using riboprobes for P, protein. Sections
were prepared as described in Materials and Methods. 4, Control sciatic nerve hybridized with antisense P, riboprobe. Schwann cells are heavily
labeled. B, Sciatic nerve from animal exposed to tellurium for 5 d, hybridized with antisense P, riboprobe. There are fewer labeled cells, and the
cells are labeled less intensely than in control nerve. C, Control nerve hybridized with sense P, riboprobe. Only background grains are present.
Sections have been lightly counterstained with hematoxylin to visualize nuclei. Magnification, 145 x.



demyelination and dedifferentiation of Schwann cells, and pro-
gresses through Schwann cell proliferation and subsequent re-
myelination of demyelinated internodes. Morphological ex-
aminations carried out during this investigation confirmed those
reported previously in that axons remained intact and did not
show any morphological evidence of damage.

Steady-state mRNA levels for P, are reduced by about 50%,
while those for NGF-R and GFAP are greatly increased. When
expressed on a “per nerve” basis, message levels for P, were
decreased by about 50% after 5 d of tellurium exposure (Fig. 1;
see aiso Toews et al., 1990, 1991a). There was a corresponding
upregulation (~ 15-fold) of mRNA expression for NGF-R and
GFAP (Fig. 1), coincident with the downregulation for P,.

mRNA for P, is significantly reduced even in many Schwann
cells maintaining intact internodes. In situ hybridizations of
frozen sections from sciatic nerves from rats treated with tel-
lurium for 5 d suggest that the decrease in steady-state mRNA
levels for P, detected by Northern blot analysis results from
fewer positive cells, as well as from a generalized decrease in
signal intensity in positive cells (Fig. 2).

Distribution of mRNA for P, and NGF-R in teased fibers.
Localization of mRNA for P, and NGF-R was also examined
by in situ hybridization techniques in teased fiber preparations
of sciatic nerve, using antisense RNA probes. In control nerves,
P, mRNA showed a strong focal perinuclear signal located in
the mid-internode (Fig. 34, inset), as previously reported (Grif-
fiths et al., 1989; Mitchell et al., 1990). Signal intensity is related
to fiber size (larger internodes are more intensely labeled) and
is of approximately equal intensity in contiguous internodes
along the same fiber (Grifhiths et al., 1991).

Teased fiber preparations were examined 3, 5, 7, and 9 d after
beginning tellurium exposure. No obvious morphological ab-
normalities were detected at the light microscopic level at 3 d
but were present at later times. Demyelination occurred ran-
domly along fibers, with the myelin sheath of many internodes
remaining intact as judged by Sudan black B staining. The an-
imals used in this portion of the study were fed a lower level of
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tellurium than those above (1.1% vs 1.5%) so that the few de-
myelinated internodes could be readily contrasted with adjacent
unaffected internodes. Along with the longer exposure times to
increase sensitivity for identifying message in the demyelinated
internodes, these procedures obscured the generalized decrease
in message apparent in the less-exposed frozen sections de-
scribed above.

The presence of localized zones of demyelination at the par-
anodes during the early stages of demyelination is compatible
with considerable expression of P, mRNA (Fig. 34). More ex-
tensive loss of myelin along all or most of an internode is,
however, invariably associated with a drastic decrease in P,
signal (Fig. 3B, oblique arrow 2). Intact intcrnodes adjacent to
the demyelinating segments continuc to express P, mRNA. The
remyelination that closely follows the tellurium-induced de-
myelination is associated with proliferation of Schwann cells
and the formation of short internodes (Said et al., 1981). By 5
d, and more obviously by 9 d, a demyelinated internode is often
associated with several P,-expressing Schwann cells, with the
message level increasing in these cells over this time period (Fig.
30).

