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During the years or decades of prion disease incubation, at-risk individuals are certain to encounter diverse
pathological insults, such as viral and bacterial infections, autoimmune diseases, or inflammatory processes.
Whether prion disease incubation time and clinical signs or otherwise the pathology of intercurrent diseases
can be affected by the coinfection process is unknown. To investigate this possibility, mice infected with the
scrapie agent at both high and low titers were subsequently induced for experimental autoimmune encepha-
lomyelitis, an immune system-mediated model of central nervous system (CNS) inflammation. We show here
that coinduced mice died from a progressive neurological disease long before control mice succumbed to
classical scrapie. To investigate the mechanism of the coinduced syndrome, we evaluated biochemical and
pathological markers of both diseases. Brain and spleen PrPS¢ levels in the dying coinduced mice were
comparable to those observed in asymptomatic scrapie-infected animals, suggesting that coinduced disease is
not an accelerated form of scrapie. In contrast, inflammatory markers, such as demyelination, immune cell
infiltrates, and gliosis, were markedly increased in coinduced mouse spinal cords. Activated astrocytes were
especially elevated in the medulla oblongata. Furthermore, PrP* depositions were found in demyelinated white
matter areas in coinduced mouse spinal cords, suggesting the presence of activated infected immune cells that
infiltrate into the CNS to facilitate the process of prion neuroinvasion. We hypothesize that inflammatory

processes affecting the CNS may have severe clinical implications in subjects incubating prion diseases.

Transmissible and genetic prion diseases are characterized
by long incubation times, which in humans can sometimes
amount to decades (7, 13). Although the exact biological steps
leading to death by prions are unknown, a general sequence of
events has been outlined and is consistent with most of the
available data (1). First, regardless of the site of entry, prions
replicate in lymphoid organs, as shown by the fact that both
infectivity and accumulation of PrPS¢ are initially detected in
the spleens of infected animals (16, 19, 27, 39). PrP5¢, a pro-
tease-resistant isoform of the host protein PrP<, was shown
repeatedly to mark the presence of prions and is believed to be
the only component of these infectious agents (30, 40). Prions
invade the nervous system by a mechanism believed to involve
mostly transmigration of infected lymphoid cells as well as
retrograde transport in ascending peripheral tracts (3, 29, 35,
36, 39, 41). Once prions enter the brain, replication of infec-
tivity and PrPS¢ accumulation occur faster than those in the
lymphoid system, subsequently leading to the death of the
affected organism (15, 20, 42).

In the presence of inflammatory conditions affecting periph-
eral organs, activated lymphoreticular cells induce unexpected
deposits of PrPS° and prion infectivity in the sites of infiltration
(22). For example, mastitis in sheep resulted in the deposition
of PrP%¢ in the inflamed mammary glands (31). Furthermore,
prion infectivity could be detected in urine from transgenic

* Corresponding author. Mailing address: Department of Neurol-
ogy, Hadassah University Hospital, Jerusalem, Israel. Phone: 972-2-
6777858. Fax: 972-2-6429441. E-mail: gabizonr@hadassah.org.il.

T Y.F.-L., H.O., and R.H. contributed equally to this work.

¥ Published ahead of print on 11 July 2007.

9942

mice suffering from a kidney inflammation at higher titers than
those obtained for scrapie-infected hamsters. Surprisingly, no
difference in prion disease incubation time or clinical symp-
toms was reported for these animal models.

In this work, we examined whether central nervous system
(CNS) inflammation, as opposed to peripheral inflammation, can
affect the clinical outcome for mice infected with prions. To this
end, we infected mice with the scrapie agent by either the intra-
cerebral (i.c.) or the intraperitoneal (i.p.) route and, 30 days later,
induced them for experimental autoimmune encephalomyelitis
(EAE), an immune system-mediated model of CNS inflamma-
tion (21). At this time in prion disease incubation, infectivity and
PrPS¢ accumulation are easily detected in the spleen, particularly
in mouse prion models (5, 6, 23). To mimic conditions where
individuals infected with low titers of prions sustain a subclinical
form of prion disease, we also infected mice with a 10~® dilution
of the initial prion homogenate.

