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Although the ultimate target of infection is the central nervous system (CNS), there is evidence that the
enteric nervous system (ENS) and the peripheral nervous system (PNS) are involved in the pathogenesis of
orally communicated transmissible spongiform encephalopathies. In several peripherally challenged rodent
models of scrapie, spread of infectious agent to the brain and spinal cord shows a pattern consistent with
propagation along nerves supplying the viscera. We used immunocytochemistry (ICC) and paraffin-embedded
tissue (PET) blotting to identify the location and temporal sequence of pathological accumulation of a host
protein, PrP, in the CNS, PNS, and ENS of hamsters orally infected with the 263K scrapie strain. Enteric
ganglia and components of splanchnic and vagus nerve circuitry were examined along with the brain and spinal
cord. Bioassays were carried out with selected PNS constituents. Deposition of pathological PrP detected by
ICC was consistent with immunostaining of a partially protease-resistant form of PrP (PrP*%) in PET blots.
PrP5¢ could be observed from approximately one-third of the way through the incubation period in enteric
ganglia and autonomic ganglia of splanchnic or vagus circuitry prior to sensory ganglia. PrPS¢ accumulated,
in a defined temporal sequence, in sites that accurately reflected known autonomic and sensory relays. Scrapie
agent infectivity was present in the PNS at low or moderate levels. The data suggest that, in this scrapie model,
the infectious agent primarily uses synaptically linked autonomic ganglia and efferent fibers of the vagus and

splanchnic nerves to invade initial target sites in the brain and spinal cord.

Although the clinical signs and pathological damage are
indicative of central nervous system (CNS) disease, the most
likely natural portal of entry of nonexperimental transmissible
spongiform encephalopathy (TSE) infection is via the gastro-
intestinal (GI) tract. Bovine spongiform encephalopathy
(BSE) and a new variant of Creutzfeldt-Jacob disease (vCID)
are linked (13, 25) and almost certainly entered their hosts via
the food chain. However, little is known about how the patho-
genic agent enters the GI tract and subsequently spreads to
target sites in the CNS.

Evidence from natural (23, 46, 47) and experimental (2, 4, 5,
24, 30, 39) scrapie and BSE (48) implicates the peripheral
nervous system (PNS) and the enteric nervous system (ENS) in
the spread of the infectious agent to the CNS. In several
peripherally infected rodent models of scrapie, including ham-
ster 263K scrapie, the model of oral challenge used in this
study, neural targeting of infection shows a pattern consistent
with spread along visceral nerves.

A membrane-bound glycoprotein, PrP, is fundamental to the
development of scrapie and related diseases (7, 11, 36). PrP
mRNA and the normal cellular form of the protein (PrP€) are
widely expressed in the CNS (33, 35) and, less abundantly, in a
number of adult and embryonic peripheral tissues (6, 15, 35,
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41). A partially protease-resistant form of PrP (PrP5¢) ex-
tracted from infected brains copurifies with infectivity (2, 3, 8,
16, 45). Disease-associated forms of PrP (variously termed
abnormal or pathological PrP or PrP5°) accumulate in the CNS
and a variety of extraneural tissues during the incubation pe-
riods of experimental and naturally occurring TSEs (5, 12, 18,
19, 37, 38, 39). When such disease-associated forms are shown
to be associated with infectivity, as is the case in this study (2,
3), they may also be considered surrogate markers for an
infectious agent.

