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Abstract. Transmissible spongiform encephalopathies (TSE)
are caused by dietary oral exposure to infectious prion
proteins (PrP5¢); however, the mechanism behind the uptake
of PrPS¢ in the intestines is poorly understood. In addition,
epidemiological studies of BSE showed that most cattle are
exposed to the agents in the first 6 months of life, during
the suckling and weaning periods. In the present study, to
elucidate the enteric invasion mechanism of prions and to
investigate the age-dependent transmission mechanism sug-
gested by epidemiological studies, wild-type and SCID mice
were orally administered brain homogenate from scrapie
(Tsukuba 1)-infected mice during the suckling and weaning
stages, before being analyzed histopathologically. PrPS¢ was
found to be incorporated into the villous columnar epithelial
cells and was also detected in the villous lacteal of 15-day-old
suckling mice. However, no such uptake of PrPS¢ was observed
in the weaned mice at 25-days-old. Four different strains of
mice were tested. There was no mouse strain difference in
the frequency of PrPS¢ positive columnar epithelial cells. In
addition, the uptake of PrP% in suckling SCID mice lacking
maternal antibodies was significantly lower than that in the
wild-type suckling mice, and the uptake of PrP was enhanced
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by dilution with purified IgG. In the present study, it was sug-
gested that the weaning period and maternal immunoglobulin
are important risk factors for the oral transmission of PrPsc.

Introduction

Transmissible spongiform encephalopathies (TSE) are a
group of fatal neurodegenerative diseases characterized by
the abundant accumulation of abnormal prion proteins (PrP5c)
with B-sheet structures (PrP5°) (1). The most probable entry
site of PrP% is the intestinal tract. After entry, the transmissible
agents pass through one or several biological barriers and
finally reach the brain (2). The peroral route of entry is
widely assumed to be the most important in the natural patho-
genesis of bovine spongiform encephalopathy (BSE), scrapie
(3), variant Creutzfeldt-Jakob disease (vCID) (4) and other
TSE (5). Such transmission has also been shown to be caused
by dietary exposure to PrPS-contaminated food; however, the
uptake process and the movement of infectious agents from
the intestines to the central nervous system (CNS) are poorly
understood.

Experimental models of the oral transmission of BSE agent
in mink (6), mice (7), sheep (8,9) and non-human primates
(10,11) and experimental models of the oral transmission of
scrapie agent in hamsters (12,13) and mice (14) have been
established. These models focused on the accumulation of
PrP%¢ in gut-associated lymphoid tissue (GALT) and the neuro-
invasion of PrP% into the peripheral nervous system. Invasion
through the intestinal epithelial barrier is the first critical step
in oral transmission, but the mechanism of intestinal epithelial
invasion by PrP% is poorly understood.

PrPS¢ was shown to accumulate around the follicular
dendritic cells (FDC) of GALT and in tangible-body macro-
phages of lymphoid nodules (15). PrPS-positive cells with
the morphology of dendritic cells and macrophages were also
found to be scattered throughout the dome region of intestinal
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Peyer's patches (16). This suggests that M cells in the follicle-
associated epithelium are the entry site of transmissible agents
(17); however, no reports on the entry sites from the gut lumen
or the distribution of PrP5¢ in the early stage of infection have
been published.

There is a report dealing with PrPS¢ transport across the
intestinal mucosa in sheep that had been operated on to form
an intestinal loop (18) and inoculated with PrP5¢ into the
lumen of the loop. The report shows that trans-epithelial
passage through the intact villous epithelium was more
probable than that through M cells in Peyer's patches.

In addition, epidemiological studies and simulation models
of BSE showed that most cattle are exposed to the agents in
the first 6 months of life and that younger cattle are more
likely to be infected than older cattle (19). The first 6 months
of life in cattle represent the suckling and weaning periods,
when the gastrointestinal tracts are still immature. During the
suckling period, the intestinal epithelium easily takes up
proteins such as immunoglobulins and growth factors from
milk. Therefore, the intestinal epithelium may play a role in
the incorporation of PrPS during the suckling period.

