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The mode and the site of action of the major antiscrapie drugs have been studied by investigating their effects
on the abnormal protease-resistant isoform of PrP (PrPres) and on its accumulation in mouse spleen. Day-
by-day PrPres accumulation in the spleen and in other peripheral organs was first monitored to describe the
early steps of scrapie pathogenesis. Three phases were identified: the detection of scrapie inoculum on the day
of scrapie infection, a clearance phase, and then the peripheral accumulation of PrPres. In a second step, the
effects of the polyene antibiotic MS-8209, the polyanion dextran sulfate 500 (DS500), and Congo red were
assessed on these phases, after the drugs were coincubated with scrapie inoculum. Highly different mechanisms
and sites of action were apparent. MS-8209 had a weak effect on the accumulation of PrPres in spleen, sug-
gesting another site of intervention for this drug. DS500 delayed the beginning of the clearance phase but then
blocked PrPres synthesis for a long period of time, probably because of its immunological effects on the spleen.
Surprisingly, Congo red suppressed the clearance phase of scrapie inoculum and then increased transiently
accumulation of PrPres in spleen. We showed in vitro that this effect was related to a direct enhancement of
the protease resistance of PrPres by the drug.

Transmissible spongiform encephalopathies (TSE) are a
group of neurodegenerative diseases, including scrapie in
sheep and goats, bovine spongiform encephalopathy (BSE) in
cattle, and Creutzfeldt-Jakob disease in humans. Experimental
models of scrapie have demonstrated that a host-encoded pro-
tein, PrP, plays a central role in the pathogenesis of these
diseases (8). Indeed, an abnormal protease-resistant isoform of
PrP (PrPres) accumulates proportionally to infectivity in the
central nervous system during the development of TSE (7, 45).
Unlike normal PrP (PrPc), PrPres sediments in detergents
such as N-lauroyl-sarcosine and can aggregate into fibrils, des-
ignated scrapie-associated fibrils (SAF) or prion rods (41, 47).
Such a purification has enabled the specific detection of PrPres
by immunoblotting in the central nervous system (49), thereby
becoming a tool to diagnose TSE. The lymphoreticular system
(LRS) and the spleen in particular are infectious long before
neuroinvasion occurs in most experimental scrapie mouse
models (22, 32, 33). Infectivity can be detected in the spleen as
soon as 1 week after intraperitoneal infection of mice, increas-
ing to 4 weeks, when a plateau is reached, until the terminal
stage of the disease (32, 33). In addition, scrapie infectivity has
been detected in liver and spleen a few minutes after periph-
eral infection due to the inoculum itself (42). PrPres has been
detected soonest at 1 to 2 weeks after intraperitoneal or intra-
cerebral infection with two different scrapie strains in the
spleen, large amounts of tissue having been necessary for de-
tection (26, 48).

To date, no effective anti-TSE therapy is available. However,
some molecules have prolonged survival or cured a few ani-
mals in experimental models of scrapie and BSE (for a review,
see reference 3). Among them are polyene antibiotics such as
amphotericin B (44) and its more efficient derivative MS-8209
(1–4, 14, 15), polyanions such as dextran sulfate 500 (DS500),
heteropolyanions (such as HPA23) or sulfated polyanions
(such as SP54) (19, 21, 23, 31, 34), and Congo red (CR) (30).
Polyene antibiotics and polyanions prolong the survival time of
scrapie-infected rodents and transiently reduce brain infectiv-
ity and PrPres accumulation (1, 4, 14, 21, 44). In addition,
sulfated polyanions and CR inhibit PrPres accumulation and
infectivity in a model of scrapie-infected mouse neuroblastoma
cells (11–13). These data indicate that these drugs probably
interfere with the formation of PrPres. It has been proposed
(10) that polyanions and CR, which are sulfated glycosamino-
glycan analogues, could specifically inhibit PrPres accumula-
tion by impairing the association of PrPres with endogenous
glycosaminoglycans, the latter being necessary to PrP amyloid
plaque formation in natural TSE and in scrapie-infected mice
(39, 50). A more direct interaction of CR with PrPres has also
been suggested because this drug binds to PrPres fibrils (47),
and in vitro incubation of CR with PrPres seems to overstabi-
lize the conformation of the protein, therefore impairing its
template function for the formation of new PrPres molecules
(9). The antiscrapie effect of these molecules may also depend
on their site of action and thus could be limited during the
course of scrapie infection. Indeed, polyanions and CR are
only efficient when administered around the time of scrapie
infection (21, 23, 30). Polyene antibiotics are also efficient at
this time and are the only drugs exerting benefits when given
later in the infection (3, 4, 15). Polyanions, due to their effects
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on the immune system, probably act via the LRS (21). The sites
of action of polyene antibiotics and CR remain more obscure.