Regardless of the initial mechanisms of uptake from extra-
neural sites, infectivity (29, 31) and pathological PrP (2, 3, 4)
are first seen in the hindbrain and spinal cord of the CNS of
rodents peripherally infected with scrapie. After oral challenge
of hamsters with 263K scrapie, the earliest CNS target sites for
pathological PrP deposition are the dorsal motor nucleus of
the vagus nerve (DMNV) and the solitary tract nucleus (SN) of
the brain and the gray matter of thoracic vertebrae 4 to 9 of the
spinal cord (4). Subsequent spread of infection in the spinal
cord occurs in both cranial and caudal directions (2, 3, 4, 29,
32), and at the end point of disease, most brain areas and all
cervical and thoracic segments of the spinal cord and the cor-
responding dorsal root ganglion (DRG) contain substantial
accumulations of pathological PrP (39). The presence of BSE
agent in sensory ganglia of preclinical, orally challenged cows
(48) or pathological PrP in sympathetic, sensory (39, 47) and
enteric (1, 5, 46) ganglia of scrapie-fed hamsters and sheep
with natural scrapie suggests that the PNS and the ENS harbor
the infectious agent early in the disease process.
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FIG. 1. Diagrammatic representation of the neural pathways that link the GI tract with the brain and spinal cord. Circuitry has been simplified
to show major routes only. The infectious agent may reach the CNS by spreading along either efferent (motor) or afferent (sensory) fibers of vagus
or splanchnic nerves. Efferent fibers of the vagus nerve have their nerve cell bodies in the DMNV and synapse with neurons of the ENS in ganglia
of the submucosal and myenteric plexuses in the wall of the alimentary canal. The nerve cells of vagus nerve afferent fibers are located in the NG
and directly innervate the alimentary canal. These fibers run to the SN, where they synapse with interneurons projecting to the DMNV. The cell
bodies of splanchnic nerve efferent fibers are located in the IML and synapse with CMGC neurons that, in turn, innervate the GI tract. Afferent
fibers of the splanchnic nerve originate in the DRG, run through the CMGC, and directly innervate target organs such as the alimentary canal.

Adapted from reference 39, with permission from Elsevier Science.

It was previously proposed (4, 39) that the 263K scrapie
agent reaches its initial target sites in the CNS by spreading, in
a retrograde direction, along autonomic PNS pathways and
ganglia supplying the viscera, i.e., along sympathetic and para-
sympathetic efferents of the splanchnic and vagus nerves (Fig.
1). To investigate this further, we carried out a time course
study using our hamster model of 263K oral challenge and
immunocytochemistry (ICC) and paraffin-embedded tissue
(PET) blotting to identify and compare PrP deposition in the
ENS, PNS, and CNS. Specific components of the vagus and
splanchnic nerve circuitry were examined in addition to the
brain and spinal cord, with which they form neuronal relay
circuits. Jejunal and ileal ENS was included, as it forms syn-
aptic links with both nerves. Selective bioassays were also car-
ried out to assess the levels of infectivity in two key PNS
components, the cervical vagus nerve and the celiac and mes-
enteric ganglion complex (CMGC).

Using these approaches, it was possible to identify the tem-
poral sequence and location of PrPS¢ deposition within the
CNS, PNS, and ENS and thereby to define the neuroanatomi-
cal pathways involved in early pathogenesis. The findings
strongly support and expand our hypothesis that the infectious
agent primarily uses autonomic ganglia and efferent fibers of
the vagus and splanchnic nerves to reach and invade initial
CNS target sites.

MATERIALS AND METHODS

Experimental design. Outbred Syrian hamsters were fed individual food pel-
lets doused with 100 i of a 10% hamster brain homogenate from 263K scrapie-
infected donors or uninfected controls as previously described (2). For PrP
studies, four or five hamsters were humanely sacrificed at specific time points
throughout the incubation period: at 56, 62, 69, 76, 83, 90, 97, 104, 111, 118, 126,
and 132 days postinfection (dpi) or at the clinical end point of disease (159 *+ 4
[mean and standard error| dpi). Two mock-challenged hamsters, similarly fed
with normal brain homogenate, were sacrificed at 161 dpi. For bioassay experi-
ments, specimens were taken from five terminally ill and two mock-challenged
hamsters.

Histological procedures. Hamsters were transcardially perfused with perio-
date-lysine-paraformaldehyde (PLP) (39). The brain and CMGC were removed
from all hamsters. Spinal cord with attached DRG, jejunum, ileum (adjacent to
the ileocecal sphincter), and left and right nodose ganglion (NG) with attached
cervical vagus nerve were included from 69 dpi to the end point of disease. After
perfusion, tissues were immersed for 5 h in PLP, transferred to and kept in 70%
alcohol for a further 48 h, processed for 6 h in an enclosed tissue processor, and
embedded in paraffin wax. Prior to processing and embedding, brains were
trimmed coronally into 2-mm-thick slices using a brain slicing mold (SEMAT, St.
Albans, United Kingdom). Spinal cords were sliced coronally between nerve
roots to provide individual cervical, thoracic, and sometimes lumbar segments
with corresponding left and right DRG. Pieces were marked on their cranial
surface with India ink, numbered, and processed separately but embedded, in
sequence, in one block (49). Sections (6 wm) of brain and spinal cord with
attached DRG were taken at 100-pm intervals for PrP ICC, PET blot analysis,
and cresyl violet-Luxol fast blue histochemistry. For other tissues these proce-
dures were carried out either with serial sections or with sections taken at 50-pm
intervals.