We have already demonstrated that amyloid- protein is
incorporated into the villous epithelium during the suckling
and weaning periods in mice (20) and cattle (21). In the present
study, to elucidate the enteric invasion mechanism of prions
and examine the age-dependent transmission mechanism
suggested by previous epidemiological studies, scrapie agents
were orally administered to mice during the suckling or
weaning period, and then the mice were subjected to histo-
pathological analysis.

Materials and methods

Experimental animals. Fifteen-, 20- and 25-day-old CD-1,
BALB/c and C57BL/6 mice and 15-day-old CD-1.SCID
mice (Japan CLEA, Tokyo, Japan) were housed in SPF
conditions under an alternating 14 h/10 h light/dark cycle.
The animals were given free access to standard laboratory
food (Oriental Yeast Co., Ltd., Tokyo, Japan) and tap water
and were treated in accordance with the procedures authorized
by the Animal Experiment Committee of Nihon University
College of Biosource Sciences.

Administration of PrP% and preparation of tissue specimens.
To observe the differences in uptake between the suckling
and weaning periods, mice (age, 15, 20 or 25 days; n=3 for
each age and each administered substance) were administered
with mouse brain homogenates from mice in the terminal
stage of infection with mouse-adapted scrapie (Tsukuba 1
strain) (22). Ten percent brain homogenates (w/v) of scrapie
infected or normal mouse brains in sterile PBS were prepared
by a previously described method (23), and then 15-, 20- and
25-day-old mice were orally administered the brain homo-
genates. One gram of brain material was positive by Western
blotting until 1:1000000 dilution. The administration was
repeated 3 h later, and at 1 h post-administration (p.a.) the
mice were euthanized with ether. The administered amount
for the 15-day-old mice was 100 pl and those of the 20- and
25-day-old mice were determined in proportion to the weight
of each mouse. Next, to elucidate the involvement of maternal
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immunoglobulin in the intestinal invasion of scrapie agents,
15-day-old suckling SCID mice were administered 100 pul of
10% homogenate (w/v) composed of scrapie-infected brains
diluted with PBS (n=5) or diluted with PBS containing 5 mg/
ml purified mouse IgG (Beckman, Fullerton, CA, USA, n=3)
or normal mouse brains diluted with PBS (n=3). The adminis-
tration was repeated 3 h later, and at 1 h post-administration
(p-a.) the mice were euthanized with ether. Their intestines
were then removed and fixed by immersion in PBS containing
4% paraformaldehyde for 2 h before being washed in PBS
containing 6.8% sucrose. After dehydration in 100% acetone
for 1 h, tissue samples were embedded in resin (Technovit
8100; Heraeus Kulzer, Wehrheim, Germany) in accordance
with the manufacturer's instructions and sectioned at a thick-
ness of 4 um.

Identification of PrPS. PrPS-deposition in the brains of mice
at the terminal stage of Tsukuba 1 infection was confirmed
using rabbit anti-PrP polyclonal antibody (P8, 1:100), (24)
and mouse anti-PrP monoclonal antibody (T2, 10 ug/ml), (25)
using a conventional immunohistochemical procedure (26).
The PrP% in the intestines was identified by immunohisto-
chemistry. Resin sections obtained from mice treated with
PrPSc were pretreated with 0.1% CaCl, at pH 7.8 containing
0.01% trypsin for 10 min at 37°C and were then quenched in
0.3% hydrogen peroxide in methanol for 30 min. After
incubation with rabbit anti-PrP polyclonal antibody (P8,
1:100) or mouse anti-PrP monoclonal antibody (T2, 10 pg/
ml) at 37°C for 2 h and secondary horseradish peroxidase-
coupled goat anti-rabbit IgG antibody or goat anti-mouse IgG
antibody (4 pg/ml; Nichirei, Tokyo, Japan), respectively, at
room temperature for 30 min, diaminobenzidine (DAB;
Wako, Osaka, Japan) was applied for 10 min. The sections
were then counterstained with hematoxylin for 1 min. The
number of PrP5¢ positive cells in each microscope-visual field
in the villous epithelium was counted at five random points.
Cell counts were expressed as the mean + SD of the micro-
scopic fields viewed at x400 magnification. Intestinal epithelial
cells were selected for determining the intensity of infection,
which was not known to the observer measuring the respective
intestinal sections. Statistical analysis (P<0.01) was performed
to assess the differences between groups using the Student's
t-test.

