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Transmissible spongiform encephalopathies are fatal
neurodegenerative diseases. Infection by the oral route
is assumed to be important, although its pathogenesis is
not understood. Using prion protein (PrP) knockout
mice, we investigated the sequence of events during the
invasion of orally administered PrPs through the intes-
tinal mucosa and the spread into lymphoid tissues and
the peripheral nervous system. Orally administered
PrPs were incorporated by intestinal epitheliocytes in the
follicle-associated epithelium and villi within 1 hour. PrP-
positive cells accumulated in the subfollicle region of Pey-
er’s patches a few hours thereafter. PrP-positive cells
spread toward the mesenteric lymph nodes and spleen
after the accumulation of PrPs in the Peyer’s patches. The
number of PrP molecules in the mesenteric lymph nodes
and spleen peaked at 2 days and 6 days after inoculation,
respectively. The epitheliocytes in the follicle-associated
epithelium incorporating PrPs were annexin V-positive
microfold cells and PrP-positive cells in Peyer’s patches
and spleen were CD11b-positive and CD14-positive mac-
rophages. Additionally, PrP-positive cells in Peyer’s
patches and spleen were detected in the vicinity of periph-
eral nerve fibers in the early stages of infection. These
results indicate that orally delivered PrPs were incorpo-

rated by microfold cells promptly after challenge and that
macrophages might act as a transporter of incorporated
PrPs from the Peyer’s patches to other lymphoid tissues
and the peripheral nervous system. (Am J Pathol 2011,

179:1301–1309; DOI: 10.1016/j.ajpath.2011.05.058)

Transmissible spongiform encephalopathies (TSEs), or
prion diseases, are fatal neurodegenerative diseases that
infect humans and both wild and domestic animals. They
include Creutzfeldt-Jakob disease (CJD) in humans,
scrapie in sheep, and bovine spongiform encephalopathy
(BSE) in cattle.1 The common neuropathological features
within the central nervous system (CNS) of TSEs are seen
as a spongiform pathology, neuronal loss,2 glial activation,3

and the accumulation of an abnormal and protease-resistant
conformer of the scrapie-associated prion proteins (PrP-res or
PrPSc),4 which are closely associated with the infection.5

It has been reported that variant CJD in humans is most
likely to have occurred because of the transmission of BSE
after the consumption of beef contaminated with the BSE
agent.6 Therefore, the oral route of TSE infection is widely
assumed to be important under natural conditions. Many of
the infectious agents accumulate in the gut-associated lym-
phoid tissues (GALT) after oral infection, such as the Pey-
er’s patches and mesenteric lymph nodes (MLN) before
spreading to the CNS.7 It is necessary for the infectious
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agents to cross the intestinal epithelium before they can
accumulate in the GALT. In addition, there are microfold
cells (M cells) within the follicle-associated epithelium (FAE)
that are specialized for the transepithelial transport of mac-
romolecules and particles.8 One in vitro study has demon-
strated that M cells actively transcytose the scrapie agents
into the basolateral side of the epithelium.9 However, it is still
a matter of controversy as to whether M cells may be in-
volved in the in vivo transport of the infectious agents across
the intestinal epithelium. After alimentary uptake of the in-
fectious agents, they accumulate in the GALT and the lym-
phoreticular systems (eg, the spleen and other peripheral
lymph nodes) long before they are detected in the CNS.10 As
the GALT and the lymphoreticular systems are highly inner-
vated, they are believed to be important sites for the infectious
agents to gain contact with the nervous system (ie, neuroinva-
sion).11 Once neuroinvasion occurs, the infectious agents
reach their initial CNS target sites by spreading in a retrograde
direction along efferent nerve fibers.12

In the lymphoid tissues, it is believed that the macro-
phages, dendritic cells (DCs), and follicular dendritic cells
(FDCs) are involved in the transportation and replication of
the infectious agents. Macrophages are prevalent candi-
dates for both spread13 and clearance14 of the infectious
agents. DCs can capture and retain protein antigens in a
nondegraded state.15,16 These characteristics suggest that
the macrophages and DCs may act as a transporter of the
infectious agents from the gut to lymphoid tissues. FDCs
express high levels of cellular PrPs (PrPc), and therefore an
early accumulation of PrPSc is seen in them.17,18 Many studies
of the alimentary pathogenesis of TSEs have been conducted
to elucidate how infectious agents spread from the GALT to
the CNS, although this has not been clearly determined yet.
Therefore, the aim of the present study was to reveal the cells
involved in the early stages of the pathogenesis of oral TSE
infection, such as the sites of entry, spread, and neuroinvasion.

