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Summary

A sensitiveimmunohistochemical procedure, the tyramide signal amplification (TSA) system,was applied to detect the localization
of immunolabeled disease-associated prion protein (PrP*) in cattle affected with bovine spongiform encephalopathy (BSE).
In this procedure, immunolabeling could be visualized in the optic nerve and the adrenal medulla. In the optic nerve, the dual
immunofluorescent technique showed that the granular PrP* was occasionally detected in the astrocytes, microglia,and myelin
sheath adjacent to the axon. Clustered PrP* was also scattered in association with microglial cells and astrocytes of the optic
nerve. In the adrenal gland, PrP* immunolabeling was confined within the sympathetic nerve fibers and endings. The results
suggest that (1) PrP* might centrifugally spread within and between glial cells and/or the non-axonal (also known as ad-axonal)
region of nerve fibers, rather than the axonal and/or extracellular space pathway in the optic nerve,and (2) the sympathetic
innervations might be important for the trafficking of BSE agent in the adrenal glands of cattle. This study also suggests that
tyramide-based immunochemical analysis should be performed to detect immunolabeled PrP* in the extracerebral tissues of
BSE-affected cattle. () Histochem Cytochem 60:290-300, 2012)
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Cellular prion protein (PrP°) is expressed ubiquitously on
the normal cell surfaces of nerve cells, lymphocytes, and
follicular dendritic cells. Transmissible spongiform enceph-
alopathy (TSE), or prion disease, is a neurodegenerative
disorder characterized by the presence of an abnormal, pro-
tease-resistant isoform of the prion protein (PrP) (Prusiner
1991). Enzyme-linked immunosorbent assay, Western blot-
ting, and immunohistochemical analysis have been per-
formed for the diagnosis of prion diseases such as scrapie in
sheep and goats, bovine spongiform encephalopathy (BSE)
in cattle, chronic wasting disease (CWD) in deer, feline
spongiform encephalopathy (FSE) in cheetah, and
Creutzfeldt-Jakob disease (CJD) in humans. At present,
formalin-fixed specimens are conventionally used for histo-
pathological and immunohistochemical diagnosis of TSEs
(Bodemer 1999).

A highly sensitive Western blotting technique using
phosphotungstic acid precipitation has been used to detect
PrP%¢ accumulation in the peripheral nerves and the adrenal
glands of experimentally BSE-infected cattle with clinical
signs of the disease (Masujin et al. 2007). Moreover, trans-
genic mice overexpressing bovine PrP¢ (Tgbov XV) have
been used to detect infectivity in the brains; spinal cords;
retinas; optic, facial, and sciatic nerves; and ilea of naturally
infected cows in the terminal stage of BSE (Buschmann
et al. 2006). Although the Western blotting technique has
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detected the presence of PrP° in various tissues, few immu-
nohistochemical studies have addressed the distribution of
PrP%° in the peripheral tissues of cattle with naturally occur-
ring BSE (Terry et al. 2003; Iwata et al. 2006; Vidal et al.
2006; Hoffmann et al. 2007; Okada et al. 2010), probably
because of the low levels of PrP° in these tissues. This sug-
gests that a highly sensitive immunohistochemical proce-
dure using biotinylated tyramide and including appropriate
antigen retrieval is required to detect the presence of mini-
mal quantities of PrP*° aggregates in tissues (Heggebo,
Gonzalez, et al. 2003; Heggebag, Press, et al. 2003; Monleén
et al. 2004; Espenes et al. 2006).

The purpose of this study was to demonstrate the deposi-
tion of PrP in the optic nerves and adrenal glands of cattle
infected with BSE by using the tyramide signal amplifica-
tion (TSA) system, which greatly enhances the sensitivity
of immunohistochemical procedures. The second objective
of this study was to assess and identify the location of PrP%°
in the optic nerve by using the sensitive double immuno-
fluorescent labeling technique.

Materials and Methods
Samples

All the experiments were performed in accordance with the
guidelines of the Animal Ethical Committee and the Animal
Care and Use Committee of National Institute of Animal
Health.