Lectin staining to identify the targeted cells. To analyze the
PrPSe positive cells, the resin-fixed sections were treated with
PBS containing 1% BSA for 30 min. Then, they were incu-
bated with rabbit anti-PrP polyclonal antibody (PS8, 1:100) for
2 h at 37°C and secondary Alexa Fluor® 546-coupled goat
anti-rabbit IgG antibody (5 yg/ml Molecular Probes, Eugene,
OR, USA). Ulex europaeus agglutinin (UEA-1) conjugated to
rhodamine (Vector Labs, Burlingame, CA, USA) and wheat
germ agglutinin (WGA) conjugated to Alexa Fluor® 350
(Molecular Probes) were used. The sections were incubated
at room temperature for 1 h with the lectins (10 zg/ml).

Results

Detection of PrP using two anti-PrP antibodies. Scrapie
agents of the Tsukuba 1 strain were successfully detected
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Figure 1. Detection of PrPS¢ by two anti-PrP antibodies. Mouse brains from CD-1 mice at the terminal stage of infection with scrapie prion [Tsukuba 1 strain,
(a-c)] and normal CD-1 mouse brains (d-f). PrPS¢ was detected by immunohistochemistry using rabbit anti-PrP polyclonal antibody [P8, (a, d)] and mouse
anti-PrP monoclonal antibody [T2, (b, €)], as well by an immunofluorescent assay using P8 (red) and T2 (green) antibodies. PrPSc was detected (a, b), and the

same PrP5¢ was identified by both antibodies (c).

Figure 2. Uptake of PrPS¢ through the villi. The duodenum (a), jejunum (b-¢), and Peyer's patch (f) in 15-day-old CD-1 mice. The mice were orally
administered the brain homogenates of scrapie (Tsukuba 1) infected mice (a-d, f) and normal mice (e). PrPS® was incorporated into the villous epithelial cells
in the jejunum [arrows, (b, d)] but not into those of the duodenum (a). PrPS¢ was also detected in the dome epithelium of Peyer's patches (f) and in the villous
lacteal (f, arrows). PrPS was detected by P8 (b) and T2 (d) anti-prion protein antibodies, whereas no PrP was detected in the CD-1 mice administered a
homogenate composed of normal CD-1 mouse brains. The lectins used were UEA-1 conjugated with rhodamine and WGA conjugated with Alexa Fluor® 350.
The luminal surface of the columnar epithelial cells in the villus is shown in blue (g, h). The columnar cells (arrows) took up PrP% (green). The scale bars

represent 50 ym (a-f, g and h) and 20 gm (magnification of f).

using rabbit anti-mouse PrP polyclonal antibody (P8, Fig. 1a)
and mouse anti-PrP monoclonal antibody (T2, Fig. 1b) in the
brains of CD-1 mice at the terminal stage of scrapie-infection.
These two antibodies identified the same PrP% (Fig. 1c). In the
normal CD-1 mouse brains, no PrP% was detected (Fig. 1d-f).

