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Abstract—Various compounds were evaluated for ability to inhibit the formation of the abnormal protease-resistant form of prion
protein (PrP-res) in two cell lines infected with different prion strains. Examination of the structure-activity relationships indicated
that compounds with copper-selective chelating ability and whose copper complexes have high SOD-like activity are candidates for

anti-prion drug.
© 2006 Elsevier Ltd. All rights reserved.

Transmissible spongiform encephalophathies (TSEs) or
prion diseases are a group of fatal neurodegenerative
disorders, and their development is associated with
accumulation of aggregated proteins, oxidative damage
to the brain, and neuronal cell loss. Prion diseases are
characterized by the generation of a protein molecule
termed PrPS¢ (scrapie isoform of the prion protein),
which is a conformational variant of the normal host
protein, PrP€ (cellular isoform of the prion proteins).l’2
It is believed that the conversion of PrP€ into PrP* is
the key event in the pathogenesis of TSEs.

The octapeptide repeat region of the PrPC binds several
copper ions with concentration of the micromolar
range®* and their dissociation constant for the ion is
reported to be femtomolar range.® The biological signif-
icance of this interaction is not clear, but it is reported
that PrP® has a copper-dependent superoxide dismutase
(SOD) activity® and PrP© may be involved in copper up-
take into cells.”® Recently, there has been increasing
interest in the role of metal ions, in particular copper,
in prion diseases.”?

In the early 1970s, it was reported that the copper
chelator cuprizone induced prion diseases-like histopa-
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Chelate; Metal complex; SOD activity.
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thological changes in mice.!"!2 On the other hand, Sig-
urdsson et al. recently found that a copper chelator, D-
penicillamine, delayed the onset of prion disease in
infected mice, and suggested that chelator-based therapy
might attenuate the disease.!> Copper has been implicat-
ed in the pathogenesis of prion disease, but numerous
studies have only succeeded in demonstrating the com-
plexity of the effects of copper on the development of
prion diseases, and it remains unclear whether this ion
promotes or inhibits disease progression.

In the present study, we evaluated the ability of a wide
range of compounds!# to inhibit the formation of the
abnormal protease-resistant form of prion protein
(PrP-res), using two cell lines, ScN2a cells and F3,
infected with different prion strains.!>!® We then ana-
lyzed the structure-activity relationships to investigate
what kinds of structure or biochemical characteristics
contribute to anti-prion activity.

Spectrophotometric complexation studies."”'* The com-
plexes were prepared as previously reported.?*?! Solu-
tions of 10mM Cu(ClO4), and 8-hydroxyquinoline
were prepared in H,O. Cu(lI)-chelate formation of
8-hydroxyquinoline was demonstrated by Job’s meth-
0d.!81% The spectrophotometric complexation studies
showed that 8-hydroxyquinoline binds'in 2:1 ratio with
Cu(ll) (Fig. 1A). 2,2'-Biquinoline, neocuproine, batho-
cuproine, 4,4'-dicarboxy-2,2'-biquinoline, porphyrins,
cimetidine and p-penicillamine bind in 1:1 ratio with
Cu(ll) (2,2-biquinoline, Fig. 1B; others, data not
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Figure 1. Continuous variation plots for 8-hydroxyquinoline and
Cu(Il) (A) and 2,2’-biquinoline and Cu(II) (B). (A) 2:1 binding ratio
between 8-hydroxyquinoline and Cu(Il), (B) I:1 binding ratio between
2,2/-biquinoline and Cu(Il). The plots were obtained by Job’s method
in aqueous solution.

shown). However, it has been reported that the oxida-
tion state of copper may be altered in the p-penicilla-
mine complex, and the complex prepared in this way
contains both Cu(I) and Cu(II).??

Inhibition of PrP-res formation in ScN2a cells and F3
cells by metal chelators.?*26 1,10-Phenanthroline,
2,2’ 2" terpyridine and 8-hydroxyquinoline did not
inhibit PrP-res formation within a nontoxic dose range
(Table 1), but were cytotoxic at 100 nM. Chelators of
this class can chelate a wide variety of metals.