EAE is an inflammatory response to myelin proteins in-
jected with adjuvants (21). The cell-mediated immune re-
sponse is directed mainly towards the white matter, causing
demyelination and axonal loss. The pathology of EAE is char-
acterized by infiltration of lymphoid cells, mainly T cells, but
also B cells, macrophages, dendritic cells, and neutrophils,
which release cytokines, chemokines, metalloproteinases, and
free radicals. Depending on the genetic background of the
affected animal and on the regimen of immunization, EAE
presents as an acute, chronic, or relapsing-remitting disease
(21).

To induce an inflammatory CNS condition that would per-
sist throughout prion disease incubation, we injected an en-
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FIG. 1. Outline of scrapie and EAE coinduction experiments. (a) Prion inocula used in coinduction experiments. A 1% brain homogenate
(10~2) was inoculated i.c. or i.p. into mice to represent a high-titer prion inoculum. A 10~# dilution of the initial inoculum was used as the low-titer
inoculum. (b) Scheme of coinduction experiments. Mice were first inoculated with the designated prion inoculum (i.c., low and high titers; i.p., high
titer). Thirty days later, the same mice were either induced for EAE or left untreated. Control mice were induced for EAE 30 days after inoculation

with saline or normal brain homogenate.

cephalitogenic peptide of myelin oligodendrocyte glycoprotein
(MOGs;s_s5) into mice of the susceptible C57BL/6] strain (4).
MOG immunization causes a chronic form of EAE, first af-
fecting the peripheral immune system as the antigen is taken
up by subcutaneous dendritic cells (32) and then passing
through the regional lymph nodes and spleen, where T cells are
extensively activated (12, 38); finally, the activated cells trans-
migrate into the CNS to cause a delayed-hypersensitivity type
of inflammation (17, 43).

Mice were followed closely for signs of EAE, which presents
as an acute syndrome 10 to 30 days after immunization and
then transforms into a light chronic disease (4). Next, the
coinduced mice and the control scrapie or EAE groups were
observed daily for neurological symptoms. We show here that
while control EAE mice sustained very mild chronic signs for
the remainder of the experiment and control scrapie-infected
mice succumbed to prion disease at the expected time for i.p.
or i.c. inoculation, the coinduced mice died of severe neuro-
logical disease at dispersed time points, but always much ear-
lier than the mice infected only with scrapie. In most cases,
PrP5¢ levels in the brains of the dying coinduced mice were com-
parable to those apparent in asymptomatic mice incubating prion
disease for the same periods, suggesting that induction of EAE
does not accelerate typical prion disease. Pathological examina-
tions of coinduced mouse spinal cords compared to those of
controls revealed extensive demyelination in white matter areas
concomitant with immune cell infiltrates and PrPS¢ depositions.
Brains and spinal cords of the coinduced mice also presented
massive gliosis, in contrast to moderate levels observed for both
chronic EAE and asymptomatic scrapie. We hypothesize that

infection with prions may increase the susceptibility of mice to
CNS inflammatory insults.

MATERIALS AND METHODS

Animal experiments. All groups of mice comprised 8 to 10 animals, with the
exception of the scrapie-EAE group infected i.p., which comprised 16 mice.

Scrapie infection. Four- to 5-week-old female C57BL/6J mice (Harlan, Israel)
were inoculated with 50 or 100 wl of 1% scrapie-infected brain homogenate (i.c.
or i.p., respectively). Control mice were inoculated with saline or with 1% normal
brain homogenate. For low-titer infection, mice were inoculated i.c. with 50 pl of
10~8-fold diluted scrapie-infected or normal brain homogenate. Throughout the
experiment, mice were kept under specific-pathogen-free conditions, with food
and water provided ad libitum. All animal experiments were done according to
our institutional guidelines and National Institutes of Health regulations.