Incorporation through the villi. PrPS¢ was detected by
immunohistochemistry using both rabbit anti-PrP polyclonal
antibody (P8, Fig. 2a-c) and mouse anti-PrP monoclonal
antibody (T2, Fig. 2d). PrPS¢ was not incorporated into the
villous epithelium in the duodenum (Fig. 2a) but was present
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Figure 3. Age-dependent uptake of PrP%. Intestinal villi of 15- (a), 20- (b) and 25-day-old mice (c) that had been orally administered PrPSc. PrP% was
incorporated readily into the villi of the 15-day-old CD-1 mice, incorporated slightly in the 20-day-old CD-1 mice, but not incorporated at all in the 25-day-
old CD-1 mice. The number of ileal epithelial cells that had incorporated PrP> was significantly higher in the 15-day-old CD-1 mice than in the 20- or 25-
day-old CD-1 mice (d). The results are expressed as the mean + SD. The statistical significance of differences was determined by the Student's t-test.

“P<0.01. Scale bar, 50 pm.

in the jejunum (Fig. 2b and d, arrows) of 15-day-old CD-1
mice and was also detected in the villous lacteal (Fig. 2c,
arrow). On the other hand, PrP was not detected in the CD-1
mice orally administered the homogenate of normal mice
brains (Fig. 2e). In addition, the sections that were only
reacted with the secondary antibodies did not show PrPS on
immunohistochemistry. In the Peyer's patches, some PrPs
was detected in the dome epithelium (Fig. 2f, arrows) but
none was found in the subepithelial dome or germinal center
regions.

Incorporation across absorptive epithelial cells. Four kinds
of cells were identified in the intestinal villous epithelium
of the 15-day-old CD-1 mice: UEA-1-positive and WGA-
negative (UEA-1*/WGA"), UEA-1-positive and WGA-positive
(UEA-1*/WGA*), UEA-1-negative and WGA-positive
(UEA-1/WGA™), and UEA-1-negative and WGA-negative
(UEA-1/WGA") cells (data not shown). PrPS¢ was detected in
the UEA-1/WGA* cells (Fig. 2g and h).

Age-dependent incorporation. To determine whether aged
mice were less reactive to scrapie agent ingestion, intestinal
sections were observed using immunohistochemistry. PrPS¢
was incorporated into the villous epithelium and the lamina
propria in the 15-day-old CD-1 mice (Fig. 3a). On the other
hand, PrPS¢ was attached to the luminal surface of villous
epithelial cells but was scarcely detected in the villous
columnar epithelial cells in the 20-day-old CD-1 mice (Fig. 3b)

and was not found at all in the 25-day-old CD-1 mice (Fig. 3¢c).
Significantly more PrPS was incorporated into the villous
epithelium in the 15-day-old CD-1 mice than in the 20-day-
old CD-1 mice and in the 20-day-old CD-1 mice compared
with the 25-day-old CD-1 mice (Fig. 3d).

The same experiments were repeated in BALB/c and
C57BL/c mice to see if there were any mouse strain differences
in the intestinal incorporation of PrP%. As shown in Fig. 4,
more PrP% was incorporated into the villous epithelium in
the 15-day-old BALB/c and C57BL/6 mice than in the 20-
day-old BALB/c and C57BL/6 mice (Fig. 4b and c, respec-
tively). More PrPS was observed in the villous epithelium in
the 20-day-old BALB/c and C57BL/6 mice than in the 25-
day-old BALB/c and C57BL/c mice. There were no distinct
mouse strain differences in the ratio of PrPS¢ incorporation
among the CD-1 (Fig. 4a), BALB/c (Fig. 4b) and C57BL/6
(Fig. 4c) mice.

Differences in PrP5 uptake between suckling wild-type and
SCID mice. To determine whether immunodeficient mice
were less reactive to scrapie agent ingestion, intestinal sections
from CD-1.SCID mice were observed using immunohisto-
chemistry. PrP5 uptake into the villous epithelial cells was
observed in the CD-1.SCID mice (Fig. 5b). Compared with
the wild-type CD-1 mice (Fig. 5a), the number of cells incor-
porating PrPS¢ in the CD-1.SCID mice was significantly lower
(Fig. 5e). In the Peyer's patches, PrP was incorporated into
the dome epithelial cells (Fig. 5d).
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Figure 4. Age-dependent uptake of PrPS in CD-1, BALB/c and C57BL/6
mice. PrP% was incorporated readily into the villi of the 15-day-old mice,
incorporated slightly in the 20-day-old mice, but not incorporated at all in
the 25-day-old mice [CD-1, (a); BALB/c, (b); C57BL/6, (c)]. The number
of ileal epithelial cells that incorporated PrPS was significantly higher in
the 15-day-old mice than in the 20- or 25-day-old mice. The results are
expressed as the mean + SD. The statistical significance of differences was
determined by the Student's t-test. ““P<0.01. Scale bar, 50 zm.