9322 McBRIDE ET AL.

_ |
r
> 7 -
L b o
-~
2 %
¥ Fhal
J 20
3 v

i /

iy i b
c t T ) 4

o
- .,. .' ¥ ‘ 2 '
o
.‘_'-w" Ll
ll‘ ! I
Vol 1
2 A“'. £

: ¥ £ s

> uh

J. VIROL.

FIG. 2. PrP% in the ENS and splanchnic nerve circuitry of the same hamster 90 days after oral challenge with 263K scrapie. (A) Myenteric
ganglion. (B) CMGC. (C) Spinal cord segment T5 (arrow indicates IML). (D) DRG from segment T5. PrPS¢ deposition is already extensive in the
ENS and CMGC but minimal in DRG. Scale bars: A and D, 20 wm; B, 50 pm; C, 100 pm.

ICC. Immunostaining was carried out according to the ABC method using
mouse anti-hamster PrP monoclonal antibody 3F4 (27) or normal serum and
diaminobenzidine to visualize the reaction product. Sections were pretreated
with formic acid for 10 min to enhance PrP visualization. Similarly treated
sections from mock-challenged hamsters served as control tissue.

PET blotting. Sections were mounted on nitrocellulose membranes (0.45 pm
pore size; Bio-Rad Laboratories, Hemel Hempstead, Herts, United Kingdom),
dried flat at room temperature (approximately 2 h), and incubated overnight at
37°C. PET blotting was carried out as described by Schulz-Schaeffer et al. (42).
After being washed in Tris-buffered saline (TBS; 10 mM Tris-HCI, 100 mM NaCl
[pH 7.8]) with 0.05% Tween 20, sections were digested with 250 pg of proteinase
K/ml in a buffer containing 10 mM Tris-HCI (pH 7.8), 100 mM NaCl, and 0.1%
(wt/vol) Brij 35 for 8 h at 55°C. Sections were then denatured with guanidine
isothiocyanate. Immunostaining was carried out with mouse anti-hamster PrP
antibody 3F4 and nitroblue tetrazolium (NBT)-5-bromo-4-chloro-3-indolylphos-
phate (BCIP) to visualize the reaction product. PET blots were assessed using a
dissecting microscope.

Infectivity bioassays. Vagus nerve and CMGC samples were removed from
two terminally ill animals (S1 and S2) and two mock-infected controls (N1 and
N2). From another three terminally ill hamsters (S3 to S5) only vagus nerve
samples were taken. Left and right portions (approximately 1 cm) of cervical
vagus nerves were removed remote from the NG and carefully separated from
surrounding tissue. The CMGC was removed attached to the abdominal aorta
between the celiac, superior mesenteric, left renal, and right renal arteries. Two
0.5-cm pieces from the abdominal artery cranially and caudally adjacent to the
CMGC were also taken. Samples were washed three times in TBS (10 mM
Tris-HCI, 133 mM NaCl, pH 7.4), incubated at 37°C for 1.5 h in 200 pl of TBS
containing 0.25% (wt/vol) collagenase (Boehringer Mannheim) and 0.025% (wt/
vol) CaCl,, and heated to 80°C for 10 min. The volume was adjusted to 500 pl
with TBS. Aliquots (50 wl) were inoculated intracerebrally (i.c.) into groups of

five recipient hamsters. Infectivity titers were estimated from the incubation
periods using dose-response curves as previously described (3). The experiment
was terminated at 370 dpi.