Immunohistochemical analysis was performed on the
coronal brain and peripheral tissues, including the optic
nerves, retinas, and adrenal glands from 5 naturally occur-
ring BSE cases in Japan (BSE/JP15, 17, 21, 22, 26) (Okada,
Iwamaru, et al. 2011), 9 cattle with experimentally induced
BSE (codes 1479, 3217, 3728, 4394, 4437, 4612, 5087,
5426, 5523; Fukuda et al. 2012), and 2 non-infected control
cattle. Experimental intracerebral transmission of BSE has
been reported previously in cattle (Fukuda et al. 2009;
Fukuda et al. 2012). In brief, 9 Holstein calves at 3 months
of age were inoculated intracerebrally with 1 ml of 10%
brainstem homogenate prepared from the brainstem of
BSE-affected animals obtained from the United Kingdom
(Yokoyama et al. 2007) and Japan (Iwata et al. 2006).
Animals inoculated with BSE agent developed the disease
and were euthanized after an incubation time of 665 + 86
days (expressed as mean + standard deviation [SD]).

At necropsy, the tissues were fixed in 10% neutral buft-
ered formalin (pH 7.4) and then immersed in 98% formic
acid for 60 min at room temperature to reduce infectivity
(Taylor et al. 1997). The tissues were processed through a
graded alcohol to xylene series and embedded by standard
procedures in paraffin wax by using an automated process-
ing machine (ETP-150C; Sakura Finetek Japan, Tokyo,
Japan). Sections of 4-um thickness were cut, mounted on

silane-coated glass slides (Immuno-Coat; Muto Pure
Chemicals, Tokyo, Japan), stained with hematoxylin and
eosin, and used for immunohistochemical analysis.

Antibodies

All primary antibodies were diluted in phosphate-buffered
saline (PBS, pH 7.4) containing 1% bovine serum albumin
and 0.05% sodium azide. For the detection of PrPSC, the
primary prion protein (PrP) antibody used in this study was
either monoclonal antibody (mAb) F99/97.6.1 (VMRD;
Pullman, WA), T1 (Shimizu et al. 2010), or polyclonal anti-
body (pAb) T4 (Takahashi et al. 1999) at a concentration of
1 pg/ml for the conventional polymer method and 0.2 pg/
ml for the TSA system, respectively.

In addition, the following primary antibodies were used
for immunohistochemical analysis or immunofluorescence:
rabbit anti—glial fibrillary acid protein (GFAP; Dako,
Carpinteria, CA; dilution 1:4500) for astrocytes, rabbit anti-
ionized calcium-binding adaptor molecule 1 (Ibal; Wako
Pure Chemical, Osaka, Japan; dilution 1:300) for microglia,
rat anti—-myelin basic protein (MBP, clone 12; Millipore,
Billerica, MA; dilution 1:300) and mouse anti-2’,3"-cyclic
nucleotide 3’-phosphodiesterase (CNPase, clone 11-5B;
Millipore; dilution 1:150) for the myelin sheath of oligo-
dendrocytes, rabbit anti—protein gene product 9.5 (PGP9.5;
Dako; dilution 1:300) for the axons of peripheral nerves,
and rabbit anti-S100 (Dako; dilution 1:600) for peripheral
nerves.

For the visualization of immunoreactions, a horseradish-
conjugated polymer reagent (Histofine Simple Stain
MAX-PO [M] or [R]) was purchased from Nichirei (Tokyo,
Japan). The TSA systems (TSA biotin and TSA fluorescein
systems), including blocking reagent, biotinylated anti-
mouse or rabbit secondary antibody (dilution 1:1800),
streptavidin—horseradish peroxidase (SA-HRP; dilution
1:100), biotinyl tyramide (dilution 1:50) for the single
immunolabeling procedure, and fluorophore tyramide
(FITC-TA; dilution 1:50) for double immunofluorescence,
were purchased from PerkinElmer (Boston, MA). Secondary
antibodies for dual immunofluorescence, Alexa Fluor
546—conjugated goat anti-rabbit immunoglobulin G (IgG),
anti-mouse IgG, and anti-rat IgG were purchased from
Molecular Probes (Portland, OR) and diluted (1:450).

