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ABSTRACT. After oral challenge of the pathological prion protein, the causative agent of bovine spongiform encephalopathy, the pathogen
was first detected in the distal ileum and then deposited in the brain. The present study aims determining the possible neuronal trans-
porting pathways from the ileum to the brain in the cattle using a tracer protein. After horseradish peroxidase was injected into the wall
of the distal ileum in the calf, almost all labeled neurons were detected in the celiac and cranial mesenteric ganglion complex. Only a
few labeled neurons existed in the caudal mesenteric ganglion and the paravertebral ganglia. They were sympathetic postganglionic neu-
rons. In the dorsal root ganglia TS to L4, some sensory neurons were found to be labeled. Only a small number of parasympathetic
preganglionic neurons were labeled in the dorsal motor nucleus of the vagus nerve. No labeled sensory neurons were found in the nodose
ganglion. These results suggest that the pathological prion protein is mainly transported to the spinal cord and brain via the sympathetic
nervous system and partially via the sensory neurons in the dorsal root ganglia. The vagus nerve does not seem to contribute to the

transport of the pathogen from the ileum directly.
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Transmissible spongiform encephalopathies, such as
Creutzfeldt-Jakob disease in the human, bovine spongiform
encephalopathy (BSE) in the cattle and scrapie in the sheep,
are infectious and invariably fatal neurodegenerative disor-
ders of the central nervous system [4, 7, 21]. The causative
agent of transmissible spongiform encephalopathies is an
abnormal conformer of cellular prion protein, which is
called as prion or PrP¢ [13]. The feeding of contaminated
meat and bone meal was recognized as the main mode of
transmission of BSE [6]. Experimental time-course studies
on the pathogenesis of PrP%° in rodents strongly suggested
that infection spread from the gastrointestinal tract via the
splanchnic and vagus nerves to the spinal cord and brain
after an intraperitoneal, intragastric or oral administration of
PrP%[2, 3, 15, 22, 23]. Recently, the same result was dem-
onstrated in the cattle after an oral challenge of PrPS° [12].

The origins of the sympathetic and parasympathetic
innervation to the small intestine were mainly studied using
retrograde axonal transport of tracers. The sympathetic sup-
ply to the ileum in the rat arose primarily from postgangli-
onic neurons in the celiac and cranial mesenteric ganglion
complex (C/CrMG) and paravertebral ganglia (PVGs) [20].
After injection of horseradish peroxidase (HRP) into the
small intestine of the cat [5], dog [14] and monkey [29],
labeled sensory neurons were found in the dorsal root gan-
glia (DRGs) and/or nodose (vagal distal) ganglion (NG).
Parasympathetic preganglionic neurons innervating the
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small intestine of the rat [1, 33] and cat [26] were located in
the dorsal motor nucleus of the vagus nerve (DMNYV).

The distal ileum is one of the most possible sites on prion
neuroinvasion, because it is an early detection site of PrP5¢
accumulation following the oral prion challenge in the cattle
[30]. Via sympathetic, parasympathetic and sensory nerves,
PrPS¢ may be transported from the ileum to the spinal cord
and brain. However, no studies using retrograde HRP label-
ing have been carried out in the ileum of the cattle. The
present study aims determining the location, number and
segmental distribution of sympathetic, parasympathetic and
sensory neurons innervating the distal ileum of the cattle
using retrograde axonal transport of HRP. The data
obtained in the present study may reveal the autonomic
pathways via which PrP%° is potentially transported from the
ileum to the spinal cord and brain.

MATERIALS AND METHODS

Three male Holstein calves aged two months (weighing
about 80 kg) were purchased from a local dairy farm. Food
and water were available ad libitum. The cattle were treated
in accordance with the Guidelines for Care and Use of
Experimental Animals in the Gifu University. A special
effort was made to minimize suffering and the number of
animals used.