RESULTS

Early temporal and spatial deposition of PrP5¢ in enteric,
splanchnic, and vagus nerve relays. Although the amounts of
PrP5¢ varied between individuals culled at a given time point,
the site and sequence of deposition were consistent. PrPS° was
found earlier and with more frequency in autonomic (i.e.,
efferent) components of the circuitry than in sensory compo-
nents. In the splanchnic nerve circuitry, PrPS° was seen in the
CMGC and intermediolateral cell column (IML) of the spinal
cord before DRG; in the vagus nerve circuitry, it was seen in
the DMNV before NG. The ENS contains autonomic and
sensory NS networks. Table 1 summarizes the temporal and
spatial deposition of PrPS° in enteric, splanchnic, and vagus
nerve relays.

(i) ENS. PrPS° was found from the earliest available time
point (69 dpi) to the end point of disease in and around
neurons of the myenteric and submucosal plexuses of the ileum
and jejunum of all four hamsters (Fig. 2A). As the incubation
period progressed, accumulations increased in individual gan-
glia, and the number of affected ganglia increased.
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K- SN e o) Al RO AN A (ii) Splanchnic nerve circuitry (CMGC-IML-DRG). PrP5°
AN R RN S e was observed in the CMGC of all four hamsters at the first time
f Tl s point of 56 dpi (Table 1). Initial deposits were few, but PrPs°
accumulated rapidly. By 76 dpi, deposition was substantial, and
by 90 dpi, strongly labeled PrPS¢ was apparent throughout
most of the complex (Fig. 2B). In the spinal cord, PrP5¢ was
invariably seen in the IML at 69 dpi, the earliest time point at
which the cord was available. Deposition was present in tho-
g s G racic cord segments 3 to 8, with the largest amounts in the IML
PR AT of segments 5, 6, and 7 (Fig. 2C). PrP° was not detected in
- DRG until 76 dpi (two out of four hamsters). At later time
"ot Wi points, deposition remained scant and the amount was always
: : Lo less than that in the corresponding IML (Fig. 2D). In all in-
B : AR T N stances, PrP5¢ was found in DRG only after accumulations
' : ' ' were fairly widespread within the corresponding cord seg-

s e _ e e - ments.
RN T, _ ; ; (iii) Vagus nerve circuitry (DMNV-SN-NG). In the brain,

T it faln - the first PrPS¢ deposits were seen in and around neurons of the
DMNYV at 62 dpi (two out of four brains) and the commissural
portion of the SN (one out of four brains). Deposition was
minimal in both areas but was greater in the DMNV. At later
time points, accumulations were typically greater in the
DMNYV than in the SN (Fig. 3A to C). PrPS° was either present
at low levels or undetected in NG until 90 dpi (Fig. 3D), and
even at this time the numbers of positively labeled cells were,
at best, only moderate. As with DRG (and in contrast to the
CMGC), accumulation was slow, and at the end point of dis-
ease, several neurons remained unlabeled (Fig. 3E).

Subsequent pattern of PrP5¢ accumulation in the PNS and
the CNS. Subsequent to the IML, PrP5¢ was observed in the
intermediate zone at 69 dpi and then extending from the IML
into the adjacent white matter at 76 dpi. Accumulations be-
came progressively greater in the initial sites and generally
more widespread within ventral and dorsal gray matter. Con-
currently, PrPS¢ appeared in the IML of thoracic segments
located cranial and caudal to those first affected. This pattern
of spread continued with increasing incubation, and at late
stages of disease, all infected hamsters showed marked gran-
ular deposition of PrP5¢ throughout the brain and entire gray
matter “butterfly” of each cervical, thoracic and, where
present, lumbar spinal cord segment.

Once accumulation was established in the DMNV and com-
missural portion of the SN, PrPS¢ was observed in medial and
intermediate regions of the SN and then in other specific brain
stem nuclei, notably the medullary reticular formation (76 dpi)
and vestibular complex, pons, and red nucleus (83 dpi). Label-
ing was then rapidly disseminated to several other sites
throughout the brain.