On the contrary, the PrPS¢ uptake into the villi in the
CD-1.SCID mice administered PrPS¢ containing abundant
mouse IgG (Fig. 5¢) was enhanced compared with that in
CD-1.SCID mice administered only PrPS (Fig. 5b). As a
control, mouse IgG was given orally to mice without PrPse.
Mouse intestinal sections were stained for PrPSc using anti-
PrP polyclonal rabbit antibody (P8) and secondary stained

(26). In these sections, PrPS was not detected using anti-PrP
polyclonal antibody and no cross-reactive staining was
observed for the ingested mouse IgG using anti-rabbit IgG
polyclonal secondary antibody (Fig. 5f).

Discussion

PrP5¢ was detected after being incorporated by villous epi-
thelial cells. PrP%¢ is resistant to degradation by gastric juices
and intestinal enzymes because of its abundant stable 3-sheet
structure. It was revealed previously that murine and bovine
-amyloid proteins, which also contain many B-sheet struc-
tures, were incorporated into villous columnar epithelial cells
in mice (20) and cows (21). These proteins are able to resist
digestion by gastric juices and intestinal enzymes in a similar
manner to amyloid proteins such as PrPS¢ and are incorporated
into the villous epithelial cells by a common mechanism.

Villous epithelial cells are composed of absorptive, goblet,
endocrine, basal granular and Paneth cells (27). Among the
murine intestinal epithelial cells, the UEA-1¥/WGA-, UEA-1+/
WGA*, UEA-1/WGA* and UEA-1/WGA- cells correspond
to the M, goblet, columnar, and other cells (e.g., endocrine
cells), respectively (28). The villous epithelium of 15-day-old
suckling mice is composed of columnar, goblet and other
types of cells. The dome epithelium in Peyer's patches mainly
consists of M cells. In the present experiment, PrPS was
incorporated mainly through villous columnar cells, which
play a primary role in nutritional absorption, rather than
through M cells, which are responsible for the uptake of
foreign substances (29). PrPS¢ was thought to be selectively
taken up by the M cells of Peyer's patches (30), although the
possibility of the incorporation of PrPS¢ across columnar
epithelial cells was reported recently (8). In addition, it was
shown that amyloid proteins were incorporated via columnar
epithelial cells in mice (20) and cows (21). This possibility
was strongly supported by the present finding of the incorpo-
ration of PrPS¢ via villous columnar epithelial cells.

In cases of oral or intragastric challenge with scrapie
agents in hamsters, it is thought that the infectious agent first
accumulates in Peyer's patches (31). These observations
suggest that uptake is mediated through M cells in the dome
epithelium of Peyer's patches. In the Peyer's patches in the
present study, some PrPS¢ was detected in the dome epi-
thelium, but most was incorporated in the villous epithelium.
In addition, during the suckling and weaning periods, the
Peyer's patches have not fully developed. So, it was sug-
gested that uptake through the villi is important for the
intestinal epithelial invasion of PrPSc. PrPS¢ was also detected
in the villous lacteal, but no PrPS was found in the dome
regions of Peyer's patches at 4 h p.a.; however, PrPS was
detected in the dome regions at 7 days p.a. (31). PrPS might
be transmitted to lymphatic tissues through lacteal circulation
after being taken up into the villous epithelium and then
accumulate in the dome regions of Peyer's patches during the
period after suckling and weaning.