Materials and Methods

Materials

All procedures involving animals were conducted in accor-
dance with the Guidelines for Animals Experimentation of
Tohoku University, Nagasaki University, and the University

Table 1. Primary Antibodies Used in this Study

Antibodies Specificity Species

PrP Prion protein18 Human
CD45R/B220 B cells23 Mouse
CD14 Macrophages24 Mouse
DC Dendritic cells31 Mouse
FDC Follicular dendritic cells30 Mouse
CD3 T cells26 Mouse

CD11b Macrophages25 Mouse
Annexin V M cells and dendritic cells27 Human

Clusterin Follicular dendritic cells28 Mouse

PGP 9.5 Protein gene product 9.532 Human
*Products from IBL (Gunma, Japan), BD Pharmingen (San Diego, CA), AbD
DC, dendritic cells; FDC, follicular dendritic cell; PGP, protein gene product;
of Tokushima. PrPc knockout mice (Ngsk Prnp0/0 mice,
male, 3 weeks old)19 were used in this study and supplied
by BioResource Bank, the Institute for Enzyme Research,
the University of Tokushima (Tokushima, Japan). Ngsk
Prnp0/0 mice ectopically express doppel in the tissues
where PrPc is expressed.20 However, it has been ob-
served that the ectopic expression of doppel does not
modulate prion accumulation in the brain of the mice.21,22

Therefore, Ngsk Prnp0/0 mice can be used to monitor the
fate of orally administered PrPs incorparated from the gut
lumen. All mice were clinically healthy and free of infec-
tious disease.

In this study, we used a rabbit antibody against the
sequence of amino acids between 1 and 50 at the N-ter-
minus of human PrPc (diluted 1:300; IBL, Gunma, Ja-
pan)18 to detect PrP-positive cells in Peyer’s patches,
MLN, and spleen. To identify the cell types of PrP-positive
cells, we stained the Peyer’s patches and spleen with
various antibodies against specific cell phenotypes.
These were CD45R/B220 for B cells,23 CD14 and CD11b
for macrophages,24,25 CD3 for T cells,26 Annexin V for M
cells and DCs,27 and clusterin for FDCs28 (Table 1).

Oral Inoculations of Brain Homogenate

As a source of infection, we used Fukuoka-1 strain CJD
derived from human Gerstmann-Sträussler-Scheinker
disease.29 Brains were obtained from healthy ddY mice
which were normal or at the terminal stage of disease or
infected-ddY mice and then kept at �80°C. Brains were
homogenized to 10% (w/v) in cold PBS. PrPc knockout mice
were orally challenged with 200 �L of brain homogenate
using a sterile disposable oral gastric tube (Fuchigami-
Kikai, Kyoto, Japan) and sacrificed at 15 and 30 minutes, 1,
2, 4, 6, 8, and 10 hours, 2 and 6 days, and 4 and 10 weeks
after the challenge. At each time point, Peyer’s patches
from the duodenum, jejunum, ileum, MLN, and spleen were
obtained from three mice. All tissues were fixed in periodate
lysine paraformaldehyde (PLP) overnight at 4°C. The fixed
samples were paraffin-embedded or snap-frozen in OCT
compound (Sakura Finetechnical, Tokyo, Japan).

eloped in Clone name Dilution Products*

Rabbit 1:300 IBL
Rat RA3-6B2 1:1000 BD Pharmingen
Rat rmC5-3 1:50 BD Pharmingen
Rat MIDC-8 1:50 AbD Serotec
Rat FDC-M1 1:50 BD Pharmingen
Goat 1:50 Santa Cruz