In the present study, we analyzed the spleen as the site
where polyene antibiotics, polyanions, and CR may act on
scrapie infection. We investigated whether these molecules
interact directly with PrPres. For this purpose, the kinetics of
PrPres accumulation in the mouse spleen was established start-
ing from the day of scrapie agent inoculation. Modifications of
the kinetics induced by the coincubation of the drugs with
scrapie inoculum or by control treatments performed before or
after scrapie infection were studied in parallel. Understanding
both early peripheral TSE pathogenesis and therapeutic action
of antiscrapie drugs has become more crucial because periph-
eral organs seem also to be involved in the development of
new-variant Creutzfeldt-Jakob disease, the human counterpart
of BSE (28, 29). We showed that MS-8209 weakly modified the
kinetics of PrPres accumulation in spleen, suggesting another
site of intervention for this drug. In contrast, DS500 was a
powerful inhibitor of PrPres synthesis in this tissue. The most
surprising results were obtained with CR, which transiently
increased PrPres accumulation in spleen in our scrapie mouse
model. We investigated this situation and found that CR in
vitro directly enhanced the resistance of PrPres to protease
digestion.

MATERIALS AND METHODS

Chemicals. MS-8209 is the N-methyl glucamine (NMG) salt of 1-deoxy-1-
amino-4,6,O-benzylidine-D-fructosyl-amphotericin B (Mayoly-Spindler Labora-
tories, Chatou, France). MS-8209 and NMG (Sigma) were suspended in a 5%
(wt/vol) sterile glucose solution. The sodium salt DS500 (Pharmacia) was resus-
pended in a sterile 0.9% NaCl solution. Ninety-nine-percent-pure Congo red
(Sigma) was dissolved in sterile distilled water. The most efficient antiscrapie
effect with MS-8209 has been observed at the dose of 25 mg/kg of body weight
(15). All drugs were injected at this dose by the intraperitoneal route.

PrPres detection in the LRS. The mouse scrapie strain C506M3 (7.9 3 108

50% lethal dose/g of brain [36]) was obtained from brain homogenates of ter-
minally ill animals. Eight-week-old C57BL/6 females (Centre d’Elevage R. Jan-
vier, Le Genest-Saint-Isle, France) were intraperitoneally inoculated with 100 ml
of a 2% (wt/vol) brain homogenate. Sacrifices were performed in triplicate at
different hours and days postinoculation (dpi), by cervical column disruption.
Various organs, including the spleen, pancreas, a part of the liver, and the thymus
and salivary glands, were immediately removed, frozen in liquid nitrogen, and
kept at 280°C until protein analysis. Some severely combined immunodeficient
(SCID) mice and PrP0/0 mice were also sacrificed in duplicate as controls.

Coincubation of scrapie inoculum with antiscrapie drugs before administra-
tion to mouse. Equal doses of MS-8209, CR, or DS500 (100 ml of a 7.5 mg/ml
solution, i.e., 25 mg/kg of body weight for mice) were incubated with the C506M3
inoculum (100 ml of a 2% brain homogenate) for 2 h at room temperature under
slight stirring. The solution (200 ml per mouse) was then inoculated intraperito-
neally into 8-week-old C57BL/6 mice. As a control, 5% glucose was coincubated
with the scrapie inoculum. Day 0 is the day of inoculation. Spleens were har-
vested in triplicate at various dpi, from day 0 to 100.