NGF-R mRNA expression was studied in teased fibers at 5
and 9 d after beginning exposure to tellurium (Fig. 4). Signal
was absent or very low in intact internodes (Fig. 44). A typical
partially demyelinated internode is shown in Figure 4B. Some
partially demyelinated internodes had variable expression of
NGF-R, with some showing upregulation and others no in-
crease. However, it is evident that in the majority of cases, even
small amounts of myelin loss in an internode are associated
with increased NGF-R mBNA expression, which is localized
in the perinuclear area. Segmental demyelination (involving the
entire internode) is also associated with NGF-R upregulation.
Most newly formed intercalated Schwann cells involved in re-
myelination are also positive (Fig. 4C-E).

Immunocytochemical localization of myelin proteins, NGF-
R, and GFAP along internodes. Teased fibers of sciatic nerves
from rats exposed to tellurium for 6 and 7 d were immuno-

—

Figure 3. In situ hybridization of teased fibers from sciatic nerves of control and tellurium-treated rats, using an antisense RNA probe for P,
protein. After development of the audioradiogram, the slide was stained with Sudan black B to demonstrate myelin. In all panels, nodes are
indicated by vertical solid arrows and affected internodes lie within open arrows. A, A single internode in the early stages of demyelination. There
is patchy loss of myelin, especially in the paranodal regions, and focal swellings of the sheath. The intensity of the P, signal, which is located in
the mid-internodal perinuclear area, appears similar to a normal fiber from an age-matched control rat (inser) at this stage of demyelination. The
animal was exposed to tellurium for 5 d. B, A single continuous fiber is shown in sequential longitudinal photographic strips, arranged vertically.
The fiber begins at the fop left and continues, in a left to right orientation, to the bottom right corner. A normal intact internode with strong P,
expression in the perinuclear region (oblique arrow I) can be compared to the adjacent demyelinated internode, where P, intensity in the perinuclear
region (oblique arrow 2) is virtually absent. The animal was exposed to tellurium for 7 d. C, A single continuous fiber, depicted as described for
B, from the sciatic nerve of a rat 9 d after beginning a 7 d exposure to tellurium. The original internode contained within the open arrows has been
demyelinated; Schwann cell proliferation has occurred with the formation of at least six intercalated segments that are associated with strong P,
expression. This constitutes the early stages of remyelination. Unaffected internodes, also with strong P, expression, are present on both sides of
this remyelinating internode. Magnification: 4, 300x; B and C, 550 x.