Biotechnology
Rat M1/70 1:300 AbD Serotec
Goat 1:50 Santa Cruz

Biotechnology
Goat 1:300 Santa Cruz

Biotechnology
Rabbit AbD Serotec
Dev
Serotec (Oxford, UK), Santa Cruz Biotechnology (Santa Cruz, CA).
PrP, prion protein.
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Immunohistochemistry

Sections (3-�m thick) from paraffin-embedded tissues
were mounted on silane-coated slides, de-paraffinized in
xylene and rehydrated in a series of graded ethanol so-
lutions and transferred to PBS. The slides were placed in
Target Retrieval Solution (Dako, Carpinteria, CA) and
heated in an autoclave at 121°C for 5 minutes as the
antigen retrieval technique.18 After cooling, the slides
were rinsed three times in PBS and the background
blocking was performed with normal goat serum (Vector
Laboratories, Burlingame, CA) for 20 minutes before in-
cubation with a specific primary antibody. The sections
were incubated with polyclonal anti-PrPc antibody at 4°C
overnight, rinsed five times in PBS, and incubated with
biotinylated goat anti-rabbit IgG (diluted 1:200; Vector
Laboratories) for 40 minutes. The sections were treated
with an ABC-PO kit (Vector Laboratories) for 1 hour, vi-
sualized by 3, 3=-diaminobenzidine tetrahydrochloride
(DAB) and then counterstained with Mayer’s hematoxylin.
Finally, the sections were observed for PrP-staining using
light microscopy. To test the specificity of the immuno-
staining for murine tissue, negative controls were run in
which the primary antibody was omitted or replaced with
an irrelevant rabbit IgG purified with a protein A column
(diluted 1:300, code #17312, IBL)18 (see Supplemental
Figure S1 at http://ajp.amjpathol.org).

Immunohistochemical Re-Staining Method

First, we dual-stained with polyclonal anti-PrPc antibody and
several anti-cell marker antibodies. Heating in an autoclave
was used as the method of antigen retrieval, and then the
slides could be stained with polyclonal anti-PrPc anti-
body, but not with several of the anti-cell marker antibod-
ies. In contrast, after each treatment for the detection of
several of the anti-cell markers, the slides nonspecifi-
cally stained with polyclonal anti-PrPc antibody; there-
fore, we immunohistochemically re-stained the sections
using the same slides.18 Each re-stained section was
re-stained once with an anti-cell marker antibody after the
PrP staining.

Briefly, to identify the cell types staining positive for
PrPs, 3-�m-thick sections of Peyer’s patches and 5-�m-
thick sections of spleen were used for immunohistochem-
ical re-staining. After immunohistochemical detection of
challenged PrPs, the sections were observed by light
microscope, and thereafter were stained for several cell
marker antibodies. Pretreatment was needed to stain with
anti-CD11b antibody and anti-annexin V antibody. To
stain with anti-CD11b antibody, the sections were predi-
gested with 0.0025% trypsin in 0.1% calcium chloride
(pH 7.5) at 37°C for 5 minutes. For staining with anti-
annexin V antibody, the sections were placed in Target
Retrieval Solution (Dako) and heated in an autoclave at
121°C for 5 minutes. This pretreatment was not needed
for staining with the anti-CD45R/B220, anti-CD14, anti-
DC, anti-FDC, anti-CD3, anti-clusterin, and anti-protein
gene product 9.5 antibodies. After these treatments, the
sections were rinsed three times in PBS, blocked again

with normal goat serum or normal chicken serum, and
then incubated with various antisera against cell surface
markers at 4°C overnight. The sections were rinsed with
PBS, incubated with Alexa Fluor 488-labeled goat anti-rat
IgG or chicken anti-goat IgG (diluted 1:400; Invitrogen,
Eugene, OR) for 1 hour and counterstained with pro-
pidium iodide (PI; Sigma, Saint Louis, MO). The sections
were observed by confocal laser microscopy (MRC-
1024; BioRad, Hercules, CA), and after microscopic ob-
servation, the coverslips were removed from the slides
and counterstained with Mayer’s hematoxylin. To analyze
the PrPs distribution of the same position on the section,
we reobserved the same section using light microscopy.