Single Immunolabeling Procedure

Dewaxed sections were treated in 3% hydrogen peroxide
followed by incubation with 10 pg/ml proteinase K (PK) in
PBS containing 0.1% Triton-X100 (PBST) for 10 min at
room temperature and then autoclaved for 3 min at 121C in
10 mM citrate buffer (pH 6.0) to enhance PrP%® immunola-
beling (Brun et al. 2004). After pretreatment followed by
rinsing in PBST, the sections were incubated with 10%
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normal goat serum for 10 min and then incubated with
either monoclonal or polyclonal PrP antibody on different
serial tissue sections for 1 hr. Immunoreactions were
detected with the horseradish peroxidase—labeled polymer
(Histofine Simple Stain MAX-PO) as the conventional
method and the TSA biotin system, which was an improve-
ment over the conventional immunohistochemical proce-
dures of different manufacturers. After each step in the
incubation with primary and secondary antibodies and
reagents, the sections were washed three times (5 min for
each washing) with PBST. Immunoreactions were visual-
ized using 3,3’-diaminobenzedine tetrachloride (DAB) as
the chromogen. Finally, the sections were counterstained
with hematoxylin. As negative controls, the sections were
incubated with non-immune mouse or rabbit IgG (1:30
dilution; Dako) and PBS instead of the primary antibody.

In the conventional polymer method, the sections were
reacted with the horseradish-conjugated polymer reagent
for 30 min after incubation with each primary antibody. All
sections were then visualized with DAB.

With the TSA biotin system, after each pretreatment,
sections were (1) treated for 30 min with a blocking buffer
consisting of 0.1 M Tris-HCI (pH 7.5), 0.15 M NacCl, and
0.5% blocking reagent; (2) treated with each primary PrP
antibody for 60 min; (3) exposed to biotinylated anti-mouse
or rabbit secondary antibodies for 30 min; (4) treated with
SA-HRP for 30 min; (5) treated with biotinyl tyramide as
the amplification reagent for 5 min; and (6) treated with
SA-HRP for 30 min before the visualization with DAB.

Image Analysis of Immunolabeled PrP* by a
Single Immunolabeling Procedure

Two serial sections of the dorsolateral nucleus of thalamus
for each animal were incubated with mAb F99/97.6.1 and
immunolabeled by two methods, the conventional method
and TSA-biotin system, without hematoxylin counterstain-
ing to avoid false-positive results for image analysis. The
appearance of immunolabeled PrP%° in the optic nerves,
retina, and adrenal glands was less common as compared
with that in the brain, especially in the naturally occurring
cases, and therefore image analysis of the optic nerves,
retina, and adrenal glands was avoided in this study.

The images in the dorsolateral nucleus of the thalamus
were captured randomly by selecting three microscope
fields with a digital camera (Nikon DS-2Mv, Tokyo, Japan)
with a 20x magnification objective lens and analyzed using
the Image] software (National Institutes of Health;
Bethesda, MD) to determine the immunostained areas occu-
pied by PrP%° deposition. For each field (0.3 mm?), the total
area occupied by immunolabeled areas was estimated by
setting a “threshold” using the thresholding tool for selec-
tion of these areas. The highlighted area of immunolabeled
PrP% was calculated and divided by the total area,

designated as the mean percentage of immunolabeled area
(highlighted area/total area [%]). Statistical analysis was
performed with the Student’s #-test using InStat3 software
(GraphPad Software; La Jolla, CA). All data are expressed
as means + SD.

Double Immunofluorescence Procedure

Selected sections of the optic nerves and adrenal glands
were dewaxed and then treated with 10 pg/ml PK for 10
min at room temperature followed by autoclaving at 121C
for 3 min in 10 mM citrate buffer (pH 6.0). After pretreat-
ments, the sections were incubated for 60 min with anti-
GFAP pAb, anti-Ibal pAb, anti-PGP9.5 pAb, anti-S100
pAb, anti-MBP mAb, or anti-CNPase mAb as the primary
antibody and then with Alexa Fluor 546 goat anti-rabbit
IgG for GFAP, Ibal, PGP9.5, and S100; anti-mouse IgG for
CNPase; or anti-rat IgG for MBP as the secondary anti-
body. Sections were then incubated with 0.5% blocking
reagent for 30 min and with mAb T1, F99/97.6.1, or pAbT4
for 60 min. PrP* immunofluorescence was visualized by
TSA fluorescence in the system according to the manufac-
turer’s instructions. In brief, the sections were incubated
with a biotinylated anti-mouse or anti-rabbit secondary
antibody for 30 min, with SA-HRP for 30 min, and finally
with FITC-TA as the amplification reagent for 5 min.
Immunofluorescence images were evaluated using a Zeiss
LSM 510 laser scanning confocal microscope (Carl Zeiss,
Oberkochen, Germany).