Under heavy sedation with xylazine hydrochloride (0.2
mg/kg, i.v.) and local anesthesia with 2% lidocaine hydro-
chloride (30 m/, s.c.), an incision (about 15 cm long) was
made in the paralumbar fossa of the right lateral abdominal
region. The ileum with the ileocecal fold was exposed
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through this incision. Using a 10 z/-microsyringe with a 30-
gauge needle, 100 or 200 g/ of a mixed saline solution of
40% HRP (grade I, Roche Diagnostics, Indianapolis, IN,
U.S.A)), 4% wheat germ agglutinin-conjugated HRP (Toyo-
bo, Osaka, Japan) and 0.15% cholera toxin subunit B-conju-
gated HRP (List Biological Laboratories, Campbell, CA,
U.S.A.) (this mixture shall be described as HRP hereafter)
was injected into 10 or 20 points of the antimesenteric wall
in a segment of the ileum between 10 and 20 cm proximal
from the ileocecal junction. After closing the abdominal
wall, atipamezol (0.02 mg/kg, i.v.) was injected for the
recovery from sedation.

After a survival time of 4 or 7 days, the calves were
heavily sedated with xylazine and purfused through the right
common carotid artery with saline (30 /), followed by a fix-
ative solution (50 /) consisting of 1.25% glutaraldehyde and
1% paraformaldehyde in 0.1 M phosphate buffer (pH 7.3).
Finally, the cattle were perfused with 10% sucrose in phos-
phate buffer (20 /). Bilateral C/CrMG, caudal mesenteric
ganglion (CaM@), PVGs and DRGs from thoracic segment
(T) 4 to sacral segment (S) 1, NG and the medulla oblongata
about 2.5 cm in length were dissected out, soaked at least
overnight in phosphate buffered 30% sucrose at 4°C and
then embedded in Tissue-Tec II O.C.T. Compound. Serial
tissue sections 60 gm thick of C/CtMG, CaMG, PVGs,
DRGs and NG were cut in the longitudinal plane with a cry-
ostat, mounted on glass slides coated with chrome alum-gel-
atin and then processed for HRP with tetramethylbenzidine
as chromogen [24]. Medulla oblongata sections 60 gm of
thickness were cut in the transverse plane, processed for
HRP and then mounted on gelatin-coated glass slides. All
sections were counterstained with 1% neutral red solution.
The injection sites of HRP were not observed histologically.

Every section through the C/CrMG, CaMG, PVGs,
DRGs, NG and medulla oblongata was examined under a
light microscope (BH-2, Olympus, Tokyo, Japan) for the
counting of HRP-labeled neurons. The number of labeled
neurons was not corrected for double counting except for
the omission of obvious fragments.

RESULTS
After injections of HRP into the ileum, the number of ret-
rogradely labeled neurons at each site in the three calves is

given in Table 1. The total number of labeled neurons for
the three calves was 709, 5,126 and 3,596 cells, respec-

Table 1.
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tively. These findings are described in detail below.
Sympathetic nervous system

Postganglionic neurons: Almost all labeled neurons were
found in the C/CrMG (Table 1). Labeled neurons were
polygonal or oval in shape (Fig. 1A). Many of labeled neu-
rons were relatively smaller in the cell body size and densely
distributed in the caudoventral area of the C/CtMG. Larger
labeled neurons were scattered in the whole of the ganglion.
In the CaMG and PVGs, only a small number of postgangli-
onic neurons were found to be labeled (Table 1). The
labeled neurons were polygonal in shape (Fig. 1B, C). In the
PVGs, they were mainly distributed in T13 to lumbar seg-
ment (L) 2 on both sides.

Sensory neurons: Some labeled neurons were observed in
the left and right DRGs (Table 1). They were distributed in
the DRGs T5 to L3 (right side) or L4 (left side) (Fig. 2).
More than 80% of labeled DRG neurons were located in the
DRGs T9 to L1 (highest in T12). Labeled neurons were
round or oval in shape and smaller in the cell body size than
unlabeled ones (Fig. 1D). They scattered throughout the
individual ganglion at all levels.

Parasympathetic nervous system

Preganglionic neurons: The left and right DMNVs in the
medulla oblongata of two cases contained extremely a small
number of labeled neurons (Table 1). They were scattered
from 2.5 mm caudal to 1.5 mm cranial to the obex. Labeled
neurons were triangular or fusiform in shape (Fig. 1E) and
distributed in all areas of the DMNV on the transverse
plane.