Control treatments around the time of inoculation. Several complementary
treatments using these drugs were also performed to compare their effects on
PrPres in spleen to those observed with the coincubation regimen. In treatment
1, mice were treated with a 25 mg/kg dose of either MS-8209, CR, or DS500 2 h
before scrapie inoculation (control mice were treated with 5% glucose). In
treatment 2, single doses of DS500 (25 mg/kg) were administered 14, 21, and 35
days after scrapie inoculation, respectively. Finally, in treatment 3, 0.5 mg of CR
was intraperitoneally administered to scrapie-infected mice twice weekly for 5
weeks from the day of inoculation. In treatments 2 and 3, control mice were
untreated. The intraperitoneal route was used to infect mice by administration of
100 ml of a 2% brain homogenate. Spleens were harvested in triplicate at each
time of analysis.

In vitro incubation of CR with scrapie inoculum. Various CR concentrations
(100 ml of a 7.5- to 0.37-mg/ml solution) were incubated with C506M3 scrapie
inoculum (100 ml of a 2% brain homogenate) for 2 h at room temperature under
slight stirring. PrPres from the inoculum was then purified by a SAF protocol
(see below) or by proteinase K (PK) (10 mg/ml) digestion alone. CR was also
incubated for 2 h with SAF-purified PrPres (from 100 ml of 2% brain homoge-
nate). All samples were then resuspended in 4215 buffer (4% sodium dodecyl
sulfate, 2% b-mercaptoethanol, 1% Tris-glycine [pH 8.8], 5% sucrose) before
denaturation for 5 min at 100°C. A further step with cold acetone or methanol
precipitation was added before the Western blotting procedure. The equivalent
of 50 mg of brain homogenate was loaded onto a 12% polyacrylamide gel for

PrPres detection. As a control, the C506M3 scrapie inoculum was similarly
incubated with either 750 mg of MS-8209, its solvent (NMG), or DS500, before
purification of PrPres by a SAF protocol.

Tissue PrPres detection and quantification. Tissues were homogenized at 20%
(wt/vol) in a 5% glucose (wt/vol) sterile solution with a Ribolyser (Hybaid).
PrPres was extracted from 100 to 200 ml of tissue homogenate by using a
previously reported SAF protocol (37). PK was used at a concentration of 10
mg/ml. Samples were denatured in 4215 buffer for 5 min at 100°C before further
purification and concentration of PrPres with cold acetone. A 10- to 40-mg
equivalent of tissue was run on 12% polyacrylamide gels, electrotransfered onto
nitrocellulose membranes (Schleicher & Schuell) (51), and immunoblotted with
a 1/5,000 dilution of the polyclonal anti-PrP antibody JB007 (15). Immunoreac-
tivity was visualized with an enhanced chemiluminescence kit on autoradio-
graphic films (Amersham). For each experiment, dilutions of a scrapie brain
homogenate were submitted to the same SAF and Western blotting protocol and
served for quantification (see Fig. 1 and 3B). PrPres from the tissue studied was
compared to PrPres present in the dilution scale by quantifying both immuno-
reactivities with the NIH Image program for autoradiographic films (Wayne
Rasband, National Institutes of Health, Bethesda, Md.). Therefore, the quantity
of PrPres in the tissue studied was expressed as an equivalent of terminally ill
scrapie brain mass (as the number of micrograms of brain equivalent).

RESULTS

Early detection of PrPres in the LRS. We first sought to
determine if PrPres could be used as a sensitive predictor of
early scrapie pathogenesis in the spleen, this organ being first
infected in most experimental mouse models (32). To attain
this goal, PrPres was purified with a SAF protocol. To establish
our detection threshold, PrPres was purified from serial dilu-
tions of scrapie brain homogenate. PrPres was detected rou-
tinely with 2.5 mg of brain equivalent (Fig. 1) and a maximal
sensitivity of around 0.5 mg (see Fig. 4). PrPres was detected in
the spleens of C57BL/6 mice as soon as 1 h after intraperito-
neal scrapie infection until 6 h later (Fig. 2 and 3A). PrPres was
also found in liver and pancreas 15 and 45 min after scrapie
infection, respectively, to 6 h postinfection but not in the thy-
mus or in salivary glands (Fig. 2). At day 1, PrPres was not
detected in these organs (Fig. 2). PrPres was again detected at
day 5, and increasing amounts accumulated in the spleen until
30 to 70 dpi, which corresponds to the beginning of a plateau
level which was observed until the terminal stage of the dis-
ease. The 30- to 70-dpi interval observed in the spleen is the
mean of seven different experiments. During the plateau, levels
of PrPres in the spleen were 30 to 150 times lower than those
found in the brain per gram of tissue. A representative immu-
noblot of PrPres detection and the quantification of PrPres
accumulation in mouse spleen are shown in Fig. 3B and C.
They correspond to PrPres detected after intraperitoneal
scrapie infection of mouse with 200 ml of 1% brain homoge-