Neocuproine, bathocuproine, 2,2'-biquinoline and 4,4'-
dicarboxy-2,2’-biquinoline are highly specific copper
chelators. The chelators of this class, except 4,4'-dicarb-
oxy-2,2'-biquinoline, effectively inhibited PrP-res forma-
tion in ScN2a cells and F3 cells in a dose-dependent
manner (Fig. 2). The concentrations giving 50% inhibi-
tion (ICsp) of PrP-res formation in ScN2a cells relative
to the DMSO-treated or untreated control ranged from
5 to 80 nM (Table 1). These compounds showed no
apparent cytotoxicity at concentrations up to 1 pM.
However, neocuproine was ineffective in F3 cells within
a nontoxic dose range. Findings from these experiments
suggest that compounds having copper-selective chelat-
ing ability are more effective inhibitors than non-selec-
tive metal-chelating compounds, but not an exclusive
factor.

Inhibition of PrP-res formation in ScN2a cells and F3
cells by porphyrins.*-%5 Porphyrins can form 1:1 stable
chelates with various metal ions. The order of stability

for divalent metal ions is Cu > Fe > Zn > Mn, regard-
less of the type of substituents on the porphyrin ring.
Porphyrins were effective inhibitors of PrP-res forma-
tion, with ICsq values ranging from 5 to 320nM in
ScN2a cells and F3 cells (Table 2). And Mn(III)-por-
phyrins complexes showed higher anti-prion activity
than the metal-free compounds (Table 2).

SOD-like activity and correlation with anti-prion activity.
It is known that Mn(IID)-porphyrin complexes show
high SOD-like activity in vitro and in vivo.?”?® We
thought that SOD-like activity might contribute to the
anti-prion activity of such compounds, since the SOD
activity of PrP€ is decreased by conversion to PrP%
Therefore, we focused on chelators having SOD-like
activity. Many low-molecular metal complexes, mainly
copper, manganese and iron complexes, have been syn-
thesized and their SOD-like activity examined in vitro
and in vivo,?*-*? and some of them showed activity in vi-
v0.336 As shown in Table 3, SOD-like activity of these
compounds was measured in vitro by our methods.?’
The SOD-like activity in cell lysates was significantly in-
creased when these metal-free compounds were added to
the cell cultures (data not shown). Therefore, the chela-
tors that showed anti-prion activity formed metal com-
plexes and had SOD-like activity.

Among these compounds, we chose cimetidine®*3% and
TPEN? for further examination, as well as Mn-TCPP
(Mn-TBAP), which we had already examined. Cimeti-
dine effectively inhibited PrP-res formation, with ICsq
values of 5nM in ScN2a cells and 200 nM in F3 cells.
TPEN inhibited PrP-res formation, with ICsq values of
5nM in ScN2a cells and 200 nM in F3 cells.

We found that the compounds, shown in Tables | and 2,
with higher anti-prion activity in ScN2a cells had higher
SOD-like activity (Table 3). Statistical analysis exhibited
a significant linear correlation between these two activi-
ties (r = 0.93) (Fig. 3).

Despite numerous studies, it remains unclear whether
copper ions promote!? or inhibit*’ prion disease. In Alz-
heimer’s disease, another neurodegenerative disease, the
copper- and zinc-selective chelator clioquinol was effec-
tive in decreasing P-amyloid deposits.*' However,
Doh-ura et al. found that clioquinol and related com-
pounds, quinoline hydrochloride, 8-hydroxyquinoline,
and 8-acetoxyquinoline, were ineffective in scrapie-in-
fected mouse neuroblastoma (ScNB) cells.?’ Thus, che-
lating drugs that are effective in inhibiting B-amyloid
fornslation may not inhibit the conversion of PrP¢ to
Prp®°,

In this study, we evaluated the anti-prion activity of var-
ious compounds having metal-chelating ability in order
to identify the requirements for anti-prion activity, We
found that many, but not all, compounds having selec-
tive copper-chelating ability are effective inhibitors of
PrP-res formation in ScN2a cells and F3 cells. Thus,
copper-selective chelating ability per se may not be
essential for anti-prion activity. This idea is supported
by the observation that porphyrins chelating manganese
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Table 1. Inhibition of PrP-res formation in ScN2a cells and F3 cells by metal chelators

Compound Structure Metal(M) Inhibition PrP-res 1Csp (nM)
ScN2a cells F3 cells
1,10-Phenanthroline N.E. N.E.
2,2/ 2" Terpyridine N.E. N.E.
8-Hydroxyquinoline N.E. N.E.
Bis(8-quinolinolato) Copper(Il) cu® N.E. N.E.
Bis(8-quinolinolato) Zinc(II) Zn** N.E N.E
Neocuproine 80 N.E.
Bathocuproine 80 200
2,2'-Biquinoline 5 250
N.E. N.E.