EAE induction. Eight- to 9-week-old female C57BL/6J mice were immunized
with an emulsion containing 300 wg of MOG3;s .55 (70% purified; synthesized at
Hebrew University, Jerusalem, Israel) in phosphate-buffered saline and an equal
volume of complete Freund’s adjuvant containing 5 mg/ml H37RA (Difco Lab-
oratories, Detroit, MI). The inoculum (0.2 ml) was injected subcutaneously into
the left flank. One hundred nanograms of pertussis toxin (List Biological Labs)
in 0.1 ml phosphate-buffered saline was also injected i.p. on day 0 and 48 h later.
Mice were observed daily for the appearance of neurological symptoms, which
were scored as follows: 0, asymptomatic; 1, partial loss of tail tonicity; 2, limp tail;
3, impaired righting reflex; 4, hind limb weakness (ataxia); 5, complete hind limb
paralysis; 6, moribund or dead.

Pathological examinations. Histological evaluations were performed on par-
affin-embedded sections of brains and spinal cords sampled at various time
points after prion infection and MOG immunization. Sections were stained with
hematoxylin-eosin (H&E), Luxol fast blue/periodic acid-Schiff stain (PAS), and
Bielschowsky silver impregnation (26) to assess cell infiltrations, demyelination,
axonal loss, and spongiform changes. In consecutive sections, immunohistochem-
istry was performed with antibodies against the following targets: macrophages/
activated microglia (anti-MAC3; BD Pharmingen, San Diego, CA), T cells (anti-
CD3; Serotec, Oxford, United Kingdom), astrocytes (anti-GFAP; DAKO,
Glostrup, Denmark), and prion protein (anti-PrP 6H4; Prionics, Schlieren, Swit-
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FIG. 2. Clinical outcomes for scrapie-infected, EAE-induced, and coinduced mice. (a) EAE clinical scores. Mice induced for EAE 30 days after
i.p. inoculation with saline or normal or scrapie-infected brain homogenate were scored for clinical signs as described in Materials and Methods.
Each point represents the mean score * standard deviation for all mice within the same group on the indicated days postinfection. (b) Survival
time curves showing effect of i.p. (high-titer) scrapie infection. Following the acute phase of EAE, coinduced mice and scrapie-infected mice were
observed for neurological signs and sacrificed when severe symptoms were apparent. The difference between both groups was highly significant
(P < 0.001). (c) Survival time curves showing effect of i.c. (high-titer) scrapie infection. Mice were observed for EAE and other neurological
symptoms from the day of EAE induction and sacrificed in a severe moribund state. The difference in survival times between the coinduced and
scrapie-infected groups was highly significant (P < 0.001). (d) Survival time curves showing effect of i.p. (high-titer) coinduction. Following the
acute phase of EAE, coinduced mice and scrapie-infected mice were observed for neurological signs and sacrificed when severe symptoms were
apparent (moribund). The difference between both groups was highly significant (P < 0.001). dpi, days postinfection.

zerland). Immunohistochemistry was performed according to previously de-
scribed protocols (44). The amount of inflammation was determined by counting
the number of inflammatory cells expressing MAC3 and CD3 per mm? of white
and gray matter on an average of five spinal cord cross/longitudinal sections. The
degree of demyelination was determined as the percentage of demyelinated area
in comparison to the total area of white matter in spinal cord sections.