Results

Comparison of the PrP* Immunolabeling
Intensity by Using the Conventional Polymer
Method and the TSA Biotin System

The various types of PrP% deposition that are usually
detected using standard immunohistochemical procedures,
such as granular, linear, intraneuronal, perineuronal, stel-
late, or coalescing deposits, were also found in the brain by
using the PrP antibody and detection systems. Both the
intensity and topographical distribution of PrP*° in the brain
were similar between experimental and natural BSE animals
as described (Okada, Iwamaru, et al. 2011; Fukuda et al.
2012). Immunolabeled PrP% had accumulated mainly in
the brainstem (midbrain, pons, and medulla oblongata),
thalamus, basal ganglia, cerebellar nucleus, and gray matter
of the spinal cord, but it was less frequent in the cerebral
and cerebellar cortices. The immunolabeling intensity with
the TSA system was notably higher than that by the con-
ventional polymer method (Fig. 1A-D), but no statistically
significant differences in the ratio of PrP**-immunolabeling
area to total area was present in the dorsolateral nucleus of
the thalamus between the two immunodetection methods
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Figure I. Comparison of immunolabeling intensity by the conventional polymer method and the tyramide signal amplification (TSA)
biotin system. Localization of the disease-associated prion protein (PrP*) in the dorsolateral prefrontal cortex along the superior frontal
sulcus of bovine spongiform encephalopathy (BSE)—affected cattle (case 4437) by using mAb F99/97.6.1 (A—D).The graph illustrates the
mean percentage of the ratio of PrP*-immunolabeled area to total area (highlighted area/total area [%]) for each animal analyzed by
using Image] (E). No statistically significant differences were determined between TSA (filled bars) and conventional polymer (empty bars)
methods (Student’s t-test). Data expressed as the means * standard deviation.VWeak background immunostaining is present with the TSA
system (F) but not the conventional polymer method (G) in the cerebral cortex of an uninfected control animal immunolabeled with
mAb F99/97.6.1. No specific background immunolabeling is detected in the cerebral cortex of BSE cattle (case 4394) immunostained with
phosphate-buffered saline instead of the primary prion protein (PrP)—primary antibody using the TSA system (H).

(Fig. 1E). To compare the intensity of PrP%® immunolabel-
ing using the three primary antibodies, we had all antibod-
ies react with various types of PrP%, and no evident
difference in results intensity was observed among the three
primary antibodies used in this study as previously described
(Okada, Sato, et al. 2011). In addition, PrP%° deposition was

detected in the optic nerves and adrenal glands with the
TSA system but not by using the conventional polymer
method. The weak background staining was detected in the
brains, retinas, optic nerves, and adrenal glands in both
infected and uninfected animals by using the TSA biotin
system but not the conventional polymer method when the
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Figure 2. Detection of disease-associated prion protein (PrP%) in the retina. Dual immunofluorescence labeled with T for PrP% (green;
A and B) and Ibal (red;A, case 5426) or glial fibrillary acid protein (GFAP; red; B, case 5523). PrP* accumulates throughout the retina.
Granular PrP* deposits are present in the cytoplasm of the microglia (A) and astrocytes (B).Weak background immunostaining is present
with the tyramide signal amplification (TSA) system (C) but not the conventional polymer method (D) in the retina of an uninfected
control animal immunolabeled with mAb F99/97.6.1. No specific background immunolabeling is detected in the retina of a control animal
immunostained with phosphate-buffered saline instead of the primary prion protein (PrP)—primary antibody using the TSA system (E).
NFL, nerve fiber layer; GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nucleus layer; OPL, outer plexiform layer; ONL, outer

nucleus layer; OS, outer segments.

primary PrP-antibodies were applied to the sections (Fig.
1F,G). However, no specific background immunolabeling
was present in any sections by both methods when non-
immune mouse and rabbit IgG or PBS was applied to the
sections instead of the primary PrP-antibodies (Fig. 1H).