Figure 4. Teased fibers from sciatic nerves of control and tellurium-treated animals hybridized with antisense RNA probe for NGF-R and
counterstained with Sudan black B to demonstrate myelin. In all panels, nodes are indicated by the larger vertical arrows and affected internodes
are shown by open arrows. A, Myelinated fiber from a control rat. No NGF-R signal is detectable. The perinuclear area is indicated by a smal!
arrow. B, Single continuous fiber, beginning at the fop left and continuing in serial longitudinal photographic strips to the bottom right, from the
sciatic nerve of a rat exposed to tellurium for 5 d. There are small areas of paranodal myelin loss at each node and a slight swelling of the fiber,
due to myelin vacuolation, just to the left of the nuclear area in the lower strip. Silver grains, denoting NGF-R mRNA, are present in the perinuclear
area (small arrow). C, Single continuous fiber from sciatic nerve of a rat exposed to tellurium for 5 d, showing a single demyelinated internode.
The demyelinated area contains several foci of silver grains (some indicated by small arrows), one of which, in the center, is larger. When stained
with propidium iodide, these foci correspond to nuclei and probably represent upregulation of NGF-R in postmitotic Schwann cells. D, Another
single continuous fiber, showing a demyelinated internode, with the small arrows indicating some of the NGF-R—-expressing cells in the demyelinated
area. All of these foci are associated with nuclei when stained with propidium iodide and probably represent new Schwann cells. E, Part of a
demyelinated internode showing foci of silver grains (small arrows). Parts of the original sheath are still visible as darkly stained areas. Magnification:
A, 390x; B, 320x; Cand D, 250x; E, 400x.
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Figure 5. Teased fiber preparation from a rat exposed to tellurium for 7 d. The same fibers are shown in phase contrast (4), immunostained for
NGF-R and visualized with fluorescein optics (B), and immunostained for MBP and visualized with rhodamine optics (C). A normal myelinated
fiber (open arrows) stains for MBP but not NGF-R. A second myelinated fiber, from left center to top, also stains intensely for MBP, but not for
NGF-R. Another fiber, part of which is undergoing demyelination (small arrows), shows reactivity for NGF-R and reduced myelin (MBP) staining.
This fiber continues to an intact internode (large arrows) in which MBP staining is strong but NGF-R reactivity is absent. A nucleus, possibly from
a Schwann cell, is indicated (¥) in the demyelinated area. Other fibers from the same animal are shown in phase contrast (D) and immunostained
for NGF-R (E). The majority of fibers are normal and fail to stain for NGF-R. A single fiber shows an area of demyelination (small arrows) positive
for NGF-R, and normal morphology (large arrows) on either side with no NGF-R staining. Magnification: 4-C, 360x; D and E, 170x.
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Figure 6. Teased fibers from the sciatic nerve of a rat exposed to tellurium for 7 d. 4, The preparation has been immunostained for NGF-R
(brown) using the peroxidase-antiperoxidase technique. Normal myelin is stained greenish blue by Sudan black B. Schwann cells on a demyelinated
internode (between vertical arrows) are strongly positive for NGF-R. Several nuclear outlines (small arrows) can be seen along its length. Unmyelinated
fibers (U) are also positive for NGF-R, a normal feature. B and C, Fibers from the same rat immunostained for NGF-R and then counterstained
with Sudan black B. Both panels show partial demyelination of an internode (between arrows) with a corresponding expression of NGF-R in the
demyelinated areas. Nuclei are not associated with these areas, indicating that they are derived from the original internode and are not newly
forming intercalated internodes. D and E, Teased fibers from sciatic nerve of a rat exposed to tellurium for 7 d are shown in phase contrast (D)
and by immunofluorescence for NGF-R (E). Two myelinated fibers and an unmyelinated fiber are present. One myelinated fiber () is normal
under phase optics (D) and is unstained for NGF-R (E). The other is partially demyelinated from the level marked by the solid arrow in the direction
of the open arrow, and this area stains intensely for NGF-R. An unmyelinated fiber (1) is also positive for NGF-R, a normal feature. Magnification:
A, 270x; Band C, 800x; D and E, 460x.

stained for myelin proteins, NGF-R, and GFAP. Obvious de-  of the unmyelinated fibers remains unaltered (positive for NGF-
myelination is present at these times. Immunostaining with R, but negative for myelin proteins).

NGF-R antibody is seen in affected internodes, but not in ad- Demyelination often involves only part of an internode, and
jacent intact internodes (Figs. 54-C, 64). The staining profile ~ adjacent internodes are commonly intact. In partially demye-
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Figure 7. Teased fibers from a control rat sciatic nerve are shown in phase contrast in 4 and C. These same fibers are shown under fluorescein
optics after immunostaining for NGF-R (B) and GFAP (D), respectively. None of the myelinated fibers are stained for either antigen, while
unmyelinated fibers (arrows) covered by nonmyelinating Schwann cells are positive for each antigen. Magnification, 670 x.

linated internodes, the NGF-R expression is most frequently
colocalized with the zone(s) of demyelination, although some
overlap with the still-myelinated part of the internode is not
uncommon (Figs. 5, 6 B—F). The antigen is present in the Schwann
cells surrounding the axons. Combining the NGF-R immuno-
staining with propidium iodide fluorescence allowed nuclei to
be visualized. Segmentally demyelinated internodes are asso-
ciated with increased numbers of nuclei derived from Schwann
cells and perhaps macrophages. In some fibers, however, short
lengths of partial demyelination within an internode are asso-
ciated with upregulation of NGF-R. This upregulation was not
associated with any extra nuclei (Fig. 6 B,C), indicating that such
an area is not a newly formed intercalated segment but still part
of the original internode. This finding suggesis that a Schwann
cell associated with a partially demyelinated internode can si-
multaneously exhibit molecules characteristic of both a myeli-
nating and nonmyelinating phenotype.