4,4'-Dicarboxy-2,2'-biquinoline

N.E., no effect.

ICs, concentration of a compound causing 50% inhibition of PrP-res formation relative to the control.
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Figure 2. Anti-prion activity of 2,2'-biquinoline in prion-infected cells.
Various concentrations of the compound were added to freshly passaged
ScN2a cells (A) or F3 cells (B), and the PrP-res levels were analyzed
by Western blotting. Lanes: 0, cells treated with DMSO alone;
others, treated with the indicated concentration of 2,2'-biquinoline.
Bars on the left indicate molecular mass markers at 35 and 21 kDa.

showed greater anti-prion activity than the metal-free
compounds. Therefore, we examined whether SOD-like
activity was associated with anti-prion activity, and dis-
covered that this was the case.

PrP® plays an important role in cell protection
from oxidative stress, and modulates the activity
of antioxidant enzymes by regulating the intracellu-
lar copper concentration, but it can also play a di-
rect role owing to its intrinsic SOD activity.5#43
Cells with accumulated abnormal PrPS° displayed
the phenotypes of decreased copper-binding capacity
and higher sensitivity to oxidative stress.'®#* Inter-
estingly, we found a significant correlation
(r=0.93) between SOD-like activity and anti-prion
activity. Furthermore, we confirmed that the copper
complex of p-penicillamine, which has been reported
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Table 2, Inhibition of PrP-res formation in ScN2a cells and F3 cells by

porphyrins
R R
R R R R
7 7
R R

Metal(M)

Inhibition
PrP-res
IC50 (DM)

ScN2a cells F3 cells

TPP —@ 10 320
TCPP —@—COZH 250 160
Mn-TCPP _Q—C()zH Mn** 40 60

(MnTBAP)

TPPS —)-soqH 200 160
—<\ij-c:H3 130 160

Mn-TMPyP —( NCH, Mn™ 5 40

1Csp, concentration of a compound giving 50% inhibition of PrP-res
formation relative to the control.

Compound R

TMPyP

Table 3. SOD-like activity of metal complexes

Chelating  Compound SOD-like activity

metal ICso (uM)
Cu 8-Hydroxyquinoline 263
Clioquinol 140
Neocuproine 50
Bathocuproine 32
2,2'-Biquinoline 3
4,4'-Dicarboxy-2,2'-biquinoline 263
Cimetidine 0.4
p-Penicillamine 28
Mn TCPP 8
TMPyP 0.3
Fe TPEN 0.4

ICso, concentration of a compound giving 50% inhibition of WST-1
reduction.

to show anti-prion activity, exhibits SOD-like

activity.!?

It is not easy to find molecules with both good metal-
binding ability and high SOD-like activity, because, tak-
ing copper ions as an example, the former property
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Figure 3. Correlation between SOD-like activity and inhibition of PrP-
res formation in ScN2a cells. The plot shows data from seven
compounds for which both SOD activity and inhibition of PrP-res
formation were determined. (r = 0.93) SOD-like activity ICsy: concen-
tration of a compound giving 50% inhibition of WST-I reduction.
Inhibition PrP-res 1Cs: concentration of a compound giving 50%
inhibition of PrP-res formation relative to the control.

means the Cu(Il) complex is rather stable, while the lat-
ter property implies that the complex is prone to be re-
duced to the Cu(l)-chelator state.*> This might explain
why compounds such as clioquinol that are good copper
chelators are nevertheless ineffective in terms of anti-pri-
on activity.?’

On the other hand, cimetidine can form complexes
with both Cu(l) and Cu(Il), and has satisfactory
SOD-like activity in both states, so it may be a good
candidate for anti-prion activity. Furthermore, cimeti-
dine can cross the blood-brain barrier to act in the
central nerve system.4® This type of compounds may
provide a possible therapeutic approach for prion
diseases.