Sensory neurons: Sensory neurons in the NG were found
to be scattered between preganglionic nerve fibers (Fig. 1F).
No labeled neurons were detected in the NG on the both
sides (Table 1).

DISCUSSION

The Peyer’s patches in the distal ileum of the cattle were
one of the most possible sites on PrPS° neuroinvasion [30].
As the Peyer’s patches are localized in the antimesenteric
wall of the ileum, HRP was injected into the intestinal wall
in the antimesenteric side of the distal ileum.

In the cattle No. 1, the total volume of injected HRP was
smaller and the post-injection survival time was shorter than
those in the others. The number of labeled sympathetic
postganglionic neurons in the C/CrMG was increased when
the total volume of HRP and the survival time were simulta-

The number of labeled neurons in the celiac and cranial mesenteric ganglion complex (C/CrMG), caudal

mesenteric ganglion (CaMG), paravertebral ganglia (PVGs), dorsal root ganglia (DRGs), dorsal motor nucleus of the
vagus nerve (DMNV) and nodose ganglion (NG) following HRP injection into the distal ileum of the three calves

Cattle  Volume  Survival Sympathetic nervous system Parasympathetic nervous system
no. of HRP time Postganglionic Sensory Preganglionic Sensory
~ () (day) C/CtMG  CaMG  PVGs DRGs DMNV NG
1 100 4 519 0 1 189 0 0
2 200 7 4,846 24 27 215 14 0
3 200 7 3,493 9 1 82 11 0
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Fig. 1.

neously increased. On the other hand, the number of labeled
sensory neurons in the DRGs of the cattle No. 1 was inter-
mediate to those in the cattle Nos. 2 and 3. There may be
some differences in the rate of HRP transport between sym-
pathetic postganglionic neurons and sensory ones. In the
rat, the rate of the retrograde transport of nerve growth fac-
tor is faster in the sensory neurons than in the sympathetic
postganglionic neurons [27]. The amount of HRP in the cell
body is noticeably reduced as early as 3 days after initial
arrival of HRP by the lysosomes containing the hydrolytic
enzyme. Between 4-8 days, most lysosomes are depleted of
HRP [19, 25, 32]. Therefore, the survival time of 7 days
appears optimal regarding HRP labeling of neurons in the
calf.

Retrogradely labeled neurons in the celiac and cranial mesenteric ganglion complex (A), caudal
mesenteric ganglion (B), right sympathetic trunk ganglion T13 (C), left dorsal root ganglion T13 (D),
right dorsal motor nucleus of the vagus nerve (E) and left nodose ganglion (F: no labeled neurons) after
injection of HRP into the distal ileum of the cattle. Arrow: labeled parasympathetic preganglionic neu-
ron; IV: fourth ventricle. Bar in F =100 um for A-D, F, and insertion in E. Barin E=1 mm.

The intestine is innervated by sympathetic and parasym-
pathetic nervous systems (see [9] for review). These two
systems control intestinal functions in antagonism with each
other. Using retrograde axonal transport of tracers, it is
known that the small intestine is innervated by four kinds of
extrinsic neurons (Fig. 3A).

In the ileum of the rat, the primary source (65%) of sym-
pathetic postganglionic fibers was C/CtMG and 30% of
labeled neurons were located in the PVGs T9 to T11 and
splanchnic ganglia [20]. In the present study, almost all
labeled neurons were sympathetic postganglionic. Most of
them were located in the C/CrMG and only a few in the
CaMG and PVGs. This may be a characteristic of sympa-
thetic innervation in the cattle ileum.
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Fig.2. Segmental distribution of HRP-labeled sensory neurons in the dorsal root

ganglia (DRGs) on each side. White bars indicate labeling in the cattle No. 1,
black bars in No. 2 and hatched bars in No. 3.
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Fig.3. Schematic representation for the extrinsic autonomic innervation to the
small intestine of the typical mammals (A) and to the distal ileum of the calf (B).
The extrinsic innervation consists of sympathetic, parasympathetic and sensory
components. The possible transporting pathways of pathological prion protein
from the ileum to the spinal cord and brain in the cattle are mainly constructed by
sympathetic postganglionic neurons in the celiac and cranial mesenteric ganglion
complex (C/CrMG) and partially by sympathetic sensory neurons in the dorsal

_root ganglion (DRG). The vagus nerve does not contribute to the transport from
the ileum directly. DMNV, dorsal motor nucleus of the vagus nerve; NG, nodose
ganglion; NTS, nucleus of the solitary tract; PVG, paravertebral ganglion; Solid
line: preganglionic fibers; Dashed line: postganglionic fibers; Dotted line: sen-
sory fibers.