Data from teased fibers of sciatic nerve from control animals
confirm the findings of previous workers. Briefly, myelinated
internodes are positively stained with antibody to a structural
myelin protein (data not shown; MBP was the myelin protein
selected for immunocytochemistry because it is very immu-
nogenic and can be well resolved). In contrast, these internodes
are negative for staining with antibodies for NGF-R and GFAP
(Fig. 7). Each sample of teased fibers usually also contains sev-
eral small bundles of unmyelinated fibers; the Schwann cells
associated with these fibers stain intensely for NGF-R and GFAP.

Immunostaining for GFAP in teased fibers from tellurium-
treated rats is also increased in a pattern similar to that seen for
NGF-R (Fig. 8). GFAP expression is associated with demyelin-
ated internodes, while adjacent internodes do not stain. Again,

expression of this protein seems localized to areas of demyelin-
ation.

Discussion

Tellurium-induced demyelination is associated with a reversion
of affected Schwann cells to a nonmyelinating or precursor phe-
notype. Thus, myelin protein genes are downregulated while
NGF-R and GFAP are upregulated (see also Toews et al., 1990,
1991a). These events occur in parallel with a synchronous seg-
mental demyelination. In situ hybridization for P, mRNA on
frozen sections suggests that, in addition to the almost complete
downregulation of expression of message in demyelinated in-
ternodes, there is also a generalized decrease in P, expression
in all myelinating Schwann cells. Because of the nature of the
tellurium-induced metabolic insult—a block in synthesis of cho-
lesterol necessary for myelin synthesis and maintenance—the
entire program of myelin gene expression may be somewhat
downregulated in all myelin-producing cells. This would con-
tribute to the total observed decreases in steady-state mRNA
levels for myelin proteins, as detected by Northern blot analysis.
More detailed studies to elucidate the quantitative aspects of
the relationship between the degree of inhibition of cholesterol
synthesis, the amount of decrease in P, message levels, and the
degree of demyelination seem warranted. Such information could
cast light on how synthesis of myelin proteins and myelin lipids
is coordinated. Because exposure to tellurium alters cholesterol
synthesis in all tissues, it is possible that certain aspects of steroid
hormone homeostasis are disturbed. Steroid hormones are known
to regulate gene expression at the transcriptional level (Evans
and Arriza, 1989), and translational regulation of myelin protein
synthesis by steroids has also been reported (Verdi and Cam-



pagnoni, 1990). We note that the effects of tellurium intoxication
are tissue specific in some respects. Cholesterol synthesis is upre-
gulated in liver, but not in sciatic nerve, in response to the
tellurium-induced metabolic block; this upregulation in liver is
reflected in increased levels of mRNA and enzyme activity for
3-hydroxy-3-methylglutaryl-CoA reductase, the rate-limiting
enzyme in cholesterol biosynthesis (Toews et al., 1991b).

The model of tellurium-induced demyelination is informative
of certain aspects of the control of maintenance of the myelin
sheath. From the many published axotomy experiments (for
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Figure 8. A and B, Teased fiber prep-
aration from the sciatic nerve of a rat
exposed to tellurium for 7 d, shown in
phase contrast (4) and by immunoflu-
orescence for GFAP (B). Nodes are in-
dicated by solid arrows and demyelin-
ated areas by open arrows. The fiber
continues out of field at the top right
and then curves down back into the field.
This area to the top right is normal.
GFAP expression is associated with the
demyelinated internodes. C, and D,
Teased fibers from the same animal
showing a demyelinated fiber in phase
contrast (D) running vertically and ex-
pressing GFAP (C). A small bundle of
normal fibers (@arrow in D) are unstained
for GFAP (C). The “bubbled” punctate
staining pattern for GFAP immunofiu-
orescence is probably due to the pres-
ence of myelin debris within the
Schwann cells. Magnification: 4 and B,
120x; C and D, 200x.