Throughout the incubation period, the sequence and spatial

FIG. 3. PrP% immunolabeling in the vagus nerve circuitry of ham-
sters orally challenged with 263K scrapie agent. Sequential accumula-
tion in DMNV-SN (A to C) and NG (D and E) is shown. (A) 76 dpi.
(B and C) 90 dpi. The amounts of PrPS¢ vary between individuals
culled at any time point, but the sequence of deposition is consistent.
Deposition is more abundant in the DMNV (arrowheads) than in the
adjacent SN. The area postrema (AP) and hypoglossal nucleus (HN)
are largely unlabeled. (D) Right NG at 90 dpi. (E) Right NG at end
stage of disease; several sensory NG neurons remain unlabeled. Scale
bars: A to C, 100 pm; D and E, 30 pm.
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FIG. 4. Early PrPS° deposition (blue-black) in the IML and DMNV
of hamsters orally challenged with 263K scrapie, as demonstrated by
PET blotting. (A) IML at 90 dpi. (B) DMNV (arrowheads) at 76 dpi.
Specimens represent sections adjacent or nearly adjacent to those in
Fig. 2C (A) and 3A (B). Scale bars: A, 200 um; B, 1 mm.

precision of targeting were consistent. The final PrP5¢ distri-
bution pattern was reproduced in all brains, spinal cords, and
ganglia and was identical to that described previously for ham-
sters orally infected with 263K (4, 39). PrPS¢ was not found in
vagus, splanchnic, or spinal nerve roots, apart from a tiny
amount in the vagus nerve of one terminally ill hamster. In
mock-infected control hamsters, PrP<, which differs in appear-
ance from the characteristic granular forms of PrP5¢ (4, 5, 38,
39), was seen only in some neuronal cell bodies of the brain
and the spinal cord. Staining was absent from tissues when
normal serum replaced PrP antibody.

Although cellular detail cannot be resolved with PET blots,

J. VIROL.

aggregations of protease-resistant PrP (PrP5°) were seen at the
same sites in all tissues and at all time points that immuno-
staining was detected in adjacent ICC sections. However, in
PET blots, deposits were stained more intensely by the blue-
black chromogen and were more easily detected at low power
than corresponding ICC-labeled deposits (Fig. 4).

Scrapie infectivity in the vagus and splanchnic nerve cir-
cuitry. Two PNS components, the cervical vagus nerve and the
CMGC, were analyzed by bioassays for the presence of infec-
tivity. Samples of the vagus nerve were excised from a position
remote from NG to avoid the inclusion of ganglion cell bodies.

The results for the vagus nerve samples are summarized in
Table 2. Mortality and incubation time for the recipients in the
bioassays demonstrated a low but consistent presence of infec-
tivity in the cervical vagus nerve trunks. The estimated amount
of infectivity was approximately 10* 50% i.c. infective doses
(IDsg;. ), corresponding to about 10° IDs; . per g of tissue.

Infectivity levels in the two CMGC samples (Table 3) were
higher (approximately 10° and 10* IDs; ), even though the
CMGGC represented only a minor constituent of the homoge-
nized tissue samples. Artery samples were located cranially or
caudally adjacent to the CMGC. The trace levels of infectivity
detected for these control specimens probably originated from
residual CMGC nervous tissue.

DISCUSSION

We used ICC, PET blotting, and selective infectivity assays
in a time course study to determine the temporal sequence and
location of scrapie infection in the ENS, splanchnic and vagal
PNS, and CNS of hamsters after oral challenge with scrapie
strain 263K. While bioassays provide the gold standard for
detection of the scrapie agent per se, ICC and PET blot anal-
yses facilitate studies on the spread of infection by using dis-
ease-associated forms of PrP (pathological PrP or PrP5¢) as
surrogate markers for infectivity. A close correlation between
infectivity and PrPS° has been previously established in our
animal model (2, 3).

Available antibodies are unable to discriminate between
host- and disease-associated forms of PrP in histologically pro-
cessed tissues. We can distinguish pathological PrP from PrP<
by differences in morphological appearance and distribution
(4, 38, 39), but until now there was no formal proof that the
disease-associated PrP detected by ICC corresponded to PrPSe,
PET blot pretreatments destroy PrP<, leaving only the protein-
ase K-resistant fraction (42). Here, the deposits visualized by

TABLE 1. Presence of PrP*¢ in enteric, splanchnic, and vagus nerve relays after ingestion of 263K scrapie