PrP immunoblots of brains and spleens. Brains and spleens from mice in all
experimental groups were homogenized in 10 volumes of 10 mM Tris-HCI (pH
7.5) containing 300 mM sucrose. Homogenates were normalized for protein
level, digested with 50 pg/ml proteinase K (PK; Sigma), and immunoblotted with
anti-PrP monoclonal antibody (MAb) IPC1 (Sigma) (40 pl in each lane for
brains and 100 pl in each lane for spleen homogenates). The IPC1 antibody was
developed in our lab and found to recognize the moiety DWEDRYYR, an
epitope comprised of amino acids 144 to 152 of the mouse or hamster PrP
sequence, and it is about 2 log more sensitive than PrP MAb 6H4 (Prionics) (R.
Engelstein et al., unpublished data). An anti-mouse Fcy fragment secondary
antibody (Jackson) was used to develop the blots of spleen samples in order to
avoid interference with mouse immunoglobulin proteins. To enrich PrPS¢, 1 ml
of an individual mouse brain or spleen homogenate was extracted with 2%
Sarkosyl and ultracentrifuged (1 h, 4°C, 100,000 X g). Subsequently, the pellet
was digested with PK and immunoblotted as described previously (34).

Statistical analysis. Statistical evaluation of significant differences between
groups with EAE was performed by using the Student ¢ test and one-way analysis
of variance. The comparison between survival time curves was performed by
using the chi-square test. All statistical analyses were done by SigmaStat for
Windows, version 3.11 (Systat Software, Inc.).

RESULTS

Early death of scrapie-infected mice following induction of
EAE. The design of the experiments is outlined in Fig. 1a and
b. Briefly, mice were inoculated either i.c. or ip. with 1%
scrapie-infected or normal brain homogenate. Other groups of
animals were inoculated i.c. with a 10™® dilution of the initial
scrapie-infected brain homogenate (Fig. 1a). Control groups of
mice were inoculated either with saline or with normal brain
homogenate. Thirty days later, designated groups of mice were
induced for EAE with MOG. Starting on day 10 after induc-
tion, all EAE-induced mice were scored for clinical signs as
described previously (4).

Figure 2a and b depict the results of the i.p. experiment. All
mice immunized with MOG developed typical EAE (acute
phase), with similar time courses and severity of clinical signs
(Fig. 2a). About 30 days after the induction of EAE, mice
inoculated with saline or normal brain homogenate recovered
from the acute symptoms and sustained mild chronic signs
(loss of righting reflex and distal limp tail) throughout the
experiment. Around 50 days after induction of EAE, mice
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FIG. 3. PrP%levels in brains and spleens of scrapie-infected and coinduced mice. Brain and spleen extracts from individual mice suffering from
coinduced disease, scrapie-infected sick mice, or asymptomatic mice incubating scrapie for the designated times were digested with PK and
immunoblotted with anti-PrP MAb IPC1. Each lane represents a 40-ul aliquot of a 10% brain homogenate or a 100-pl aliquot of a 10% spleen
homogenate. For spleen samples, anti-mouse Fcy fragment was used as a secondary antibody. The number under each lane designates the time
of sacrifice for sick or asymptomatic mice. Asterisks represent individual terminally sick mice (coinduced or scrapie-infected mice), while the others
were sacrificed in an asymptomatic state. i.c. (h), high-titer i.c. experiment; i.p., high-titer i.p. experiment; i.c. (1), low-titer i.c. experiment. dpi, days

postinfection.

previously infected with prions presented new neurological
symptoms, such as tail rigidity, kyphosis, ataxia, tremor, and
bradykinesia, all of which are mostly characteristic of prion
disease (37), and in particular paralysis of the lower limbs,
which resembles a neurological sign of EAE (4). The intensity
of symptoms increased gradually up to a moribund state, at a
different rate for each individual mouse. Figure 2b depicts the
survival time curves for the different experimental groups. The
median survival time for the coinduced mice was 170 days
post-EAE induction, while control prion-infected mice suc-
cumbed to typical prion disease much later (median survival
time, 250 days). In contrast, EAE-induced mice remained in a
light chronic state for the duration of the experiment. The
effect of EAE on mice infected i.c. with prions was even more
dramatic, as shown in the survival time curves in Fig. 2c. Mice
in this group never recovered totally from the acute phase of
EAE and had to be sacrificed early in the experiment (median
survival time, 55 days). Control scrapie-infected mice suc-
cumbed to prion disease much later (median survival time, 150
days).

