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Prion infection relies on a continuous chain of PrPc-expressing tissues to spread from peripheral sites to the
central nervous system (CNS). Direct neuroinvasion via peripheral nerves has long been considered likely.
However, the speed of axonal flow is incompatible with the lengthy delay prior to the detection of PrPSc in the
brain. We hypothesized that Schwann cells could be the candidate implicated in this mechanism; for that, it
has to express PrPc and to allow PrPSc conversion. We investigated in vivo localization of PrPc in sciatic nerve
samples from different strains of mice. We demonstrated that PrPc is mainly localized at the cell membrane
of the Schwann cell. We also studied in vitro expression of PrPc in the Schwann cell line MSC-80 and
demonstrated that it expresses PrPc at the same location. More specifically, we demonstrated that this glial cell
line, when infected in vitro with the mouse Chandler prion strain, both produces the PrPSc till after 18 passages
and is able to transmit disease to mice, which then develop the typical signs of prion diseases. It is the first time
that infection and replication of PrPSc are shown in a peripheral glial cell line.
or other peripheral nerves (1). However, the speed of axonal
flow is incompatible with the transport of infectivity in peripheral nerves (14) (0.7 mm per day). We suggest a more important role of the Schwann cell in the cellular mechanism of prion
propagation.

Prion diseases, such as scrapie, kuru, Creutzfeldt-Jacob diseases, and bovine spongiform encephalopathy, are transmissible fatal neurodegenerative disorders associated with the conversion of the membrane glycoprotein PrPc to PrPSc (27).
Acquired forms transmitted mostly through oral absorption (4,
6, 13) or peripheral inoculation of infected tissues raise the
question of how prions are transported to the central nervous
system (CNS). However, the transfer of infectivity from the
spleen to the CNS has been shown to be dependent on the
expression of PrPc (3). Using a mathematical model, Payne
(26) has suggested a role for a continuous chain of PrP-expressing tissue linking peripheral sites to the brain. Both the
lymphoreticular system and the peripheral nervous system
(PNS) are involved in neuroinvasion (17). Direct neuroinvasion via peripheral nerves might occur after a high-dose peripheral infection, whereas after a low-dose infection amplification in follicular dendritic cells in lymphoid tissue might be
necessary prior to neuroinvasion via peripheral nerves (20).
Several reports evidence the role of the lymphoreticular system
in the initial step of scrapie replication (3); however, PrPSc
accumulation occurs in the brain of severe combined immunodeficient mice (20), indicating that neuroinvasion can use
another pathway. After intraperitoneal or oral infection, the
initial sites of infectivity are consistent with entry via the vagus

MATERIALS AND METHODS
Cell culture. MSC-80 (5), N2a (ATCC CCL131), and N2aCh (25) cells were
maintained in a Dulbecco modified Eagle medium (DMEM) supplemented with
10% fetal calf serum and 2 mM L-glutamine at 37°C in a 5% CO2 atmosphere.
Cells were split (1:10; vol/vol) every 7 days.
Immunohistochemistry. Sciatic nerves were fixed in 4% formaldehyde–phosphate-buffered saline (PBS) overnight and then placed in 20% sucrose–PBS
(18 h). Frozen samples (⫺80°C) were embedded in Tissue-Tek OCT-Compound (Sakura Finetechnical, Tokyo, Japan). Cryosections (6 nm) were dried,
fixed in cold acetone, and incubated for 1 h with the biotinylated anti-PrP 3B5
monoclonal antibody (MAb) (19) (15 g/ml). Immunoreactions were revealed
using the streptavidin-biotin and the streptavidin-peroxidase complexes (Dako,
Carpinteria, Calif.). An anti-trinitrophenol IgG2a MAb was used as control (30
g/ml; Pharmingen, San Diego, Calif.).
Electron microscopy. Immunogold electron microscopy was processed according to a method described by Berryman (2), and immunostaining was performed
with the 3B5 MAb (15 g/ml). An irrelevant immunoglobulin G2a (IgG2a)
isotypic MAb (15 g/ml) was used as control (data not shown).
Fluorescence-activated cell sorter (FACS) analysis. Cells were washed and
resuspended in PBS–0.5% bovine serum albumin buffer. Samples were incubated
for 1 h at 4°C with the primary biotinylated anti-PrP MAb 3B5 (15 g/ml) (19).
After washing, cells were incubated with a streptavidin fluorescein isothiocyanate
solution at 4°C for 30 min. Cell preparations were then washed in PBS and
analyzed by flow cytometry using a FACScan (Becton Dickinson, Sunnyvale,
Calif). An IgG2a MAb was used as an isotypic control (15 g/ml) (Pharmingen.).
PrPc detection. Brain homogenates (10% [wt/vol]) and cell lysates were prepared by extrusion in a potter homogenizer followed by an extrusion through a
16-gauge and then a 22-gauge syringe in a lysis buffer (150 mM NaCl, 0.5%
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room temperature with the biotinylated anti-rabbit IgG. Colors were developed
with peroxidase substrate.