No. of hamsters affected/no. challenged

dpi® Enteric ganglia CMGC Mid-T IML? Mid-T DRG? DMNV SN Right NG Left NG
56 ND 4/4 ND ND 0/4 0/4 ND ND
620163 ND 4/4 ND ND 2/4 1/4 ND ND
69 4/4 4/4 4/4 0/4 4/4 2/4 1/4 0/4
76 4/4 4/4 4/4 2/4 4/4 1/4 3/4 1/2¢
83 4/4 4/4 4/4 3/4 3/3¢ 3/3¢ 3/4 2/4
90 4/4 4/4 4/4 3/4 4/4 3/4 3/4 4/4

¢ Early time points are shown (the incubation period was ~160 dpi).

® Mid-T IML and mid-T DRG, = IML from thoracic cord segments 3 to 8 with corresponding DRG; ND, not done.
¢ There were four animals in the group, but the region was present only in the specified number of animals.
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TABLE 2. Detection of infectivity in cervical trunks of the vagus
nerve by bioassays®

Vagus nerve Incubation time (days) Estimated titer

Donor

sample Range Mean + SE (ID5;.c /sample)?
S1  Left 119-292 162 =30 10"
Right 117-155 126 =7 10*7
S2  Left 117-239 144 + 22 108
Right 117-180 134 + 11 10%3
S3  Left 120-260 151 =25 10%°
Right 131-222 167 = 18 103
S4  Left 131-183 159 = 10 10"
Right 127-152 139 + 4 1020
S5 Left 124-242 153 =20 10%°
Right 145-274 190 = 21 <10

“ Aliquots (50 pl) of homogenized left and right vagus nerves from terminally
ill hamsters orally challenged with 263K were inoculated i.c. into groups of five
recipients. Mortality was 100%. Recipients similarly inoculated with vagus nerves
from donors previously orally mock infected with normal brain homogenate
showed no clinical signs of scrapie. The experiment was terminated at 370 dpi.

> Total amount of infectivity in one equivalent of excised tissue, i.e., the entire
donor sample, calculated by applying mean incubation time to a dose-response
curve.

ICC were consistent with the PrP5¢ immunostaining in adja-
cent PET blots, even at early stages of incubation. These re-
sults provide strong evidence that pathological PrP detected by
our ICC method is PrP%°.

Based on a series of studies examining the pathogenesis of
263K scrapie after oral challenge in hamsters, we proposed
that the infectious agent reaches its initial CNS target sites by
spreading in a retrograde direction along autonomic PNS path-
ways and ganglia supplying the viscera, i.e., along sympathetic
and parasympathetic efferents of the splanchnic and vagus
nerves (4, 39). Large parts of the alimentary canal, in particu-
lar, the esophagus, stomach, small intestine, and ascending
colon, are innervated by these two nerves (17, 21), which con-
tain fibers of autonomic (efferent) and sensory (afferent) neu-
rons. With the neuroanatomy of the splanchnic and vagus
nerve circuitry in mind (Fig. 1), the location, timing, and pro-
gression of PrPS¢ deposition revealed by this study strongly
support and expand our hypothesis. PrPS¢ appeared and accu-
mulated in a predictable temporal sequence in specific sites
that accurately reflect the described autonomic and sensory
relays. Deposition was always present in the CMGC and IML
before the corresponding DRG. The same holds true with
respect to the DMNYV and NG. The results also show that, at
least in this animal model, the ENS may be a key portal of
entry for the infectious agent into the splanchnic and vagus
nerve circuitry. As efferent and afferent fibers of both vagus
and splanchnic nerves contact myenteric ganglia (17, 21), these
would be the most likely sites for ENS-mediated neuroinva-
sion. However, infection may occur via intestinal nerve termi-
nals not linked to ENS ganglia or other visceral tissues.