In conclusion, we suggest that compounds which have
copper-selective chelating ability, and whose copper
complexes have high SOD-like activity are candidates
for anti-prion drug.
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Abstract

Peripheral accumulation of abnormal prion protein (PrP) in variant Creutzfeldt—Jakob
disease and some animal models of transmissible spongiform encephalopathies (TSEs)
may occur in the lymphoreticular system. Within the lymphoid tissues, abnormal PrP
accumulation occurs on follicular dendritic cells (FDCs). Clusterin (apolipoprotein J) has
been recognized as one of the molecules associated with PrP in TSEs, and clusterin expression
is increased in the central nervous system where abnormal PrP deposition has occurred. We
therefore examined peripheral clusterin expression in the context of PrP accumulation on
FDCs in a range of human and experimental TSEs. PrP was detected immunohistochemically
on tissue sections using a novel highly sensitive method involving detergent autoclaving
pretreatment. A dendritic network pattern of clusterin immunoreactivity in lymphoid
follicles was observed in association with the abnormal PrP on FDCs. The increased clusterin
immunoreactivity appeared to correlate with the extent of PrP deposition, irrespective of
the pathogen strains, host mouse strains or various immune modifications. The observed
co-localization and correlative expression of these proteins suggested that clusterin might
be directly associated with abnormal PrP. Indeed, clusterin immunoreactivity in association
with PrP was retained after FDC depletion, Together these data suggest that clusterin may
act as a chaperone-like molecule for PrP and play an important role in TSE pathogenesis.
Copyright © 2006 Pathological Society of Great Britain and Ireland. Published by John
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introduction

Transmissible spongiform encephalopathy (TSE) is the
generic term for the fatal neurodegenerative diseases
associated with abnormal prion protein (PrP) deposi-
tion in the central nervous system (CNS). Human TSE
diseases include Creutzfeldt—Jakob disease (CID),
Gerstmann-—Straussler—Scheinker disease, fatal famil-
ial insomnia, and kuru. In cases of variant CID,
transmission is thought to have occurred from expo-
sure to bovine spongiform encephalopathy (BSE)-
contaminated meat via the oral route [1-3]. In cases
of variant CJD and some animal TSE models, periph-
eral accumulation of abnormal PrP occurs in the lym-
phoreticular system, within the lymphoid follicles of
spleens, lymph nodes, Peyer’s patches, and tonsils
[4-6]. In these regions, abnormal PrP accumulates on
the surfaces of follicular dendritic cells (FDCs) from
an early stage of the disease [7], followed by CNS
involvement via the peripheral nervous system [8,9].
Clusterin (apolipoprotein J) is a heterodimeric gly-
coprotein and is expressed in a variety of mammalian
tissues. It is considered to have a variety of functions,

including inhibition of complement-mediated cytol-
ysis by binding to the membrane attack complex
[10]; regulation of apoptosis [11]; and as a survival
factor for germinal centre B cells [12]. We have
reported that, during TSE disease, clusterin is asso-
ciated with deposits of abnormal PrP in the CNS
[13]. In the CNS of TSE-affected subjects, clus-
terin co-localizes with the extracellular plaque-type
PrP deposits. Clusterin expression is also up-regulated
within lesions of synaptic PrP deposition, even though
no co-localization is observed. As clusterin interacts
with a range of other molecules [14,15], these find-
ings suggest that secreted clusterin might act as a
chaperone-like molecule for PrP. Previous in vitro
investigations have shown that clusterin is induced
in astrocytes by PrP fragments reminiscent of the
abnormal PrP isoform [16], and prevents their fibrillar
aggregation [17].

FDCs also express clusterin [12]. Therefore we
investigated whether clusterin expression in the lym-
phoreticular system is likewise affected by TSE infec-
tion, and associated with the extracellular accumula-
tion of abnormal PrP on FDCs.

Copyright © 2006 Pathological Seciety of Great Britain and Ireland. Published by john Wiley & Sons, Ltd.
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Materials and methods

Antibodies

The antibodies used included anti-human PrP C-
terminal (rabbit polyclonal, IBL, Japan; raised against
a peptide mapping to the C-terminus of human PrP,
cross-reacts with mouse PrP), anti-human PrP N-
terminal (rabbit, IBL; raised against a peptide map-
ping to the N-terminus of human PrP, cross-reacts
with mouse PrP), anti-human PrP (mouse mono-
clonal, 3F4, Signet, MA, USA; recognizing amino
acid residues 109—112, cross-reacts with hamster PrP),
anti-mouse clusterin (goat polyclonal, M-18, Santa
Cruz, CA, USA; raised against a peptide mapping
to the C-terminus of mouse clusterin), anti-human
clusterin (goat, C-18, Santa Cruz; raised against a
peptide mapping to the C-terminus of human clus-
terin), or anti-human clusterin (goat, Chemicon, CA,
USA,; raised against a purified clusterin from human
plasma), anti-mouse CD21/CD35 (CR2/CR1, rat mon-
oclonal, 7G6, PharMingen, CA, USA), anti-human
CD35 (CR1, mouse, Ber-MAC-DRC, Dako, Den-
mark). We assessed two anti-human clusterin antibod-
ies by immunohistochemistry and verified that both
gave similar results [13].