FIG. 1. Sensitivity of PrPres detection. PrPres was purified from serial dilu-
tions of mouse scrapie brain homogenate and submitted to Western blotting
analysis, as described in Materials and Methods. PrPres quantification was ex-
pressed as the equivalent of scrapie-infected brain mass (as micrograms of brain
equivalent). A similar dilution scale was prepared throughout the experiments to
quantify PrPres levels in the spleen. kD, molecular mass markers in kilodaltons.
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nate (control of experiments described below). In other or-
gans, PrPres was detected in the thymus and (inconsistently) in
the pancreas from 55 dpi to the terminal stage of disease and
weakly in a pool of salivary glands from mice at the terminal
stage (Fig. 2). Detection in salivary glands has not been per-
formed before. In addition, it is noteworthy that PrPres was
not detected in mesenteric lymph nodes before day 21 or in
Peyer’s patches or auxillary lymph nodes before day 35. These
tissues were then PrPres positive until the animals’ death (38).

As a control, the presence of PrPres was assessed in the
spleens of PrP0/0 and SCID mice, because the spleen is not
involved in scrapie pathogenesis in SCID mice (5, 35) and
PrP0/0 mice are not susceptible to infection (8). PrPres was
detected in the spleens of these mice a few hours after scrapie
infection, as in C57BL/6 mice (Fig. 2 and 3A). Differently from
them, spleen PrPres was also detected in decreasing amounts
on days 1 and 2 but not later (Fig. 2). This result indicates that
inoculum was detectable in the spleens of these mice for a few
hours or days following inoculation.

The kinetics of PrPres accumulation in the spleen was used
to study the molecular effect and to localize the site(s) of action
of MS-8209, DS500, and CR.

Coincubation of inoculum with the polyene antibiotic MS-
8209 modified slightly the kinetics of PrPres accumulation in
the spleen. Coincubation of MS-8209 with scrapie inoculum
did not modify the rate of PrPres detection in spleen the day of
inoculation or during the following 4 days when compared to
control mice (Fig. 4A and B). MS-8209 weakly reduced spleen
PrPres accumulation in spleen from day 5 to day 10, compared
to its solvent (data not shown) or to the 5% glucose control
(the reduction was statistically significant only at day 5 [P ,
0.05; Mann-Whitney u test] (Fig. 4A and B). After this period,
similar amounts of PrPres were present in both groups (Fig. 4C
and D). A similar result, i.e., an effect restricted to 1 week after
scrapie infection, was observed when the drug was adminis-
tered 2 h before scrapie inoculation (Fig. 5).

Coincubation of inoculum with the polyanion DS500 strong-
ly impaired PrPres accumulation in the spleen. Coincubation
of DS500 with scrapie inoculum before infection gave different
results than those observed with MS-8209. First, PrPres was
always detected in spleen from day 0 to 6, although amounts

decreased slowly during this period (Fig. 4A and B). PrPres
was not detected from day 7 to 42, except very slightly at day 10
(Fig. 4). At 42 dpi, PrPres in spleen was again detectable (Fig.
4C). Thereafter, PrPres accumulation increased gradually,
reaching amounts close to controls at day 100 (Fig. 4D). From
day 1 to 72, the amount of PrPres in spleen was significantly
different from those found in control mice (P , 0.05; Mann-
Whitney u test). A similar absence of PrPres was observed in
the spleen from 7 to 22 dpi when DS500 was injected 2 h before
scrapie inoculation (Fig. 5).

To assess the general efficiency of DS500 on spleen PrPres,
treatments were also performed later than the day of inocula-
tion. Single doses of DS500 (25 mg/kg) were administered 14,
21, or 35 days after scrapie infection. For all treatments, PrPres
accumulation in spleen was transiently and significantly re-
duced compared to controls, although not cleared out as with
the coincubation at day 0 (data not shown). The shortest effect
was obtained when the drug was injected at 35 dpi: 1 month
after the treatment, the amount of PrPres in spleen almost
reached that in untreated mice.