RESULTS
Expression and localization of PrPc on mouse sciatic nerves.
To investigate the localization of PrPc in mouse nerves, we
performed immunohistochemistry on sciatic nerves from PrPoverexpressing tga20 mice (11) which were determined to express five to seven times more PrPc in the PNS than wild-type
mice (14). We used the anti-PrP MAb 3B5, which recognizes
residues 79 to 92 of human PrP (19), as this antibody has
already been extensively used to detect murine PrPc. Labeling
was observed at the Schwann cell surface and in the cytoplasm
(Fig. 1A) but not in the myelin sheath. Both antibody control
(IgG2a; Fig. 1B) and antigen control (7) (PrP0/0 mice; data not
shown) were negative. A clear labeling could be observed only
on sections passing through the nucleus of the Schwann cell
and thus through a large area of cytoplasm. We confirmed this
result by the analysis of sciatic nerves from three different
transgenic mice strains expressing the green fluorescent protein (GFP) reporter gene under the control of the 5⬘ regulatory
region of the bovine prp gene (prp-gfp transgenic mice). These
mice models have previously been shown to exhibit GFP fluorescence in good correlation with murine endogen PrPc expression (22). The GFP fluorescence clearly observed in
Schwann cells provides an additional argument in favor of PrP
expression by this cell type (Fig. 1C). However, as one cannot
exclude ectopic expression of PrPc or GFP in transgenic animals, we carried out immunogold electron microscopy, with
the 3B5 MAb, on sciatic nerves from wild-type BALB/c mice.
We observed the immunolabeling at the cell surface of
Schwann cells as well as intracellulary (Fig. 1D and E). In
contrast, we did not observe any labeling in the myelin sheath.
Control staining without the 3B5 MAb was negative (Fig. 1F).
Expression and localization of PrPc in mouse Schwann cell
line MSC-80. Since prion replication is a PrPc-dependent
mechanism (3), we investigated the expression of PrPc in a
mouse Schwann cell line, the MSC-80 (5), which is one of the
few cell lines isolated from the PNS. After cell membrane
staining using the 3B5 MAb (19), MSC-80 displayed positive
labeling with a monophasic distribution (Fig. 2A and B) as
shown by FACS analysis. We compared the Western blot pattern of PrPc from MSC-80 to that of mouse brain and of the
N2a neuroblastoma cell line (8) (Fig. 2C). The three glycoforms of PrPc, the nonglycosylated 25- to 27-kDa protein, and
the mono- and diglycosylated forms were revealed. Finally, an
indirect immunofluorescence assay showed a well-defined labeling at the cell surface of MSC-80 (Fig. 2D), while after
saponin permeabilization we detected intracellular labeling
(Fig. 2E). We did not observe a nuclear localization of the
protein. No staining was observed with the IgG2a isotype control (data not shown).
Production of PrPSc in MSC-80 after inoculation with
Chandler strain. Currently, only a few neuronal cell lines have
been persistently infected with a mouse-adapted scrapie strain
(N2a [8], mouse PrPc transfected N2a [25], PC12 [29], or GT1
[30]), and more recently, a rabbit epithelial cell line stably
transfected with ovine prp gene was infected with scrapie agent
(31). In order to investigate the ability of the MSC-80 line to
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Triton X-100, 0.5% sodium deoxycholate, and 50 mM Tris-HCl, pH 7.5) completed with protease inhibitors (1 mg [each] of pepstatin and leupeptin per ml
and 2 mM EDTA). After 15 min of incubation at 4°C and 4 min of centrifugation
at 10,000 ⫻ g, supernatants were collected and total protein concentration was
measured by bicinchoninic acid protein assay (Pierce, Rockford, Ill.). Samples
(12.5 g of total protein per lane) subjected to electrophoresis on sodium
dodecyl sulfate (SDS)-polyacrylamide gel (12% polyacrylamide) were transferred to nitrocellulose membrane. The blots were then blocked for 1 h in 5%
(wt/vol) nonfat dry milk in PBS–1% Tween 20 and 0.001% azide. After incubation for 1 h with the 3B5 MAb (19) (300 ng/ml) and 30 min with the secondary
mouse peroxidase-conjugated antibody at 1:2,500 (Sigma, St. Louis, Mo.). Immunoreactive bands were visualized using the Enhanced Chemiluminescence
method (ECL; Amersham Pharmacia, Piscataway, N.J.).
Indirect immunofluorescence assay. After incubation at 4°C in 1% bovine
serum albumin (BSA)–PBS buffer for 30 min, cells were incubated in the same
buffer, with or without 0.5% saponin (Sigma). After cell washing, the biotinylated
3B5 MAb (4.5 g/ml) was added for 1 h at 4°C and incubated with strepatvidin
fluorescein isothiocyanate (1:100; Becton Dickinson). Cells were then fixed at
4°C for 20 min with 4% paraformaldehyde. The IgG2a antibody was used as an
isotypic control.