Figure 2d shows the survival time curves for mice infected
i.c. with a 10~ dilution of the initial brain homogenate before
induction of EAE. The rationale of this experiment was to
establish whether inflammation can also be deleterious to in-
dividuals suffering from subclinical prion disease. As expected

from the high dilution of the inoculum (close to the end point
of titration), only two mice infected with low prion titers suc-
cumbed to disease (at around 270 days), while four others
remained asymptomatic at the termination of the experiment
(>360 days). As for the coinduced experimental group, all
mice first developed acute EAE (at 10 to 30 days postimmu-
nization) and then developed a fatal progressive neurological
disease (median survival time, 230 days), indicating that in-
flammatory insults can be deleterious to animals infected with
marginal doses of prions. The difference in incubation times
between coinduced mice and scrapie-infected mice in all three
experiments was highly significant (P < 0.001).

PrP5¢ accumulation in brains of scrapie-EAE coinduced
mice. Samples containing comparable protein concentrations
of brain extracts from the sick coinduced mice, asymptomatic
mice incubating prion disease for the same periods of time, and
control mice induced for EAE after inoculation of either nor-
mal brain homogenate or saline were digested with PK and
immunoblotted with anti-PrP MAb IPC1 (Fig. 3). Although
not totally quantitative, such immunoblots represent quite
fairly the relative accumulation of PrP5° in the different sam-
ples. PrP5¢ levels in coinduced mice infected i.c. or i.p. with a
high titer of prions were similar to those observed in asymp-
tomatic mice incubating prion disease for the same periods of
time. PrP5¢ could not be detected in any of the mice induced



9946 FRIEDMAN-LEVI ET AL. J. VIROL.

Ve - v
WIABRQ APV, .
7, A ‘ ", l..I\“#"
.e:‘ 1.‘ -~

FIG. 4. (I) H&E and Bielschowsky staining of cerebella from coinduced mice and controls. Infiltrates of mononuclear cells were detected in
cerebella of all mice immunized with MOG. Axonal loss was also detected in scattered areas. There was no statistical difference in the numbers
of infiltrates or the loss of axons in both EAE-induced and coinduced groups of mice. In scrapie-infected cerebellum, we could detect some degree
of axonal loss and no cellular infiltrates. (II) Demyelination and inflammation in spinal cords. (A to E) EAE-induced animal. (A) Spinal cord shows
small areas of demyelination after immunization with MOG (Luxol fast blue/PAS stain) (rectangle in panel A is enlarged in panel B). Original
magnification, X40 (A) or X200 (B). (C) Scattered macrophages (MAC3 stain). Original magnification, X400. (D) Lymphocytes (CD3 stain).
Original magnification, X400. (E) Moderate gliosis is visible in gray matter of the medulla oblongata (GFAP stain). Original magnification, X400.
(F to J) Coinduced animal. (F) Spinal cord shows more prominent and florid demyelination after PrP5¢ inoculation and MOG immunization (Luxol
fast blue/PAS stain) (rectangle in panel F is enlarged in panel G). Original magnification, x40 (F) or X200 (G). (H) Numerous macrophages
(MACS3 stain). Original magnification, X400. (I) Lymphocytes (CD3 stain). Original magnification, X400. (J) Profound gliosis is visible in gray
matter of the medulla oblongata (GFAP stain). Original magnification, X400. (K to O) Scrapie-incubating animal. (K) Spinal cord does not show
any demyelination after PrP*° inoculation (Luxol fast blue/PAS stain) (rectangle in panel K is enlarged in panel L). Original magnification, x40
(K) or X200 (L). (M and N) No inflammation (MAC3 stain [M] and CD3 stain [N]). Original magnification, X400. (O) Moderate gliosis is visible
in gray matter of the medulla oblongata (GFAP stain). Original magnification, x400. (III) PrP5¢ deposition in coinduced and scrapie-incubating
mice. A spinal cord after PrPS¢ inoculation (homogenate, 10~?) and immunization with MOG shows PrPS¢ deposition in gray matter (A) and in
the demyelinated white matter (B) (rectangle in panel A is enlarged in panel B) (6H4 stain). Original magnification, X40 (A) or X600 (B). A spinal
cord after PrPS¢ inoculation (diluted 10~%) shows PrPS¢ deposition in gray matter (C) and unaffected white matter (D) (rectangle in panel C is
enlarged in panel D) (6H4 stain). Original magnification, X40 (C) or X600 (D).