Coincubation of inoculum with Congo red transiently in-
creased PrPres accumulation in the spleen. Coincubation of
CR with scrapie inoculum before infection did not prevent
visualization of PrPres in spleen from day 0 (Fig. 4). From day
0 to 70, the amount of PrPres in spleen was significantly higher
than in control mice (P , 0.05; Mann-Whitney u test) (Fig. 4).
At day 100, values were similar (Fig. 4D). A less pronounced
but significant rise was observed after a single injection of CR
2 h before scrapie inoculation from day 7 to day 22 (Fig. 5). As
the absence of PrPres inhibition in spleen could be linked to
the CR treatment regimen, mice were also treated twice
weekly from day 0 to 35 with 0.5 mg of CR per mouse. PrPres
analysis was performed every week. Repeated CR injections
transiently increased PrPres accumulation for 4 weeks (P ,
0.05; Mann-Whitney u test) (Fig. 6). At the end of the treat-
ment, PrPres amounts in untreated and CR-treated mice were
similar (Fig. 6). Thus, in our model, CR did not slow PrPres
accumulation in the spleen. On the contrary, CR increased it
transiently. The most important effect occurred when CR was
coincubated with inoculum. Therefore, we assessed the direct
effects of CR on inoculum-associated PrPres.

FIG. 2. Timing and tissue distribution of PrPres in the LRS of scrapie-infected mice. C57BL/6, PrP0/0, and SCID mice were intraperitoneally infected with the
C506M3 mouse scrapie strain. PrPres was purified from various tissues harvested at the indicated hours and days postinoculation until the terminal stage of the disease
(TS). PrPres detection in salivary glands (SG) was performed with a pool of three mice. Detection of PrPres in pancreas was inconstant from 55 days postinfection
(dotted line).
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Increased detection of inoculum PrPres incubated with
Congo red. Equal volumes of CR and 2% mouse scrapie inoc-
ulum were incubated for 2 h at room temperature. CR
amounts varied from 37 to 750 mg. After incubation, PrPres
was purified by a SAF protocol. The detection of inoculum-
associated PrPres was enhanced in a dose-dependent manner
(Fig. 7A). A similar increase was also observed when PrPres
was purified only by PK digestion, i.e., without the addition of

detergents (Fig. 7A). Adding CR after the SAF protocol, i.e.,
after PK cleavage but before denaturation, did not modify the
PrPres detection profile (Fig. 7A). This suggests that the drug
directly increased the PK resistance of PrPres. A similar incu-
bation of 750 mg of MS-8209 did not modify the detection of
inoculum PrPres, compared to incubation with 5% glucose or
its solvent (Fig. 7B). On the opposite, incubation with DS500
increased detection slightly (Fig. 7B).

FIG. 3. Accumulation of PrPres in the spleens of intraperitoneally scrapie-infected mice. (A) PrPres present in scrapie inoculum was detected in C57BL/6, PrP0/0,
and SCID mice in spleen tissues harvested 3 (PrP0/0 mice) or 4 (C57BL/6 and SCID mice) h after scrapie infection. The equivalent of 20 mg of spleen was loaded in
the sodium dodecyl sulfate-polyacrylamide electrophoresis gel. (B and C) C57BL/6 mice were infected with 200 ml of a 1% brain homogenate. (B) Neosynthesized
PrPres appeared 5 days after inoculation; the amount increased over more than 2 months and plateaued until the terminal stage (TS) of the disease. The equivalent
of 20 mg of spleen was loaded until 10 days (mg). Thereafter, 5 mg was sufficient. (C) Quantification of PrPres in spleen from day 0 until the terminal stage of the disease
(logarithmic scale). Results are expressed as an equivalent of scrapie brain mass as in the legend to Fig. 1 (micrograms of brain equivalent). The standard deviations
for results without error bars were too small to be represented. kD, molecular mass markers in kilodaltons.
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We also investigated the effects of CR incubation on PrPres
present in hamster scrapie inoculum (strain 263K) to assess the
scrapie strain specificity of our results. Unlike results with
mouse PrPres, detection of hamster PrPres after SAF purifi-
cation was strongly decreased (Fig. 7A), as previously de-
scribed (9), suggesting that the effects of CR on PrPres are
strain specific.