The present experiment also showed a difference in
uptake between before and after weaning. The uptake of
PrPS¢ through the villi observed in suckling mice was not
recognized in 25-day-old CD-1, BALB/c or C57BL/6 mice.
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Figure 5. Uptake of PrP% in normal and SCID mice. Intestinal villi of 15-day-old wild-type CD-1 (a) and CD-1.SCID (b, ¢) mice that had been orally
administered PrP5¢ diluted with PBS (a, b) or PBS containing purified mouse IgG (c). PrPS® was incorporated into the villi of the CD-1 and CD-1.SCID mice
lacking maternal antibodies. The number of ileal epithelial cells incorporating PrPS¢ was significantly higher in the CD-1 mice than in the CD-1.SCID mice,
and the uptake was significantly enhanced by dilution with IgG (e). The statistical significance of differences was determined by the Student's t-test. “P<0.01.
Scale bar, 50 ym. PrPS was also detected in the dome epithelium of Peyer's patches in the CD-1.SCID mice (d). As a control, the intestinal villi of 15-day-old
wild-type CD-1 mice that had been orally administered with PBS containing purified mouse IgG and immune-stained for PrP% (f). No immune-positive cells

were detected in the mice not administered PrPS.

Proteins such as the immunoglobulins and growth factors in
breast milk (32) are incorporated into the body through the
villous epithelium (33,34) during the suckling period without
losing their original biological activity (35). Other macro-
molecules may also be absorbed non-specifically during the
suckling period (36). In addition, during the suckling period
the possibility of environmental antigenic challenge at the
intestinal epithelium is lower, whereas the intestinal epithelium
needs to take up more trophic and immunomodulatory factors
(37). It was reported that the uptake of inert macroparticles in
suckling SCID mice was significantly lower than that in
normal mice (38). The neonatal Fc receptor for IgG (FcRn)
binds to maternal IgG and is transcytosed in acidic conditions
(39). In mice, FcRn is exposed on the cell surface brush
border and is released at neutral pH on the neonatal side (40).
A recent study showed that in the adult gut enterocytes trans-
cytose IgG into the gut lumen where it binds to antigen. The
IgG-antigen complex is then delivered to the lamina propria
dendritic cells either directly or by reverse transcytosis across
the epithelial T-cell barrier (40). In the present study, the
levels of PrPS¢ incorporated by suckling SCID mice lacking
maternal immunoglobulins (41) were significantly lower than
those incorporated by wild-type suckling mice, whereas the
uptake of PrPS¢ was enhanced by immunoglobulin. So,
maternal immunoglobulin plays an important role in the enteric
invasion of PrPS into epithelial cells. It was also recently
reported that the oral transmissibility of PrPS® was enhanced
by its binding to soil particles (42). In that report, it was
suggested that the association of PrPS¢ with soil minerals and
organic carbon enhanced the oral transmissibility of prion

disease relative to the unbound agent. So, it is suggested in
the present study that the binding of PrP% to maternal immuno-
globulin might enhance the enteric invasion of PrP relative
to unbound PrP%. Ongoing experiments have shown that an
Fc receptor blocking agent (Z-e-aminocaproic acid) signifi-
cantly decreased PrPS¢ incorporation into the intestinal epi-
thelia of CD-1 sucking mice. In this experiment, the incorpo-
ration of IgG into the intestinal epithelium was also blocked
by Z-¢-aminocaproic acid. Therefore, the addition of such
blocking agents to animal feed might be useful for preventing
prion infection in younger animals (data not shown).

Cows younger than 6 months old are thought to be at the
highest risk of infection from dietary PrP% during the suckling
and weaning period (19). Therefore, the villous epithelium
may possess a specialized mechanism for the incorporation
of foreign proteins like PrP% during the suckling and weaning
period, thereby increasing the risk of transmission across it.

The mechanism revealed in the present study using scrapie
agents is a novel finding that reveals the oral transmission
mechanism of prion diseases, and in particular, the mechanism
by which they invade the intestinal epithelium.
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