Intestine lleum

The small intestine was, furthermore, innervated by sym-
pathetic sensory neurons in the DRGs of the cat (duodenum
[5]), sheep (ileum [8]), dog (duodenum [14]) and monkey
(duodenum, jejunum and ileum [29]). In the ileum of the

sheep, the labeled sensory neurons were located in the
DRGs T5 to L4 (highest in T13 to L3) [8].
hand, those in the ileum of the monkey were existed in
DRGs T4 to L1 (highest in T8 and T9) [29]. In the present

On the other
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study, some labeled neurons were sympathetic sensory neu-
rons in the DRGs T5 to L4 (highest in T12). There are some
differences among animals in the segmental distribution
pattern of sensory neurons. These neurons are the second
group of extrinsic innervation to the ileum.

Parasympathetic preganglionic neurons in the DMNV
projected to the duodenum, jejunum and ileum in the rat [1,
33] and cat [26]. However, the number of labeled neurons
after injections into the small intestine was much smaller
than that after stomach injections [1, 26, 33]. In the rat
stomach, parasympathetic preganglionic neurons formed
direct synaptic contacts on myenteric ganglion neurons [10].
The density of the parasympathetic preganglionic fibers in
the myenteric ganglion of the rat small intestine declined
sharply below the antral sphincter [16]. In the present study,
only a few labeled neurons were found in the DMNV of the
cattle Nos. 2 and 3. Although the stomach receives a great
number of parasympathetic preganglionic projections from
the DMNV, the ileum may receive extremely the small
number of vagal preganglionic projections directly.

Labeled parasympathetic sensory neurons were found in
the NG after injections into the duodenum of the cat [5] and
dog [14]. The number of labeled neurons in the NG of the
cat and dog was larger than that in the DRGs after duodenal
injections, but there are no data for the ileum. In the present
study, no labeled neurons were found in the NG. There may
be some differences in the parasympathetic sensory innerva-
tion between the portions of the small intestine or species.

In addition to four kinds of neurons mentioned above,
intestinofugal neurons have been reported [17, 18, 28, 31].
They have cell bodies in the gut wall and send their axons to
prevertebral ganglia, where they form synapses with sympa-
thetic postganglionic neurons. Although no axon terminals
labeled by HRP were detected in the C/CtMG and CaMG of
the present study, intestinofugal neurons could be involved
in transport of PrP%,

Oral challenge of PrP° in rodents strongly suggested that
infection spread from the gastrointestinal tract via the
splanchnic and vagus nerves to the spinal cord and brain [2,
3,15, 22, 23]. Recently, the same result was demonstrated
in the cattle after an oral challenge of PrPS° [12]. After oral
ingestion of scrapie agent in the hamster, initial infection of
the brain occurred via the vagus nerve rather than by spread
along the spinal cord [3]. The results of the present study
suggest that the transporting pathways of PrPS¢ in the cattle
are mainly constructed by the sympathetic postganglionic
neurons and partially by the sympathetic sensory neurons
(Fig. 3B). The vagus nerve does not seem to contribute to
the transport of PrPS° from the ileum directly. There may be
differences between the hamster and cattle in the pathways
along which infection spreads from the intestine to the brain.
On the other hand, it is demonstrated that the vagus nerve
contributes to the transport of PrP% in the cattle [12]. The
results of the present study suggest that the site of neuroin-
vasion to the vagus nerve may be in upper intestine.

Since HRP is taken up by nerve terminals or cell bodies,
it is anterogradely and retrogradely conveyed in neurons by
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the axonal flow. However, there seems to be a consensus
among experimental neuroanatomists that there is no signif-
icant transport of HRP from a labeled cell body to surround-
ing neurons. The mode of intraneuronal and interneuronal
transport for PrPS° remains to be discovered [11].
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