tween the accumulation of PrPS¢ and the clinical outcome of
mice coinduced for scrapie and EAE.

for EAE in the absence of prion infection (data not shown).
Our results therefore indicate that clinical disease in the coin-

duced mice was mostly independent of PrPS¢ accumulation,
suggesting that the coinduced disease was not an accelerated
form of scrapie.

Puzzling results were obtained for mice infected with very
low prion titers. While in the control, scrapie-only group, brain
PrPS° was present at high levels in the two animals that devel-
oped disease (but not in the asymptomatic mice), only five of
the eight dying coinduced mice accumulated detectable levels
of brain PrP%. In addition, there was no correlation between
PrP>¢ levels and the time of death in the coinduced mice. The
PrP5°level in the brain of the mouse sacrificed first (at 150 days
postinfection) was comparable to those observed for sick
scrapie-infected mice, but PrPS¢ could not be detected in the
brain of the last coinduced mouse (sacrificed at 260 days
postinfection). We therefore concluded that in the low-prion-
titer-EAE experiment, there was no simple correlation be-

PrPS¢ accumulation in spleens of scrapie-EAE coinduced
mice. The accumulation of PrP¢ and prion infectivity in the
spleen has been investigated extensively, in particular in the
mouse model (15, 18). It is widely accepted that infectivity and
PrPS can be detected in the spleen very soon after prion infec-
tion. Subsequently, prion titers and PrPS¢ accumulation in the
spleen reach a plateau and remain stable thereafter (5, 27). Al-
though the function of PrP€ is as yet unknown, it has been pro-
posed that the normal prion protein plays a role in the activation
of T cells (11, 24), which features in the induction of EAE (28).
However, since it is not known whether the activation of immune
cells can affect the rate of PrP-to-PrPS conversion, we tested the
accumulation of PrP%¢ in the spleens of coinduced animals.

Spleen homogenates from scrapie-infected, coinduced, and
EAE-induced mice were digested with PK and immunoblotted
with anti-PrP MAb IPC1 (Fig. 3). As expected from the ob-
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TABLE 1. Quantitative evaluation of inflammation in coinduced mouse spinal cords”

No. of C3-stained cells/mm?

Time of sacrifice

. ) Inoculum Demyelination No. of MAC-stained (days postinfection)
Experimental group dilution? (%) - cells/mm? -
White G .
i ray matter Scrapie EAE
matter
EAE 1072 (NB) 5+x47 80.5 £255 63 42 + 13 66
1078 (NB) 25+ 1.6 26.7 £ 4.4 11.7 =44 125+13 >170
Scrapie 1072 (SB) 0 4+1 52 0 96
1078 (SB) 0 27+ 1.7 23+ 145 0 >200
Scrapie plus EAE 1072 (SB) 19.06 = 0.09* 137 = 36 29.5 £ 2.5% 141.5 = 45.5* 96 66
1078 (SB) 6.6 = 2.96 427 £ 14 253 £7.7 29 £ 9.86 >200 >170

“ NB, normal brain homogenate; SB, scrapie-infected brain homogenate.

> Data are means = standard deviations. *, P < 0.05. Statistical evaluation was done using the ¢ test and one-way analysis of variance to compare treatment groups.

servations described above, PrP5¢ levels in spleens of all mice
infected with high levels of prions, i.c. or i.p., were comparable
and independent of the disease incubation time. No difference
was observed for the accumulation of spleen PrP%¢ in the
coinduced mice, indicating that the activation of immune cells
by EAE had no effect on the conversion of PrP< to PrP%¢. As
expected, PrP5¢ was not detected in spleens from control mice
with EAE (data not shown).