Results

Incorporation and Vicissitude of PrPs into
Peyer’s Patches

We investigated sequentially how PrPs administered by
the oral route invaded the intestine and then spread.
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Figure 1. Distribution of orally inoculated prion proteins (PrPs) in the
Peyer’s patches of the duodenum. Cellular PrP knockout mice were orally
challenged with 200 �L of 10% Fukuoka-1 strain Creutzfeldt-Jakob disease
brain homogenate. Small intestines were obtained at the indicated times after
the challenge and subjected to immunostaining for PrPs. The paraffin sec-
tions of Peyer’s patches were stained with anti-PrP antibody. Immunohisto-
chemical photographs show the distribution of PrPs in the duodenum villi
(A) at 1 hour and in Peyer’s patch at 1 hour [B: lower magnification, C:
subepithelial dome (SED), D: subfollicle], 4 hours (E: SED, F: subfollicle),
and 8 hours (G: SED, H: subfollicle) after the challenge. Arrows indicate
epitheliocytes including PrP-positive particle in the villi (A) and follicle-

associated epithelium (FAE) (C) at 1 hour after the challenge. Scale bars � 10
�m.

http://ajp.amjpathol.org
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However, PrPc are commonly expressed in several lym-
phoid tissues and organs besides the brain. Whereas it
would be very difficult to detect and trace relatively small
amounts of PrPs delivered by the oral route, we used PrPc

knockout mice in these experiments to remove the noise
of normal PrPc. Figure 1 shows the distribution of PrP-
positive cells in the Peyer’s patches of the duodenum.
After the oral challenge of 10% Fukuoka-1 strain CJD-
infected brain homogenate to PrPc knockout mice, PrP-
positive cells were not detected in any of the samples at
15 or 30 minutes. At 1 hour after the oral challenge, we
were able to detect PrP-positive particles in the cyto-
plasm of villus epitheliocytes and some cells of the FAE
(Figure 1, A–C). In the subepithelial dome (SED) of Pey-
er’s patches, PrP-positive cells were also detected (Fig-
ure 1, B and C). Surprisingly, numerous PrP-positive cells
had already accumulated at the subfollicle region of Pey-
er’s patches (Figure 1, B and D). By 4 hours after the

Table 2. Summary of Distribution of PrP-Positive Cells in Small
Intestine Peyer’s Patches of PrPc Knockout Mice at
Various Times after an Oral Challenge

Time after
oral

challenge Duodenum PP Jejunum PP Ileum PP

1 hour VE, FAE, SED, SF ND ND
2 hours — SED, F SED, F
4 hours SED, SF SED, F, IFR, SF IFR
6 hours ND SED, F, IFR, SF F, IFR, SF
8 hours ND SED, F, IFR, SF ND

10 hours ND F*, IFR*, SF* —
2 days SED* SED*, F*, SF* —
6 days SED* SED*, F*, IFR* ND

—, not determined.
*Only 1 or 2 prion protein (PrP)-positive cells were detected in a

photograph.
ND, PrP-positive cells are not detected; F, follicle; FAE, follicle-asso-

ciated epithelium; IFR, interfollicular region; PP, Peyer’s patches; SED,
subepithelial dome; SF, subfollicle; VE, villus epithelium.

Figure 2. Prion protein (PrP)-positive cells in the mesenteric lymph
nodes (MLN). Then after oral challenge with 10% Fukuoka-1 strain
Creutzfeldt-Jakob disease brain homogenate, MLN were obtained from
cellular PrP (PrPc) knockout mice at 2 days (A), 6 days (B), 4 weeks (C),

and 10 weeks (D). The paraffin sections of MLN were stained with
anti-PrP antibody. Scale bars � 10 �m.
challenge, PrP-positive cells were observed in the SED
and the subfollicle region of the Peyer’s patch, as it was
at 1 hour (Figure 1, E and F). However, we could not
detect PrP-positive cells in duodenal Peyer’s patches
later than 8 hours after the challenge (Figure 1, G and H).
These results and Supplemental Figure S1 (available at
http://ajp.amjpathol.org) additionally indicate that the pos-
itive reactions are a specific reaction against orally chal-
lenged PrPs with our immunohistochemical method.