Retina

In contrast to the brain, the appearance and intensity of immu-
nolabeled PrP* in the retina varied between experimental and
naturally occurring BSE animals with both immunodetection
systems. In experimental animals, PrP% was distributed
prominently throughout all layers of the retina, especially in
the inner and outer plexiforms and the ganglion cell layers
(Fig. 2A,B). In addition, granular PrP>* deposits were detected
in the cytoplasm of activated microglia and astrocytes. In

naturally occurring cases, however, PrP% accumulation was
noted in the outer part of the inner plexiform layer and less
frequently in the outer plexiform layer. Intracytoplasmic PrP*
immunolabeling was rarely present within the ganglion cells.
No immunolabeled PrP*® was detected in any layers of retina
of control animals (Fig. 2C-E).

Optic Nerve

Two different types of PrP*® deposits were detected in the
optic nerves in all the nine experimentally BSE-challenged
cases (Fig. 3). One type was characterized by a single or a
few small granules; the other consisted of a patchy distribu-
tion of multiple or small granules (Fig. 3B). The severity of
PrP% deposits in naturally occurring BSE cases was much
lower as compared with that in experimentally BSE-
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challenged cases. All naturally occurring BSE cases showed
only faintly granular immunolabeling (Fig. 3E). In addi-
tion, the images of semi-serial sections did reveal whether
PrP%° was present in the cells.

Using the dual immunofluorescence technique, small
granular PrP* immunolabeling corresponded mostly with
Ibal-positive cytoplasmic processes (Fig. 3F). However,
patchy PrP% immunolabeling appeared to correspond to
GFAP-positive cell bodies (Fig. 3G). Individual small Prp%
granules were located occasionally at the periphery of the
axon in the transverse and cross sections (Fig. 3H-J). The
myelinated fibers and round cell bodies in the brains and
optic nerves were labeled with both MBP and CNPase (Fig.
31, J). Granular PrP% was localized at the periphery of
axons, suggesting an ad-axonal location (Fig. 3H-J). In
contrast, patchy PrP*® was occasionally colocalized with the
optic nerve sheath labeled with MBP and CNPase in the
merged images (Fig. 31, J). However, no PrP* labeling was
detectable in MBP- and CNPase-positive round cells and in
the optic nerve of control animals (Fig. 3K—M).

Adrenal Glands

In the adrenal glands of all animals with naturally occurring
and experimentally induced BSE, immunolabeled PrP*°
was obvious in the outer layer of the adrenal medulla, as
shown in the intercellular fine processes between paragan-
glionic cells (Fig. 4A,B). However, the nerve fibers and
endings between chromaffin cells were negative for PGP9.5
and S100 (Fig. 4C,D). No positive signal was detected in
the sections of control animals (Fig. 4E-G).

Discussion

To the best of our knowledge, the present work is the first
description of immunolabeled PrP* in the optic nerves and
adrenal glands of cattle affected with BSE. The optic nerve is
the second of the 12-paired cranial nerves, but it is considered
a part of the central nervous system. It has three major non-
neuronal glial components: oligodendrocytes, astrocytes, and
microglia (Chow and Lang 2001). In this study, the intensity
of immunolabeling as well as the quantity of PrP% was