DISCUSSION

PrPres accumulation in mouse LRS after intraperitoneal
scrapie infection. Although scrapie is a neurodegenerative dis-
ease, in most experimental models and in some naturally in-
fected species, the LRS and the spleen in particular play a
major role in its pathogenesis (22, 32, 33). Previous studies
demonstrated scrapie infectivity in peripheral organs from the
day of infection up to the terminal stage of disease, (22, 32, 33,
42). The discovery of PrPres as a specific molecular hallmark of
scrapie (7, 45) has permitted enhanced study of scrapie patho-
genesis (24, 26, 48). We found PrPres in multiple tissues, in-
cluding the LRS of scrapie-infected mice. PrPres was detected
in liver, pancreas, and spleen shortly after intraperitoneal in-
oculation (Fig. 2). During the next 4 days, PrPres was not
detected. PrPres reappeared in the spleen at day 5, and the

amount of PrPres increased until a plateau was reached at 30
to 70 dpi. This plateau level persisted to the terminal stage of
the disease (Fig. 3). Lymph nodes, Peyer’s patches, thymus,
salivary glands, and (inconsistently) pancreas became PrPres
positive after the spleen (this study and reference 38). In PrP0/0

and SCID mice, where the scrapie agent could not replicate in
the LRS (5, 8, 35). PrPres was detected at day 0 but not after
day 2 (Fig. 2 and 3A). The detection of PrPres in organs
classically involved in the capture and clearance of nonhost
particles shortly after inoculation independently of mouse sta-
tus strongly suggests that inoculum-associated PrPres was de-
tected the day of inoculation. When the LRS is immunologi-
cally impaired, as in SCID mice, or does not express PrPc,
inoculum-associated PrPres was quickly eliminated (within 3
days). When the LRS is functional and expresses PrPc, inocu-
lum-associated PrPres clearance involving spleen macrophages
(6) also occurred, but PrPres reappeared in spleen by day
5, representing neosynthetized PrPres. Lymph nodes, Peyer’s
patches, thymus, pancreas, and salivary glands may represent
secondary replication centers, as PrPres is detected in them
later.

Antiscrapie effects of the polyene antibiotic MS-8209. The
precise mechanisms of action of polyene antibiotics, polyan-
ions, and Congo red, as well as their site of intervention remain

FIG. 4. Effects of the coincubation of scrapie inoculum with either MS-8209, DS500, or Congo red on the kinetics of the accumulation of PrPres in spleen. MS-8209
({), DS500 (‚) or Congo red (E) solutions (7.5 mg/ml) were incubated with mouse scrapie inoculum (vol/vol) for 2 h at room temperature before intraperitoneal
injection of the mixture to mice as described in Materials and Methods. Control mice (■) were infected with inoculum coincubated with 5% glucose. PrPres in spleen
was purified and immunoblotted from 4 h to 100 days after scrapie infection. Representative immunoblots are shown in panels A and C at days 1, 10 and 42. (B and
D) Quantification of PrPres in spleen. The standard deviations for results without error bars were too small to be represented. p, the difference in PrPres accumulation
between treated and control mice was statistically significant (P , 0.05; Mann-Whitney u test).
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unclear. Moreover, the effects of these drugs have never been
compared together in one single scrapie strain-mouse combi-
nation. We first studied MS-8209, as this drug represents one
of the most efficient antiscrapie drugs (3, 4, 15). For both the
coincubation of MS-8209 with scrapie inoculum and the single
injection 2 h before scrapie inoculation, PrPres levels at day 0
were similar to those of control mice, suggesting the absence of
a direct effect of the drug on PrPres itself (Fig. 4 and 5). This
was confirmed by the fact that in vitro incubation of MS-8209
with scrapie inoculum did not modify PrPres detection, al-
though DS500 and, more particularly, CR increased it (Fig.
7B). Both treatments also only weakly decreased spleen PrPres
accumulation a few days after scrapie inoculation (Fig. 4 and
5). Longer treatment periods increased the effects of MS-8209
(unpublished data), but the reduction observed in spleen
PrPres accumulation did not account for the benefits to sur-
vival time observed (1, 3, 14). Thus, our study suggests that the
antiscrapie effects of MS-8209 are not mainly dependent on
spleen interactions, at least during the early stages of infection.
Moreover, the treatment of scrapie-infected SCID mice with
MS-8209 has shown that the drug was efficient in the absence
of a functional LRS, further suggesting that spleen was not
involved in a critical way (5). These findings, together with
results showing an efficiency of MS-8209 even after neuroin-

vasion has occurred and in mice expressing only PrPc in neu-
rons (15, 17), indicate that the drug effects may no mainly
involve scrapie replication in the spleen.