Table 2 summarizes the pattern of distribution of PrP-
positive cells in the Peyer’s patches of the duodenum,
jejunum, and ileum after the oral challenge. In the Peyer’s
patches of the jejunum and ileum, PrP-positive cells were
detected 2 hours after the challenge. The number of
PrP-positive cells reached a peak in the Peyer’s patches
of the jejunum and ileum at 4 to 8 hours and at 6 hours
after the inoculation, respectively. The pattern of distribu-
tion of the PrP-positive cells in the jejunum and ileum was
the same as for the Peyer’s patches of the duodenum.
PrP-positive cells had disappeared from the jejunal and
ileal Peyer’s patches after 10 hours of the challenge.

Figure 3. Prion protein (PrP)-positive cells in the spleen. Spleens were
obtained from cellular PrP knockout mice at 2 days (A, B), 6 days (C, D), 4
weeks (E, F), and 10 weeks (G, H) after an oral challenge with 10% Fu-
kuoka-1 strain Creutzfeldt-Jakob disease brain homogenate. The paraffin-
embedded spleens were stained with anti-PrP antibody. The photographs

show the area of red pulp (left column) and white pulp (right column).
Scale bars � 10 �m.

http://ajp.amjpathol.org


Early Pathogenesis of Oral TSE Infection 1305
AJP September 2011, Vol. 179, No. 3
Spread of PrP-Positive Cells to Mesenteric
Lymph Nodes and Spleen

Next, we investigated the distribution of PrP-positive cells
in the MLN, which was the draining lymph nodes of the
Peyer’s patches. PrP-positive cells in the MLN were ob-
served mainly around vessels in the follicles and in the
interfollicular region (Figure 2, A and B). The number of
PrP-positive cells clearly declined between 2 and 6 days
after the challenge and then disappeared by 4 weeks
after the challenge (Figure 2, A–D).

In the spleen, PrP-positive cells were well detected
around vessels until 4 weeks after the challenge and
were mainly observed in the red pulp, except for the
samples taken on day 6, when the PrP-positive cells were
mainly found in the white pulp (Figure 3, A–F). However,
PrP-positive cells disappeared from the spleen by 10
weeks after the challenge (Figure 3, G and H).

Table 3 summarizes the transition of a number of
PrP-positive cells detected in the MLN and spleen.

Table 3. Transition of Number of PrP-Positive Cells Detected in
the MLN and Spleen of PrPc Knockout Mice at Various
Times after an Oral Challenge

Time after oral
challenge MLN Spleen

2 days ��� �
6 days �� ��
4 weeks ND ��

10 weeks ND ND

�, several PrP-positive cells detected; ��, PrP-positive cells detected
at an intermediate level; ���, numerous PrP-positive cells detected.

MLN, mesenteric lymph nodes; ND, PrP-positive cells not detected;
PrP, prion protein; PrPc, cellular prion protein.

Figure 4. Oral inoculation of normal brain homogenate. Cellular prion
protein (PrPc) knockout mice were orally challenged with 200 �L of 10%
normal brain homogenate. The small intestines, mesenteric lymph nodes
(MLN), and spleen were obtained at the indicated times after the challenge
and were subjected to immunostaining for prion proteins (PrPs). Immuno-
histochemical photographs show subepithelial dome (A) and subfollicle (B)

regions of the duodenum Peyer’s patch at 1 hour, MLN (C) at 2 days, and
spleen (D) at 2 days after the challenge. Scale bars � 10 �m.
PrP-positive cells were detected in the MLN earlier
than in the spleen. The number in the MLN and spleen
reached a peak at 2 days and at 6 days after the
challenge, respectively. These data imply that there is
quite a difference in the period during which PrP-pos-
itive cells can be detected between the MLN and the
spleen, and that they disappear in the MLN earlier than
in the spleen.