The association of prion disease incubation time with the
accumulation of PrPS¢ in the spleen for low-titer prion infec-
tion has never been reported. Figure 3 shows that when mice
were inoculated with a 10~# dilution of infected brain homog-
enate, PrP5¢ was detected only in the spleens of those mice
(two of six mice) affected with prion disease, consistent with
the notion that spleen PrPS° correlates with prion infection (5).
Interestingly, PrPS° was detected in only two of the eight mice
dying of the coinduced disease.

Histopathological findings in CNS of mice suffering from
coinduced disease. Brain and spinal cord sections from mori-
bund coinduced mice were examined for markers of inflam-
mation and prion disease and compared to those of control
mice (asymptomatic scrapie-infected and EAE-induced mice)
sacrificed at the same time points. In addition to H&E staining,
sections were stained for demyelination (Luxol fast blue/PAS),
axonal damage (Bielschowsky silver impregnation), infiltrating
T cells (CD3), activated macrophages/activated microglia
(MAC3), reactive astrocytes (GFAP), and PrP%°,

Figure 4, panel I, shows cerebellar sections from coinduced
mice and controls. As shown, the numbers of perivascular
infiltrations were similar for both coinduced and EAE-induced
mice. However, no significant axonal damage or vacuolation
was observed in the brain sections of the scrapie-infected mice
at several time points (Fig. 4, panel I, images A to C and E to
G [137 days postinfection]), in the presence or absence of EAE
induction, in contrast to the visible vacuolation and axonal
damage of the samples from scrapie-infected sick mice (Fig. 4,
panel I, images D and H).

Consistent with the severe lower limb paralysis, coinduced
mouse spinal cords revealed higher levels of pathological in-
flammatory markers than those of EAE- and scrapie-induced
controls (Fig. 4, panel II, and Table 1). This was the case for
the more severe demyelination of the white matter (Fig. 4,
panel II, images F and G for coinduced mice, A and B for
EAE-induced mice, and K and M for asymptomatic scrapie-
infected mice) as well as for the increased numbers of immune

cell infiltrates (H and I) compared to those in the EAE sec-
tions (C and E). This was true both for T cells and for mac-
rophages/activated microglia. The pathological examination of
coinduced mouse spinal cords, together with PrP* immuno-
blotting of brain samples, suggests that the coinduced disease
is more certainly an exacerbated CNS inflammation, not an
accelerated form of prion disease.

In addition to the immunoblotting of total brain and spleen
homogenates, which shows total PrPS¢ accumulation, we tested
the specific locations of PrPS° depositions by immunocyto-
chemistry. To this end, spinal cord sections from scrapie-in-
fected and coinduced mice were immunostained for PrPS¢ with
anti-PrP MAB 6H4 (Prionics). Figure 4, panel III (images A
and B), shows that in addition to the presence of PrP¢ in gray
matter, coinduced mice were also positive for PrPS¢ deposi-
tions in their demyelinated white matter areas. These findings
are consistent with the possibility that during the coinduced
disease, activated prion-infected immune cells infiltrate white
matter areas. Sections (Fig. 4, panel III, images C and D)
depict PrPS¢ immunostaining in the spinal cord of one of the
two mice affected with prion disease after infection with a low
prion titer. This mouse was the only scrapie-infected control
which presented low levels of PrP5¢ aggregates in the spinal
cord white matter (without apparent demyelination), albeit at
much lower levels than those in all coinduced mice (Fig. 4,
panel III, images A and B). Whether this is a rare feature of
low-titer prion infection remains to be established.