Mouse models

Non-transgenic NZW mice and transgenic Tga20 mice
[18,19] that express high amounts of mouse PrP were
inoculated intraperitoneally (i.p.) with the Fukuoka-
1 mouse-passaged scrapie agent strain (NZW/Fu-1,
Tga20/Fu-1, respectively). Transgenic Tg7 mice [8,20]
that express high amounts of hamster PrP on a
mouse-PrP knockout background were inoculated 1.p.
with the 263K hamster-passaged scrapie agent strain
(Tg7/263K). Permission for these animal experiments
was obtained from the Animal Experiment Committee
of Kyushu University.

Where indicated, C57BL/Dk mice were inoculated
either orally or i.p. with the ME7 mouse-passaged

Table I. Profiles of mouse lines
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scrapie agent strain (C57BL/ME7 mice). To deplete
FDCs temporarily, C57BL/Dk mice were given a sin-
gle i.p. injection of a fusion protein containing the
soluble lymphotoxin 8 receptor domain linked to the
Fc portion of human IgG1 (LTAR-Ig) or 100 ug poly-
clonal human IgG (hu-Ig) (Sandoglobulin®) as a con-
trol [21,22]. Where indicated, treatment was given
3 days before (—3 dpi) oral inoculation, or 14 or
42 days after (14 dpi & 42 dpi, respectively) i.p. inoc-
ulation with the ME7 scrapie agent strain as described
[21,22]. Spleens were analysed 3 days after treat-
ment; Peyer’s patches were analysed 70 days after
inoculation with the scrapie agent. Mice deficient in
interlevkin- (IL-) 6 (IL-6-knockout (KO) mice, on a
129/Sv x CS57BL/6 background) possess FDC net-
works but have impaired germinal centres [23]. IL-6-
KO mice, and 129/Sv x C57BL/6 immunocompetent
wild-type mice, were also inoculated i.p. with the ME7
mouse-passaged scrapie agent strain. Permission for
these animal experiments was obtained from the Eth-
ical Review Committee at the Institute for Animal
Health, Edinburgh, UK.

Table 1 summarizes the profiles of the mouse lines
used in this study.

Human CJD cases

Paraffin-embedded sections of spleens, lymph nodes,
appendices, and tonsils were examined from five cases
of variant CJD (three males, two females, age range
17~39 years, duration of clinical illness 7~33 months)
from the UK National CJD Surveillance Unit, Uni-
versity of Edinburgh, UK. Spleen sections were also
examined from four cases of sporadic CJD (two males,
two females, age range 55—69 years, duration of clin-
ical illness 4-30 months) from the Department of
Neuropathology, Kyushu University. The diagnosis of
variant or sporadic CID was confirmed by postmortem
examination. Each case had consent for use of autopsy
tissues for research purposes and local Ethics Commit-
tee approval for the use of human autopsy tissues from
patients with CJD for research was also obtained.

PrP€ on PrP* on

Line Background Modification of PrP expression FDCs Reference  Inoculum FDCs
NZW wild None + Fukuoka- | +
C57BL/DKk Wild None + ME7 +
Tg? C57BUI10 MoPrP knockout + 8,20 263K -

Overexpress HaPrP under control of the

endogenous MoPrP promoter
Tga20 129/Svy x C578L/6  MoPrP knockout —* 18,19 Fukuoka- | -

Overexpress MoPrP under control of the

endogenous MoPrP promoter
IL-6 KO 129/Sy x C57BL/6  None + 23 ME7 +

MoPrP = mouse PrP; HaPrP = hamster PrP; PrP® = cellular PrP expression on the FDCs; PrP*¢ = abnormal PrP accumulation on FDCs of scrapie

affected mice; (—) negative; (+) positive.

* Negative on FDCs but some cells within the paracortical T-cell area express PrPt [19].

The inocula indicated were applied to the respective mouse lines in this study.