significantly higher in the retina than in the optic nerve. The
granular pattern of immunolabeling in the cytoplasm of
microglia and astrocytes seemed to be suggestive of lyso-
somes (Jeffrey et al. 2000). Only weak immunolabeling has
been detected in the optic nerves of sheep and goats with natu-
rally occurring scrapie (Valdez et al. 2003; Hortells et al. 2006)
and patients with sporadic and variant CJD (vCJD) (Head
et al. 2003), and in these instances, it seemed to be associated
with oligodendrocytes or astrocytes. Although PrP% immuno-
labeling in the optic nerve appears to be associated with axon
and secondary myelin loss in astrocytosis (Head et al. 2003),
axonal changes were undetectable in the present study. The
presence of PrP* in the optic nerve may also result from cen-
trifugal trafficking from the brain, presumably through the
optic nerve to the retina, rather than the propagation of the
protein (Buyukmihci et al. 1980; Head et al. 2003; Kercher et
al. 2004; Hortells et al. 2006). However, the transport mecha-
nism of PrP% within the peripheral nervous system (PNS) is
still unclear. Within the PNS, two different pathways are con-
ceivable: (1) axonal or (2) non-axonal (ad-axonal) transport
(Glatzel and Aguzzi 2000). PrP¢ expression was detected at
the cell surface and in the cytoplasm of Schwann cells but not
in the myelin sheath (Follet et al. 2002). Localization of PrP%
was observed at the cell surface of Schwann cells on the
peripheral nerves (Groschup et al. 1999; Hainfellner and
Budka 1999; Lezmi et al. 2003; Herzog et al. 2004), suggest-
ing that a non-axonal transport pathway may participate in
PrP* distribution in the peripheral tissues (Glatzel and Aguzzi
2000; Follet et al. 2002; Kovacs et al. 2005). Alternatively, the
spread of PrP* from the brain to the retina may occur via cell-
to-cell contact in epineural glial cells (Fraser 1982) or centrifu-
gally along the subarachnoid space around the optic nerve
(Bradbury and Cole 1980). Together with these findings, our
results may suggest that PrP* spreads centrifugally from the
brain, presumably within and between glial cells or via an ad-
axonal route along the optic nerve to the retina, or both, rather
than through the extracellular space.

The immunolabeling pattern of PrP%° in the adrenal
medulla, which consists of highly innervated tissue, is sug-
gestive of (and may be associated with) fine nerve ending
processes and fibers (Jeffrey et al. 2001; Lezmi et al. 2003;
Herzog et al. 2004). PrP° in the adrenal gland was detected

<
<

Figure 3. Detection of disease-associated prion protein (PrP*) in the optic nerve. Semi-serial sections of experimental bovine spongiform
encephalopathy (BSE) cattle (case 4437) are stained with hematoxylin and eosin (A) and immunolabeled with mAb F99/97.6.1 (B; tyramide
signal amplification [TSA] system), Ibal (C), or glial fibrillary acid protein (GFAP; D). Patchy (arrows in B) and particulate PrP* deposits
are detected in the optic nerve.Weak positive signal was detected in a naturally occurring case (BSE/JP21) with mAb F99/97.6.1 using the
TSA system (E). Dual immunofluorescence labeled with mAb T1 (green; F and G) and Ibal (red;F) or GFAP (red; G) in an experimental
BSE animal (case 4612). PrP* granules are localized in the cytoplasm of microglial cells (F) and astrocytes (G). In addition, periastrocytic
deposition of PrP* is noted (yellow; G). Dual immunofluorescence labeled with F99/97.6.1 (green) and PGP9.5 (red; H) in an experimental
BSE animal (case 4437). Peri-axonal localization of PrP* (arrows) is noted. Dual immunofluorescence labeled with T4 (green; | and J) and
MBP (red; I) or CNPase (red;]) in an experimental BSE animal (case 4437). Granular PrP* is colocalized on the myelin sheath (yellow)
and patchy PrP* (arrow) is located at the periphery of the myelin sheath (yellow).Weak background immunostaining is present in the
connective tissue with the TSA system (K) but not the conventional polymer method (L) in the optic nerve of an uninfected control
animal immunolabeled with mAb F99/97.6.1. No specific background immunolabeling is detected in the optic nerve of a control animal
immunostained with phosphate-buffered saline instead of the primary prion protein (PrP)—primary antibody using the TSA system (M).
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Figure 4. Detection of disease-associated prion protein (PrP*) in the adrenal glands. F99/97.6.ImAb-labeled nerve fibers and nerve
endings between chromaffin cells of experimental (A, C, and D; case 5087) and naturally occurring (B; BSE/JP17) bovine spongiform
encephalopathy (BSE) cases with the tyramide signal amplification (TSA) method (A and B) and dual immunofluorescence with F99/97.6.1
(green; C and D) and PGP9.5 (N) or SI100 (red; O) in case 5087. No background immunostaining is present in the optic nerve of an
uninfected control animal immunolabeled with mAb F99/97.6.1 using both TSA (E) and conventional polymer (F) methods. No specific
background immunolabeling is detected in the optic nerve of a control animal immunostained with phosphate-buffered saline instead of
the primary prion protein (PrP)—primary antibody using the TSA system (M).