Our findings suggest that after uptake from the GI tract, the
infectious agent primarily spreads by two neuroanatomical
pathways: (i) along the vagus nerve to the DMNYV in the brain
and (ii) along the splanchnic nerve to the IML of the midtho-
racic spinal cord. Intramural ganglia of the gut and the CMGC
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are respective intervening relay points (Fig. 5). Within the
CNS, the infectious agent probably travels along interneurons
and sensory afferents to the SN-NG and the DRG, respec-
tively. The reproducibility and spatial precision of PrP5¢ dep-
osition indicate that spread is not random but occurs in a
stepwise fashion along the synaptically linked neuronal popu-
lations. The observations indicate that initial spread occurs in
a retrograde direction along efferent motor pathways, but dual
efferent and sensory spread to the brain is also a possibility.
The observed pattern of spread shows striking similarities to
that of conventional neurotropic viruses, such as herpes sim-
plex virus type 1 (22, 34), reovirus serotype 3 isolate T3C9 (40),
and pseudorabies virus (14).

The most logical way for PrP5¢ to spread along peripheral
nerves is by established axonal transport mechanisms. Several
studies have reported that scrapie spreads within the nervous
system by means of axonal pathways (20, 28), and the sug-
gested rate of spread (0.5 to 2 mm/day) is consistent with that
of slow axonal transport (10, 29, 44). It has been claimed that
PrP€ can be transported in an anterograde direction along
peripheral nerve axons (9), but it is not known whether Prps°
is so transported. Transportation per se was not formally es-
tablished in this study, but the evidence presented here would
be compatible with this. While an abundance of PrPS¢ was
detected in association with cell bodies of CNS neurons or
peripheral ganglia, deposition in nerves (cell processes) was
minimal or undetected, even at the terminal stage of disease.
The low levels of infectivity found at the end stage of disease
in vagus nerves compared to those found in the brain or
CMGGC are a further indication that in nerve fibers, the agent
is in transit rather than being actively replicated.

The study did not reveal any evidence for hematogenous
spread of infection to the brain. PrP5¢ was not detected early in
infection at sites with an impaired blood-brain barrier, such as
the area postrema (Fig. 3) or the choroid plexus. In addition,
routing via the blood would not be consistent with the observed
selectivity of targeting.

Infection via the oral route is strongly indicated (but not
formally proven) in vCJD, BSE, and natural scrapie. Disease-

TABLE 3. Detection of infectivity in the CMGC and adjacent parts
of the abdominal aorta“

Incubation (days)

Donor  Sample Mortality in Estimated titer
P bioassay Range Mean + SE (IDsp; . /sample)”
S1 CMGC 5/5 100-107 104 =1 10*!
Cran. A. 1/5 318
Caud. A. 1/5 156
52 CMGC 5/5 107-128 118 = 4 103!
Cran. A. 1/5 230
Caud. A. 5/5 120-240 171 =24 10'2

“ Aliquots (50 pl) of homogenized CMGC and cranially (Cran.) or caudally
(Caud.) adjacent artery (A.) from terminally ill donors orally challenged with
263K were inoculated i.c. into groups of five recipients. Mortality is given as
number of hamsters that succumbed to infection/number challenged. Recipients
similarly inoculated with CMGC from donors previously orally mock infected
with normal brain homogenate showed no clinical signs of scrapie. The experi-
ment was terminated at 370 dpi.

> Total amount of infectivity in one equivalent of excised tissue, i.e., in the
entire donor sample, calculated by applying mean incubation time to a dose-
response curve.
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FIG. 5. Pictorial representation of the neuronal pathways used in the oral routing of 263K scrapie. Initial spread (arrows) occurs in a retrograde
direction along sympathetic and parasympathetic fibers of the splanchnic and vagus nerves. Enteric and abdominal ganglia (CMCG) have an early

involvement in pathogenesis.

specific PrP is found in the DMNV as a characteristic feature
of both vCJD (26) and early BSE (43) infections, and spread-
ing pathways similar to those described here have been de-
scribed recently for sheep with natural scrapie (47). As the
pattern of pathological PrP deposition in these nonexperimen-
tal infections closely resembles that observed in orally trans-
mitted hamster scrapie, our findings provided new indirect
evidence that vCJD in humans, BSE in cattle, and natural
scrapie in sheep were caused by ingestion of TSE agent. The
findings reported here for experimental 263K hamster scrapie
strongly indicate that after oral challenge, infection of the CNS
occurs via the splanchnic and vagus nerves. As similar patho-
genic mechanisms are likely to operate in other orally acquired
TSEs, this work provides baseline information about the pe-
ripheral routing of infection and a rodent model with which to
study it.
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