Spleen-specific effects of the polyanion DS500. The poor
effects of MS-8209 on the spleen were highlighted, when com-
pared to DS500, although both drugs exhibit similar efficiency
on the survival time of scrapie-infected rodents (3). Indeed,
DS500 did seem to involve the spleen, the strongest inhibiting
effects being seen around the time of inoculation. Both coin-
cubation with scrapie inoculum and the 2 h pretreatment re-
duced PrPres synthesis for long periods of time (Fig. 4 and 5).
After inoculation with the DS500-inoculum mixture, PrPres
levels in spleen decreased slowly in the first days after inocu-
lation and were undetectable from day 7 to 42 (Fig. 4). This
result suggests that coincubation of scrapie agent with DS500
induced the clearance of the majority of inoculum-associated
PrPres. The time to clear scrapie inoculum was much longer
than that observed in untreated mice (1 day), in SCID mice (3
days), or in PrP0/0 mice (2 days). PrPres stability was slightly
increased in vitro when the drug was mixed with scrapie brain
homogenate (Fig. 7B). It is possible that this stabilized DS500
resisted clearance for a few days. As spleen macrophages are
involved in the clearance of inoculum PrPres at the time of
infection (6), another explanation could be that DS500 directly
impaired their functions, as the toxic effects of polyanions on

FIG. 5. Effects on the kinetics of accumulation of PrPres in spleen of a 2-h
pretreatment with either MS-8209, DS500, or Congo red. Mice were treated with
25 mg/kg of either MS-8209 ({), DS500 (‚), or Congo red (E) 2 h before
intraperitoneal scrapie infection as described in Materials and Methods. Control
mice (■) were treated with 5% glucose. PrPres purification and quantification
were performed on spleen tissues harvested at 4 h and 7 and 22 days after
infection. The standard deviations for results without error bars were too small
to be represented. p, the difference between treated and control mice was
statistically significant (P , 0.05; Mann-Whitney u test). A representative im-
munoblot at day 7 is shown.

FIG. 6. Effects of repetitive administration of Congo red on accumulation of
PrPres in the spleen of scrapie-infected mice. A total of 0.5 mg of Congo red per
mouse was administered twice weekly during 5 weeks. PrPres purification and
quantification were performed on spleen tissues harvested every week (E). The
amount of PrPres was compared to that obtained in untreated scrapie-infected
mice (■). The standard deviations for results without error bars were too small
to be represented. p, the difference between treated and untreated mice was
statistically significant (P , 0.05; Mann-Whitney u test). A representative im-
munoblot at day 21 is shown.

VOL. 74, 2000 ENHANCEMENT OF PROTEASE RESISTANCE OF PrP 5437



phagocytic cells of the LRS have been reported (25). Disap-
pearance of PrPres from the spleen from day 7 is then likely to
be due to the pleiotropic effects of DS500 on immune cells of
the spleen (18, 20, 23, 40), probably altering PrPres-cell inter-
actions. Moreover, it is noteworthy that despite a 1-month
period of nondetection, PrPres reappeared, and its amount
reached levels similar to those of controls around 3 months
after scrapie infection (Fig. 4). This suggests that some cells are
resistant to DS500 treatment and can be a reservoir of infec-
tivity. In this situation, PrPres in spleen was probably derived
from a tissue other than spleen, or PrPres persisted in unde-
tectable amounts in the spleen.