In prion disease, astrocytosis, as measured by the number of
cells expressing GFAP, was shown to be associated with the
accumulation of PrP5¢ (14, 45). Astrocytosis is also a feature of
CNS inflammation, as is the case for EAE (2, 33). Figure 4,
panel II, shows massive immunostaining for GFAP in coin-
duced mouse brain stems (medulla oblongata) compared to
the moderate GFAP immunostaining in both EAE- and
scrapie-induced controls. As for the clinical status of the ani-
mals, and as opposed to the case for scrapie-infected mice,
astrogliosis in coinduced mice was independent of the rate of
PrPS¢ accumulation. We hypothesize that this massive astro-
gliosis may constitute an additive effect of both the prion in-
fection and the inflammatory EAE process.

DISCUSSION

We have shown here that when scrapie-infected mice were
challenged with EAE, an autoimmune CNS inflammatory in-
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sult, they succumbed to a progressive neurological disease long
before control scrapie-infected mice perished of typical prion
disease. This was true for both i.c. and i.p. inoculation of
prions. Most important, the induction of EAE also resulted in
early fatal neurological disease in all mice infected with very
low prion titers, while inoculation of such a low titer (without
EAE) transmitted scrapie to a small fraction of the infected
animals. Biochemical and pathological assessments of prion
and EAE markers suggested that the rate of PrP5¢ accumula-
tion in coinduced mice did not correlate with the aggravated
clinical disease, as is the case for classical scrapie. In contrast,
coinduced mice did present exacerbated inflammation, as seen
by the more extensive demyelination and larger number of
immune cell infiltrates than in classical EAE, suggesting that
incubation of prion disease rendered the mice susceptible to
inflammatory insults. In addition, the massive levels of gliosis
present in the coinduced mouse brains and spinal cords suggest
an additive deleterious effect of both prion disease and inflam-
mation that may consequently have caused the death of these
mice.

Interestingly, while the total levels of PrP5¢ in both brains
and spleens did not correlate with the clinical outcome of the
coinduced animals, immunostaining experiments with the mor-
ibund coinduced mice revealed PrPS° depositions in demyeli-
nated white matter spinal cord areas, probably colocalized with
hematopoietic cell infiltrates. Such PrPS¢ deposits may result
from the activation by EAE of prion-infected spleen cells
which subsequently infiltrate into these unusual areas, consis-
tent with the observation that peripheral inflammation can
redirect PrPS¢ accumulation to otherwise PrPS¢-negative pe-
ripheral organs (22). PrPS° aggregates in activated cell infil-
trates may be neurotoxic and may contribute to the clinical
deterioration of the coinduced mice. Such an effect has never
been observed for PrP5 in nonactivated cells (8-10). Another
possibility is that infiltration of activated and scrapie-infected
immune cells into the CNS can circumvent and therefore fa-
cilitate prion disease neuroinvasion and, subsequently, prion
replication in the CNS. Both mechanisms, facilitated neuroin-
vasion and toxicity, may occur in parallel. This may explain why
some of the sick coinduced mice infected with low-titer prions,
as opposed to others in the same group with similar pathology
and clinical symptoms, presented high PrP% levels. It is also
possible that prion-infected spleen cells react to inflammation
differently than do uninfected spleen cells, at least in the re-
lapsing phases of EAE. We have shown here that the length
and severity of the EAE acute phase were similar for controls
and prion-infected mice.

Our results are therefore in accordance with the possibility
that individuals incubating prion disease may be highly suscep-
tible to CNS inflammation. Therefore, although the impor-
tance of this work vis a vis the pathogenesis of prion disease is
clear, the immediate significance of these experiments remains
in their implications for human and animal health. During the
years or decades of prion disease incubation, especially with
low or subclinical prion titers, at-risk individuals are certain to
encounter diverse pathological insults, such as viral and bac-
terial infections, autoimmune disease, or neoplastic processes,
all of which may have an inflammatory component. These
individuals may develop severe neurological diseases not im-
mediately associated with prion infections due to the dissoci-
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ation of the putative clinical findings from the accumulation of
PrP5¢. If so, then the effects of the bovine spongiform enceph-
alopathy epidemic on the population should be looked upon
differently.
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