Cell infection. Brains infected with Chandler strain were homogenized to 10%
(wt/vol) in cold culture medium. Cells were grown in six-well plates at 2 ⫻ 105
cells/well 2 days before inoculation. They were then incubated for 72 h with 1 ml
of 2% brain homogenate diluted in culture medium (5.9 log mean lethal doses
[50% lethal doses {LD50s}] units of mouse-adapted Chandler scrapie strain [9]).
The inoculum was changed every 24 h. Then, the supernatant was replaced by 2
ml of regular culture medium and the cells were incubated until confluence.
Finally, they were cultured in flasks with 150 cm2 of surface and were split (1:10;
vol/vol) every 7 days.
PrPSc detection. Cells (8 ⫻ 106) were lysed in 200 l of the same lysis buffer
as was described for PrPc detection, at 4°C for 15 min, and then samples were
centrifuged 10 min at 10,000 ⫻ g. The protein concentration was adjusted to 1
mg/ml and treated with proteinase K (PK) (Sigma) (20 g/ml) at 37°C for 30 min.
The reaction was stopped with 2 mM phenylmethylsulfonyl fluoride (Sigma) for
5 min at 4°C and centrifuged for 45 min at 14,000 ⫻ g. Brain homogenates (10%
[wt/vol]) from frozen tissues were prepared in lysis buffer and adjusted to 3 mg
of protein/ml. Each sample (300 mg of total protein) was treated with PK (10
g/ml) at 37°C for 30 min. Samples (37.5 pg of total protein) were then mixed
with a volume of 2⫻ Laemmli buffer (4% SDS, 2% ␤-mercaptoethanol, Trisglycine [pH 8.2], 5% sucrose), heated at 100°C for 3 min, and then loaded onto
a 12% polyacrylamide gel just after boiling. They were then analyzed by Western
blotting as described above with a mixture of three MAbs: SAF 60, SAF 69, and
SAF 70 (10).
Metabolic pulse-chase radiolabeling. Cells (80% confluency in 25-cm2 flask)
were labeled with 1 mCi of L-[35S]methionine (Amersham Pharmacia) per ml in
methionine/cysteine-free DMEM supplemented with 1/40 (vol/vol) culture medium, 1% fetal calf serum (FCS), and 2 mM L-glutamine for 24 h. Cells were
chased for 24 h in culture medium and then lysed in 1 ml of lysis buffer (50 mM
Tris-HCl, pH 7.5; 150 mM NaCl; 5 mM EDTA; 0.5% NP-40; 0.5% deoxycholate
[DOC]) on ice for 5 min. After centrifugation at 4,000 ⫻ g for 1 min and addition
of Sarkosyl to 0.4%, cell lysates (500 l) were incubated with 5 g of PK for 30
min at 37°C. For immunoprecipitation, the MAb 3B5 (10 g) was coupled to
protein A-Sepharose CL-4B (Amersham Pharmacia). Cell lysates were then
incubated with 3B5-Sepharose beads overnight at 4°C. After centrifugation at
10,000 ⫻ g for 1 min, Sepharose-absorbed proteins were washed twice with lysis
buffer containing 0.4% Sarkosyl, followed by two wash steps in high-salt buffer
(50 mM Tris-HCl, pH 7.5; 500 mM NaCl; 0.1% NP-40; 0.05% DOC) and one
wash step in low-salt buffer (50 mM Tris-HCl, pH 7.5; 0.1% NP-40; 0.05% DOC).
Sepharose was resuspended in 3⫻ loading buffer (150 mM Tris-HCl, pH 6.8, 6%
SDS; 0.3% bromophenol blue; 30% glycerol) and analyzed by SDS–12% PAGE.
Infectivity bioassay. After three cycles of freezing-thawing and cell death
control by trypan blue microscopy, 105 cells at the seventh passage were injected
intracerebrally (i.c.) into four tga20 mice. Five tga20 mice were inoculated i.c.
with uninfected MSC-80 or with the Chandler strain (6.5 log LD50) as negative
and positive controls, respectively.
Mice were monitored every 2 days, and scrapie was diagnosed according to
standard clinical criteria (18).
Histopathological analysis. Brain sections (5 m) were deparaffined, and
endogenous peroxidase was inhibited with 33% H2O2 for 30 min. After washing
and blocking with an unspecific goat serum, samples were incubated overnight
with the rabbit anti-cow anti-glial fibrillary acidic protein antibody (Dako,
Carpinteria, Calif.). Samples were then washed in PBS and incubated for 1 h at
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FIG. 2. In vitro PrPc expression and localization in mouse Schwann
cells (MSC-80). (A) PrPc was detected at the surface of MSC-80 cells
(5) by FACS analysis. (B) An IgG2a MAb was used as an isotypic
control. The mean fluorescence intensity of cells is presented within
brackets. (C) PrPc was also detected by immunoblot analysis from
control MSC-80 (MSCCt) extracts. Murine neuroblastoma cell line
extracts (N2aCt) and brain homogenates from tga20 mice (11) were
used as positive controls, and brain homogenates from PrP0/0 mice (7)
were used as negative controls. The arrows point to the three glycosylated forms of the murine PrPc. The molecular mass marker is in
kilodaltons. (D and E) Cellular localization of PrPc was analyzed by
immunofluorescence microscopy. (D) The staining was localized on
the cell membrane. Bar, 10 nm. (E) After saponin permeabilization,
the signal became intracellular. Bar, 5 nm.