Absence of inhibiting effects of Congo red on accumulation
of PrPres in spleen. Finally, we tested the action of Congo red
in our scrapie mouse model, expecting a reduction in accumu-
lation of PrPres in spleen, since this drug has been shown to
inhibit PrPres accumulation in scrapie-infected cells and pro-
long the survival time of scrapie-infected hamsters and has
frequently been compared to polyanions (10–13, 30). CR co-
incubation with scrapie inoculum before mouse infection was
of particular interest because CR effects have often been
linked to a binding of PrPres to the drug (9, 16, 47). Surpris-
ingly, the coincubation of CR with mouse scrapie inoculum

transiently increased spleen PrPres synthesis. As with DS500,
decreased amounts of PrPres were seen in the spleen from day
1 to 4, but thereafter significantly more PrPres was accumu-
lated in spleens of treated than of control mice (Fig. 4). This
result could indicate that CR renders inoculum-associated
PrPres resistant to the 0- to 4-day clearance. Consequently,
more PrPres would be present to initiate infection. This sug-
gests also that CR has no effects on immune cells as DS500
could have, altering PrPres synthesis.

Twice-weekly injections of mice with CR and pretreatment
with the drug 2 h before scrapie infection did not decrease
PrPres accumulation (Fig. 5 and 6), suggesting that, in our
model, CR may not exert any benefit. In addition, no increase
in survival time of scrapie-infected mice treated with CR was
observed in earlier studies (R. Race, unpublished data). Thus,
the in vivo protective effects of CR seem, to date, to be limited
to hamster scrapie (30).

Increase of mouse PrPres detection after incubation of
Congo red with scrapie inoculum. To support our hypothesis
that CR coincubation renders PrPres resistant to clearance
after scrapie infection, we studied the effects of CR directly on
inoculum-associated PrPres. CR enhanced the detection of
mouse PrPres present in the inoculum in a dose-dependent

FIG. 7. Effects of Congo red (CR), MS-8209, and DS500 on the detection of PrPres present in scrapie inoculum. (A) Decreasing concentrations of CR (1CR) were
incubated with mouse scrapie inoculum (strain C506M3) for 2 h at room temperature before PrPres purification by a SAF protocol (SAF). CR increased detection of
inoculum PrPres in a dose-dependent manner. A similar increase was also observed when PrPres was purified with PK digestion but not when CR was added after the
SAF protocol (Incubation after SAF). CR was similarly incubated with 2% brain homogenate from scrapie-infected Syrian hamsters (strain 263K). Inoculum-associated
PrPres was purified by a SAF protocol and immunoblotted with JB007. In this case, a weak hamster PrPres signal was observed (Hamster SAF). Control samples (-CR)
were incubated with 5% glucose. (B) Mouse scrapie inoculum was similarly incubated with either MS-8209, its solvent (NMG), or DS500 at the dose of 750 mg. Control
mice were incubated with 5% glucose. PrPres was purified by a SAF protocol. MS-8209 did not increased detection of inoculum PrPres. On the opposite, DS500 did
it slightly.
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manner (Fig. 7A). This increase was always observed regard-
less of the purification protocol with (SAF) or without (PK
digestion) detergents. If CR was added after the SAF protocol
(i.e., after PK cleavage) but before denaturation, the resulting
PrPres detection was not increased (Fig. 7A). This indicates
that CR enhanced the protease resistance of PrPres rather
than its insolubility or its denaturation susceptibility. CR is
known to intercalate into the b sheet of proteins. As PrPres is
characterized by high b-sheet content (43), CR could directly
bind to PrPres and thereby overstabilize the complex, making
it more resistant to proteolysis.

Could the binding of Congo red to PrPres always explain its
efficiency in vivo? In our mouse model, CR effects on PrPres
accumulation in spleen seem therefore to be linked to the
direct interaction of the drug with PrPres. As CR was efficient
in prolonging survival time in hamster scrapie infection (30),
we wondered if, under our purification conditions, CR would
also act on hamster PrPres. In this case, a very weak PrPres
signal was observed when 263K hamster scrapie inoculum was
preincubated with CR (Fig. 7A). Thus, depending on the
scrapie strain and on the host, CR could either stabilize or
disrupt inoculum-associated PrPres.

Taken together, these data suggest that CR binds with
PrPres and that the consequences of this in vitro binding are
strongly correlated to the anti-scrapie effect observed in vivo.
Whether CR specificity is associated to the sequence of PrP, to
the structural conformation of PrPres, or both remains to be
determined. Studies incubating CR with other experimental
TSE agent strains would be of particular interest and are re-
quired to verify if the link observed between the in vivo and in
vitro effects of this drug is a general phenomenon.
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