by Western blotting in humans with vCJD (Wadsworth et al.
2001) and in BSE-affected cattle (Iwamaru et al. 2005;
Masujin et al. 2007), and the infectivity of BSE-affected
adrenal glands was demonstrated with a bioassay using
Tgbov XV mice (Buschmann and Groschup 2005). In sheep
scrapie (Jeffrey et al. 2001; Lezmi et al. 2003) and deer
CWD (Sigurdson et al. 2001), immunolabeling was present
in the adrenal medulla and/or sympathetic nerve fibers. In
BSE primates and in a cheetah with FSE, a positive signal
was detected in the capsule nerve fiber and in the fascicular
and reticular zones of the adrenal gland, respectively. These
discrepancies in the PrP*¢ distribution pattern in the adrenal
gland might be related to differences in the host species, the
prion strain, or both or may simply reflect variation in the
spreading routes of the agent within the organ (Lezmi et al.
2003). The pattern of PrP% immunostaining in the adrenal
medulla of cheetah (Lezmi et al. 2003) and sheep (Jeffrey

et al. 2001) showed fine processes related to sympathetic
nerve endings. The adrenal gland has a rich sympathetic
supply associated with the capsule and the medulla that
allows it to be infected primarily or secondarily via the
splanchnic nerves. PrP* accumulation in the adrenal gland
may result from the primary routing of the BSE agent to the
CNS via sympathetic and parasympathetic circuits or a sec-
ondary spread from the CNS via the splanchnic pathway. In
both the naturally occurring and experimentally induced
BSE cases in the present study, it seemed likely that PrP*°
was first detected in the CNS, and subsequent PrP* trans-
port was derived from the spinal cord via the splanchnic
nerves (Lezmi et al. 2003; Masujin et al. 2007).

In a comparison of the signal intensity by Western blot-
ting analysis, the quantities of PrP* in the adrenal glands of
BSE cattle with clinical signs of disease (Masujin et al.
2007) and in the glands of primates with BSE and vCJID
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(Herzog et al. 2005) were estimated to be 120 and 2500—
10,000 times less, respectively, than the amounts present in
brains. However, the proximal optic nerve of a vCJD patient
contained extremely high levels of PrP*—only four times
less than that found in the brain (Wadsworth et al. 2001).

There is no doubt that a highly sensitive immunohisto-
chemical analysis is an essential and practical tool for detect-
ing the minimal accumulation of immunolabeled PrP*® and
for investigating the pathogenesis of TSEs (Heggebeo et al.
2000; Sigurdson et al. 2002; Heggebo, Gonzalez, et al. 2003;
Monleoén et al. 2004; Espenes et al. 2006; Austbe et al.
2007). No noticeable differences in the immunolabeling
intensity have been found between the two different visual-
ization systems (the avidin-biotin complex system and poly-
mer-based visualization methods such as EnVision+ [Dako])
that are frequently used in laboratories (Monleén et al.
2004). Although the TSA system actually improves the sig-
nal intensity, this technique requires multiple steps and thus
may be unsuitable for routine immunopathological diagno-
sis. However, biotinyl tyramine-based immunostaining
without modification yielded highly intense background
staining, but it is evident that the background staining is not
induced by the biotinyl tyramine itself but also by the sec-
ondary antibody and SA-HRP (Kim et al. 2003).

In summary, the present study elucidated (1) a highly
sensitive immunohistochemical procedure that might gen-
erate clear PrP> immunolabeling in BSE cases and (2) the
trafficking and localization of PrP in the optic nerves and
the adrenal glands of BSE-affected cattle. These results are
in agreement with the findings of other experimental and
natural TSEs and may also help explain the pathogenesis of
BSE in cattle.
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