Oral Inoculation of Normal Brain Homogenate

We performed an oral inoculation of normal brain homog-
enate to PrPc knockout mice (Ngsk Prnp0/0). Mice were
euthanized at 1 and 2 hours and 2 days after the chal-
lenge. Duodenum Peyer’s patches, MLN and spleen
were obtained from three mice at each time point. PrP-
positive cells were detected in the SED of the Peyer’s
patch at 1 hour (Figure 4A) and 2 hours (not shown)
after the challenge. However, the accumulation of PrP-
positive cells in the subfollicle region of the Peyer’s
patch was not observed in any of the time points (Fig-
ure 4B). In addition, PrP-positive cells were clearly
stained in the MLN and spleen at 2 days after a chal-
lenge of 10% Fukuoka-1 strain CJD (Figures 2 and 3),
but not after a challenge of normal brain homogenate
(Figure 4, C and D).

Figure 5. Prion proteins (PrP)-positive cells expressing annexin V in the
follicle-associated epithelium. The same paraffin section of duodenum at 1
hour after the oral challenge was immunohistochemically re-stained, initially
using anti-PrP antibody (A: with boxed areas magnified in C and E) and then
with an anti-annexin V antibody (B: with boxed areas magnified in D and F).

Arrows and arrowheads indicate the same PrP-positive cells. Scale bars �
10 �m.
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Identification of Cell Types of PrP-Positive Cells
in Peyer’s Patch

To identify the cell types of PrP-positive cells in the Pey-
er’s patches of the duodenum, we performed immuno-
histochemical re-staining using several cell-type specific
antibodies. First, we used anti-annexin V antibodies for
microfold (M) cells in the FAE and DCs of the Peyer’s
patch.27 PrP-positive cells were detected in the FAE and
SED and accumulated in the subfollicle region of the
Peyer’s patches at 1 hour after the challenge (Figure 5, C
and E). Annexin V-positive cells were detected in several
parts of the Peyer’s patches that we observed (Figure
5B). Epitheliocytes that possessed PrP-positive particles in
the FAE were identified as M cells because they expressed
annexin V (arrowheads in Figure 5, C and D). In contrast,
PrP-positive cells in the SED and subfollicle regions of the
Peyer’s patch did not stain for anti-annexin V antibody.
Annexin V is also a marker for DC (Figure 5, C–F).

PrP-positive cells were found in the subfollicle region of

Figure 6. Accumulation of prion protein (PrP)-positive macrophages in the
subfollicle region of Peyer’s patches. The small intestines were obtained from
mice at 1 hour after the oral challenge (A–D) or from unchallenged mice
(E–H). The same paraffin section of the Peyer’s patches of the duodenum
were immunohistochemically re-stained, initially using an anti-PrP antibody
(left column) and then with an anti-CD11b antibody (right column). The
boxed areas in A, B, E, and F are enlarged in C, D, G, and H, respectively.
Scale bars � 10 �m.
Peyer’s patches, in cells that were also positive for the
monocyte marker CD11b (otherwise known as macro-
phage-1 antigen) (Figure 6, A–D). CD11b-positive cells in
Peyer’s patches of unchallenged mice were usually lo-
calized in the SED and interfollicular region, but not in the
subfollicle region (Figure 6, E–H). In addition, we stained
B cells, T cells, and FDCs in duodenal Peyer’s patches
with antibodies for CD45R/B220,23 CD3,26 and clus-
terin,28 respectively. Figure 7 shows that the PrP-positive
cells were entirely negative for these antibodies. These
results indicate that orally delivered PrPs were trans-
ported to SED by M cells, and that CD11b-posititve cells
incorporated PrPs and instantly migrated to the subfol-
licle region of the Peyer’s patch.

Identification of PrP-Positive Cell Types in the
Spleen

Cryosections of the spleen at 2 days after the oral chal-
lenge were used for immunohistochemical re-staining to
identify PrP-positive cell types. A re-staining study re-
vealed that CD14-positive cells were PrP-positive, and
that B cells (CD45R/B220), FDCs,30 and DCs31 were
PrP-negative (Figure 8). It has been reported that mono-
cytes and macrophages mainly express the CD14 anti-
gen in the spleen.24 These results indicate that PrP-pos-
itive cells in the spleen are CD14-positive macrophages.