sustain PrP conversion from the cellular to the protease-resistant form, we incubated MSC-80 cells for 3 days with 5.9 log
LD50 units of mouse-adapted Chandler scrapie strain (9).
PrPSc production was analyzed by Western blotting using a
mixture of three MAbs (SAF 60, SAF 69, and SAF 70 [10])
directed against hamster PrP (residues 142 to 160; Fig. 3A and
B). This mixture is known to have high sensitivity to PrPSc (25).
During the fourth passage (Fig. 3A, lane 3), the typical profile
of PrPSc appeared without any loss of signal intensity during
passages 5, 6, 7, and 10 (Fig. 3A, lanes 4, 5, 6, and 7, respectively). This PrPSc pattern is also observed after 15 passages
(data not shown). Murine PrP-transfected N2a cells (N2aCh
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FIG. 1. Expression and localization of PrPc on sciatic nerve sections. (A) Transversal sciatic nerve sections from tga20 mice were
processed with the 3B5 MAb (19). The arrows point at the labeled
cytoplasm of the Schwann cell. (B) The sciatic nerve sections were also
processed with an anti-trinitrophenol mouse IgG2a() MAb immunoglobulin isotype standard used as an isotypic control. The arrows point
at the unlabeled cytoplasm of the Schwann cell. (C) Sciatic nerves from
prp-gfp transgenic mice (22) exhibit widespread expression as evidenced by fluorescence localized to the cytoplasm. (A, B, and C)
Shown are a wide view (bar, 50 nm) and an enlarged view (bar, 10 nm).
(D) Immunogold electron microscopy of BALB/c sciatic nerve sections. Nerve section assays were performed with the 3B5 MAb. Gold
particles (arrows) were localized at the plasma membrane (Mb) of
Schwann cells. No labeling was seen within the myelin sheath (Ms). Ax,
axon. Bar, 1 nm. (E) Enlarged view of cytoplasmic area of Schwann cell
exhibiting a positive labeling at the outer collar cytoplasm (Cy). No
staining was seen in the nucleus (N) or the myelin sheath (Ms).
(F) Control staining without the 3B5 MAb. Bar, 0.2 nm.
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TABLE 1. Scrapie titers of challenged Schwann cells
and control cells
Inoculation