review, see Schwartz, 1987; Fawcett and Keynes, 1990), it is
clear that maintenance of the Schwann cell myelinated phe-
notype requires axonal contact. In the case of tellurium-induced
demyelination, however, morphological criteria suggest that the
demyelination and dedifferentiation of Schwann cells are not
associated with defects of the axon or axolemma. Furthermore,
the rapidity of remyelination also suggests that any necessary
axonal myelinating signal remains available to the Schwann cell
throughout this period. Thus, it appears that changes in the
Schwann cell phenotype indicative of dedifferentiation can be
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associated with demyelination, even in the presence of contin-
ued contact with or signal(s) from the axon,

The capacity of a cell to express the genes involved in mye-
lination is, in part, dependent on the continuing ability of the
cell to synthesize and maintain myelin membrane. Thus, a lack
of cholesterol could itself be directly responsible for the shut-
down in myelin protein expression. Alternatively, breakdown
products of myelin could stimulate dedifferentiation. We con-
sider unlikely a third possibility that the signal to upregulate
NGF-R and GFAP expression and downregulate myelin protein
expression results from the limited loss of axonal contact cor-
responding to partial demyelination of an internode, although
we acknowledge lack of experimental proof of this view.

Cell division per se is not the signal for alterations in gene
expression in this model. In cultured Schwann cells, there is an
inverse relationship between expression of myelination genes
and cell division; dividing cells are P, negative but NGF-R and
GFAP positive. The converse occurs when the cell withdraws
from division and begins to myelinate (Morgan et al., 1991). In
tellurium-induced demyelination, demyelinated internodes are
eventually associated with Schwann cell proliferation and re-
myelination. However, we detected small zones of paranodal
demyelination with upregulation of NGF-R and GFAP, but no
associated Schwann cell proliferation, suggesting that cell di-
vision per se is not likely to be responsible for these alterations.
Indeed, downregulation of the P, gene associated with Wallerian
degeneration is not prevented by inhibition of Schwann cell
mitosis (C. E. Thomson and 1. R. Griffiths, unpublished obser-
vations).

Loss of small amounts of myelin in a given internode results
in dedifferentiation of the affected Schwann cell; proteins newly
expressed in this state appear targeted to the demyelinated areas.
The extent of demyelination following tellurium exposure var-
ied from segmental (involving the whole internode) to focal,
usually paranodal, demyelination. Changes in P, gene expres-
sion at the mRNA level were much more profound in internodes
showing myelin loss, while upregulation of NGF-R mRNA ex-
pression was virtually confined to demyelinated internodes. In
most instances, paranodal demyelination was associated with
similar alterations of gene expression, although examples were
found of small areas of myelin loss unaccompanied by any
obvious change of molecular phenotype. These internodes may
have been in the early stages of demyelination. The majority of
internodes with a small zone(s) of demyelination exhibited NGF-
R mRNA expression. In partially demyelinated internodes,
reexpression of NGF-R and GFAP proteins was largely localized
in areas of focal demyelination rather than the still-myelinated
regions. These findings suggest that a relatively small loss of
myelin (in relation to the total myelin volume of the internode)
can result in reversion to a precursor cell phenotype, and that
the proteins produced are largely targeted to the demyelinated
areas of the Schwann cell. This again tends to indicate a con-
siderable local control over genes associated with the process of
myelination. During normal development, myelinating Schwann
cells transiently express both myelin proteins, which are being
upregulated, and NGF-R and GFAP, which are being down-
regulated (Jessen et al., 1990). It is not yet known if there is a
similar selective distribution of these molecules in the newly
myelinating internodes of sciatic nerve during development.

Our studies indicate that signals from a degenerating axon are
not required for the Schwann cell dedifferentiation and prolif-
eration that occur subsequent to demyelination. These process-

es, along with the subsequent redifferentiation of Schwann cells
to a myelinating phenotype, may occur independently of any
axonal perturbations. This experimental model may prove use-
ful for examining gene expression of Schwann cells in situ, with-
out the complications of axonal degeneration and regeneration.
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