Figure 7. Other cell types of the Peyer’s patches of the duodenum did not
stain for prion proteins (PrPs). The same paraffin section of the duodenum
Peyer’s patches at 1 hour after the oral challenge were immunohistochemi-
cally re-stained, initially using an anti-PrP antibody (A, C, E) and then with

anti-CD45R/B220 (B), anti-CD3 (D), or anti-clusterin (F) antibodies. Arrows
indicate the same PrP-positive cells. Scale bars � 10 �m.
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Potential Contacts between PrP-Positive Cells
and Nerve Fibers in Peyer’s Patches and the
Spleen

We investigated the possibility of direct contact between
PrP-positive cells and peripheral nerve fibers in Peyer’s
patches and the spleen. Immunohistochemical re-stain-
ing was performed using a neuron specific anti-protein
gene product 9.5 antibody.32 In the subfollicle region of
Peyer’s patches at 4 hours after the oral challenge, we
detected PrP-positive cells close to the nerve fiber (Fig-
ure 9, A and B). Nerve fibers were also detected in the
vicinity of PrP-positive cells (dotted circle). In the spleen,
2 days after the challenge, the nerve fibers were detected
in association with blood vessels in the red pulp and
PrP-positive cells were found nearby (Figure 9, C and D).

Discussion

In this study, we have focused on the early stages of

Figure 8. Immunohistochemical re-staining of various cell surface markers
and prion proteins (PrPs) in the spleen. The same frozen sections of spleen
at 2 days after the oral challenge were immunohistochemically re-stained,
initially using an anti-PrP antibody (B, D, F, H) and then with anti-CD14 (A),
anti-CD45R/B220 (C), anti-follicular dendritic cells (FDC) (E) and anti-den-
dritic cell (DC) (G) antibodies. Arrows indicate the same PrP-positive cells.
Scale bars � 10 �m.
alimentary TSE infection and we have tried to identify the
cells involved in the entry and spread of PrPs. We first
observed the uptake and internalization of orally deliv-
ered PrPs by annexin V-positive M cells within the FAE.
Several in vivo33 and in vitro9,34 studies suggest that M
cells act as the portal sites for orally administered infec-
tious agents. Additionally, we observed that villous epi-
thelial cells also incorporated PrPs. This epitheliocyte
might be an M cell existing in the villi.35 Therefore, we
suggest that following the uptake and transportation of
orally delivered PrPs by M cells, the PrPs are transferred
from M cells to macrophages in the SED. Thereafter,
these macrophages migrate and accumulate into the
subfollicle region of Peyer’s patches, and are close to the
nerve fibers within a few hours after the oral challenge. It
has been reported that there are almost no differences in
early stage pathology between Ngsk Prnp0/0 mice and
wild-type mice.36 In addition, several proteins have been
shown to interact with prion proteins, including laminin,
N-CAM, a cell surface component with an important role
in neuronal aggregation, and tyrosine kinase Fyn impli-
cating a role of PrP in cell signaling.37 Therefore, the
uptake of orally challenged PrPs from alimentary tract
and its spread to the peripheral lymph nodes or spleen
are not dependent on the PrPc expression in mice.

Peyer’s patches have a very good blood supply and
lymph drainage.38 PrP-positive macrophages may enter
the lymph ducts in Peyer’s patches, migrate to the MLN,
and finally reach the spleen through the blood circulation.
Additionally, there is a possibility that PrP-positive mac-
rophages may reach spleen directly through the blood
circulation from the Peyer’s patches. However, PrP-pos-
itive cells are likely to mainly spread to the MLN, because
PrP-positive cells were detected in the MLN earlier than
the spleen in this study. Following these movements,
PrP-positive macrophages accumulated mainly in the red

Figure 9. Immunohistochemical re-staining of prion proteins (PrPs) and
nerve fibers in Peyer’s patches and the spleen. The samples of Peyer’s
patches and spleen were obtained from mice at 4 hours and 2 days after
an oral challenge, respectively. The same paraffin sections were immu-
nohistochemically re-stained initially using an anti-PrP antibody (A,C)
and then with an anti-protein gene product 9.5 antibody (B, D). Dotted

and solid circles in the left column correspond to those in the right
column. Scale bars � 10 �m.
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pulp of the spleen, where they may have contact with
peripheral nerve fibers.