Incubation period
No. of days

Chandler (2%)
66, 66, 67, 67, 67
Uninfected MSCCt ⬎280, ⬎280,
⬎280, ⬎280,
⬎280
Infected MSCCh
89, 89, 89, 99

Mean ⫾ SD

Titer (log LD50
units/g)a

66.4 ⫾ 0.5

6.6 ⫾ 0.05

91.5 ⫾ 5

4.39 ⫾ 0.50

a

Titers in the experimental samples were determined using the infectivity
bioassay with an equation determined previously (23) for mouse scrapie strain: y
⫽ 11.45 ⫺ 0.088 x, where y is the titer in log LD50 units per milliliter of 10%
original inoculum and x is the average of incubation days in tga20 mice.

subclone 58 [25]), which express five times the PrP level of
untransfected N2a cells, were tested on the same Western blot
(Fig. 3A, lanes 2 and 8). Control uninfected MSC-80 cells
treated by PK digestion did not exhibit any signal (Fig. 3A, lane
1). These results were identical in three independent experiments.
Transconformation of PrP at the cellular level was also investigated in MSCCh, using a 35S metabolic pulse-chase radiolabeling followed by an immunoprecipitation with the 3B5
MAb. We performed the experiment with infected MSC-80
cells at the 18th passage. Immunoprecipitation resulted in a
clear PrPc-specific signal in the range of 30 kDa (Fig. 3B, lane
1), which represents PrPc synthesized de novo. After PK treatment, (Fig. 3B, lane 2), the PrPSc signal appeared (27 to 30
kDa), demonstrating that the Chandler-infected MSC-80 line
converts PrPc into PrPSc. The complete shift down observed
between lanes 1 and 2 leads us to consider that the pattern is
not due to a partial PK digestion of PrPc. The single band
pattern could be due to a lower efficiency of the 3B5 MAb in
immunoprecipitation compared to that of Western blotting.
Transmission of infected MSC-80 to mice. With a view to
test the presence of infectivity in PrPSc-positive MSC-80 cells,
we inoculated i.c. inoculated MSCCh cells at the seventh passage to four tga20 mice. Mice developed typical signs of spongiform encephalopathies and died at 91.5 ⫾ 5 (mean ⫾ standard deviation) days postinoculation compared to the 66.4 ⫾
0.5 days for the five control tga20 mice inoculated with the
Chandler strain. Five mice inoculated with uninfected MSC-80
cells did not exhibited any signs of transmissible spongiform
encephalopathy up to 280 days postinoculation (Table 1). We
evaluated the titer of MSCCh to 4.3 log LD50 units per gram of