We observed that PrP-positive cells immediately accu-
mulated in the subfollicle region of Peyer’s patches in the
duodenum at 1 hour and in the jejunum and ileum at 2
hours after the oral challenge. Other groups have re-
ported that orally delivered PrPSc in hamsters and sheep
were observed in Peyer’s patches at 4 days39 and 1
month40 after an oral challenge, respectively. In scrapie
and BSE infected mice, PrPSc was observed in Peyer’s
patches at 45 days after the oral challenge.10 In these
reports, PrPSc might be observed in Peyer’s patches after
its replication and circulation because PrPs immunoreac-
tivity could not be detected after 8 hours after the oral
challenge in the present experiment (Table 2). As far as
we are aware, there have been no reports detailing such
a short period after an oral challenge of PrPSc, as in the
present experiment.

When mice were orally challenged with normal brain
homogenate, PrPs were detected only in the SED of Pey-
er’s patches at 1 and 2 hours after the challenge. Normal
brain homogenate contains a large amount of PrPc, how-
ever, PrPc may be largely digested in the gastrointestinal
tract.41 In addition, Almeida et al 42 report that macro-
phages from mice with depletion of the Prnp gene show
higher rates of phagocytosis than wild-type macro-
phages in in vitro and in vivo assays, and that the activa-
tion of ERK-1/2 and Akt kinase induce various biological
responses of macrophages in PrP-knockout mouse.43

Dendritic cells and macrophages in SED would immedi-
ately degrade incorporated PrPc.44,45 These results indi-
cate that the undigested PrPSc may induce the accumu-
lation of PrP-positive cells in the subfollicle region of
Peyer’s patches and their spread to the MLN and the
spleen.

We reveal here that PrP-positive cells both in Peyer’s
patches and the spleen were macrophages. Macro-
phages containing PrPSc have been detected in ovine
Peyer’s patches,46 other secondary lymph nodes of vari-
ant CJD patients,47 and the spleen of mice.48 In the
spleen, PrP-positive cells were entirely CD14-positive
macrophages (Figure 8). Jeffrey et al 48 revealed that
such macrophages contained PrPSc within lysosomes.
Additionally, the depletion of spleen macrophages by
administrating clodronate to mice shows that macro-
phages partly control scrapie infection in peripheral tis-
sues by sequestration of the scrapie inoculum and im-
pairment of the replication of scrapie infectious agents in
the spleen during the early stages of the disease.45

DCs49 and macrophages50 in Peyer’s patches were
previously reported to express the CD11b molecule. In
addition, it has also been reported that only DCs in Pey-
er’s patches expressed annexin V.27 PrP-positive cells in
Peyer’s patches did not express annexin V in our study
(Figure 5). Therefore, we suggest that PrP-positive cells
in Peyer’s patches are CD11b-positive and annexin V-
negative macrophages. Surprisingly, in the Peyer’s
patches of the duodenum of unchallenged PrPc knockout
mice, CD11b-positive cells were detected in the SED, but
few in the subfollicle region (Figure 6). These results raise

the possibility that the accumulation of CD11b-posiitve
cells to the subfollicle region may have occurred specif-
ically when they acquired orally delivered PrPs.

The present study also examined the potential for con-
tact between PrP-positive cells and nerve fibers in Pey-
er’s patches and the spleen. We readily detected PrP-
positive cells in the vicinity of the nerve fibers in the
subfollicle region of the Peyer’s patch at 4 hours and in
the spleen at 2 days after the challenge (Figure 9). It has
been reported that the relative positioning of infected
cells and nerve fibers control the efficiency of peripheral
prion neuroinvasion.51 These contacts in the peripheral
lymph nodes and spleen are assumed to be important for
neuroinvasion of the infectious agent.52,53 Therefore,
these findings suggest the possibility that PrP-positive
macrophages in Peyer’s patches and the spleen may be
involved in neuroinvasion, and neuroinvasion can occur a
few hours after an oral infection.
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