cell lysate. It was decreased by only 2 orders of magnitude in
comparison to that estimated in the same brain homogenate as
used for cell infection (6.5 log LD50 units per g). The apparent
low quantity of PrPSc in MSCCh shown on the Western blot
(Fig. 3A, lane 6) does not seem to correlate with the resulting
high infectivity titer. However, this has already been described
in previous work (21).
We confirmed transmissible spongiform encephalopathies
by PrPSc accumulation in brain extracts from Chandler-inoculated (Fig. 4A, lane 1) and from MSCCh-inoculated (Fig. 4A,
lane 3) mice. Mice inoculated with uninfected MSC-80 cells
(MSCCt) did not develop scrapie and did not show any PrPSc in
their brain (Fig. 4A, lane 2). The apparent larger amount of
PrPSc in brains of mice inoculated with MSCCh could be a
consequence of the prolonged incubation period which leads
to a prolonged PrPSc accumulation time.
Histopathological studies were also realized to confirm
transmissible spongiform encephalopathy and showed both an
intense vacuolation of the neuropile (Fig. 4B) and an astrogliosis observed after an anti-glial fibrillary acidic protein labeling (Fig. 4C). These data demonstrated that MSC-80
Schwann cells can be infected in vitro with the mouse-adapted
Chandler scrapie strain and can support the conversion of PrPc
to PrPSc until after 18 weeks of culture.
DISCUSSION
There is increasing evidence indicating a central role of PrPc
in the PNS in prion neuroinvasion (14). However, at the cellular level, the mode of transport of infectivity in peripheral
nerves has not been determined yet. Our data demonstrate for
the first time that PrPc is expressed in Schwann cell on mouse
sciatic nerve sections and in a mouse Schwann cell line. We
showed that this cell line can be infected in vitro and replicate
the disease-specific isomer PrPSc, suggesting that prion propagation can occur along peripheral nerves via Schwann cells.
The replication of prion in cell culture has previously been
described only in neuronal cell lines (8, 25, 29, 30) but never in
a glial cell line. Furthermore, Nishida et al. (25) have shown
that only stably transfected N2a cells expressing a high level
of mouse PrPc can efficiently replicate the mouse scrapie
Chandler strain. In our experiment, untransfected Schwann
cells can replicate the Chandler strain and support the conversion from the cellular to the protease resistant form. The
susceptibility of Schwann cell to other scrapie strains remains
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FIG. 3. Production of PrPSc in MSC-80 cells after inoculation with
Chandler strain. (A) Cells were challenged with the mouse-adapted
Chandler scrapie strain and were analyzed by Western blotting after
PK treatment. Uninfected MSC-80 cells (MSCCt) were used as negative control (lane 1). PrP-overexpressing N2a cells infected with
Chandler (N2aCh) were used as the positive control (lane 2 and 8).
Infected cells (MSCCh) produce PrPSc after 4, 5, 6, 7, and 10 passages
(lanes 3, 4, 5, 6, and 7, respectively). Time exposure, 5 min. Lane 8,
N2aCh cells with a shorter exposure time (30 s). (B) Immunoprecipitation of PrP in infected MSC-80 cells after 18 passages. MSCCh cells
were 35S metabolically radiolabeled, followed by a chase period. After
cell lysis, the extracts were (lane 2) or were not (lane 1) subjected to
PK digestion. PrP was immunoprecipitated with 3B5 MAb. Molecular
mass markers are in kilodaltons.
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however to be tested. These results also support earlier findings by others using transgenic mice with tissue specific hamster PrP expression to demonstrate the crucial role of PrPpositive peripheral nerves in the process of neuroinvasion
following peripheral infection (28). These findings are similar
to previous experiments with SCID mice infected intraperitoneally with a high dose of mouse scrapie strain ME7, where
neuroinvasion also appeared to proceed directly via peripheral
nerves without a susceptible lymphoreticular system or evidence of replication in the spleen (12, 20). However, the possibility that PrPSc transport in the PNS may not occur through
axonal transport mechanisms was raised by Groschup et al.
(15), Hainfeller et al. (16), and more recently by Glatzel et al.,
(14) who estimated the velocity of transport of infectivity in the
PNS to be 0.7 mm per day. This value, as pointed out by
Glatzel et al. (14) does not correspond to either fast nor slow
axonal transport, indicating that PrPSc transport in the PNS
may occur through another mechanism. Together with these
findings, our data suggest a unifying concept for neuroinvasion
via the peripheral nerves and bring a new insight in prion
propagation along the peripheral nerves: the peripheral spread
of prion through the PNS could occur in a domino effect
fashion via PrPc-paved chain of Schwann cells, capable of supporting prion replication through conversion of PrPc by adjacent PrPSc. Finally, the expression of PrPc at the cell surface of
Schwann cells suggests that PrPc does not play a structural nor
a functional role in the myelin sheath, but may explain the
peripheral neuropathies observed in some Creutzfeldt-Jacob
Diseases patients (24) and in mice overexpressing PrPc (32).
These data provide a basis for investigation into the cellular
mechanisms of TSE transmission by the peripheral nerves and
of therapeutic approaches to the TSEs.
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