] Pathol 2006; 209: 484-491 DOI: 10.1002/path
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Immunohistochemistry

To enhance the detection of PrP by immunohisto-
chemistry (IHC), formalin-fixed, paraffin-embedded
sections were pretreated by hydrolytic autoclaving
(1-2 mm HCI, 121°C, 10 min) or a protocol using
formic acid, guanidine thiocyanate, and hydrated
autoclaving as previously reported [24,25]. We also
performed an autoclaving pretreatment with Tar-
get Retrieval Solution (Dako) or buffer solution
with detergent. A variety of detergents were exam-
ined including, Triton X-100 and Tween-20 as non-
jonic detergents and sodium dodecyl sulphate as an
jonic detergent. We found that non-ionic detergents
enhanced PrP detection to a similar degree, whereas
the ionic detergent enhanced PrP detection sensitivity,
but caused considerable tissue damage. Autoclaving
the sections in 0.1% Triton X-100 in 50 mm Tris-HCl,
pH 7.6, 121°C, 20 min, was found to be the most
suitable method for the detection of abnormal PrP
accumulation on FDCs, and was used in this study
(hereinafter referred to as the detergent autoclaving
method). Increased concentrations of Triton X-100 up
10 0.5% did not significantly increase the signal inten-
sity of the PrP detected or affect the degree of tissue
damage. This indicated that the detergent autoclav-
ing method had a wider range of optimum detergent
concentrations than the HCI in the hydrolytic autoclav-
ing method. Immunoreactions were visualized using
diaminobenzidine as a chromogen.

To examine the co-localization of two different pro-
teins on the same section, the first immunoreaction was
visualized using 3-amino-9-ethylcarbazole (AEC; Vec-
tor, CA, USA), mapped, and photographed. The sec-
tion was then decolourized by immersing it in ethanol,
and the second immunohistochemical procedure was

Detergent autoclave
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performed with the other primary antibody. Double
immunofluorescence was also performed to reveal
sites of co-localization.

Results

Experiments demonstrated that the detergent autoclav-
ing method was the most useful for detecting PrP
by IHC. This was particularly evident on sections of
spleen tissue, where this method drastically improved
the signal intensity for PrP accumulated on FDCs in
comparison with sections treated by the HCl auto-
clave method (Figure 1A and B, respectively). Table 2
shows comparisons between this detergent autoclaving
method and conventional techniques for IHC detec-
tion of PrP. On human brain samples, most of the
different types of PrP deposition could be detected
by the detergent autoclaving method as well as by
conventional techniques (Figure 1C and 1D, respec-
tively). However, the detergent autoclaving method

Table 2. Comparison of the methods of immunohistochemistry
for PrP

Detergent HCI auto- Three
autoclaving claving [24]  steps [25]
PrP signal intensity
Synaptic + ~ 4+ ++ + ~ ++
Plaque ++ ++ ++
FDCs (mouse) ++ + ++
Background Low High Moderate
Tissue damage Low High Moderate
Simplicity Simple Moderate Complicated

() positive; (+-) strongly positive.
In the three steps method samples are pretreated with formic acid,
guanidine thiocyanate, and hydrated autoclaving.

HCI autoclave

Figure |. Effect of detergent autoclaving pretreatment on the d
of spleen from TSE-infected mice (NZW mouse inoculated with

etection of PrP by immunohistochemistry. (A, B) Serial sections

Fukuoka-1 strain) were immunostained for PrP. The detergent

autoclaving method (A) dramatically increased the signal intensity of the PrP immunoreaction and lowered non-specific background

staining in comparison with the HC! autoclaving method (B). (C, D) Serial sections of cerebral cortex from a case witl
CJD immunostained for PrP. Immunoreactivity for PrP is rather wea
(C) in comparison with those pretreated by the HCI autoclaving method (

h sporadic
i on sections pretreated by the detergent autoclaving method
D). However, abnormal fine granular deposits of PrP

are detected by both methods, Bars: 200 um (A, B), 100 pm (C, D)

| Pathol 2006; 209: 484491 DO 10.1002/path
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decreased background staining, which facilitated the
double immunofluorescence technique in this study.
We examined the lymphoreticular system of mouse
models of TSE. In the spleens of scrapie agent-
inoculated NZW/Fu-1 (n = 5) and C57BL/ME7 mice
(n =3), abnormal PrP accumulated on the den-
dritic network of FDCs as the disease progressed
(Figure 2E), but not in the spleens of uninoculated
NZW mice (n =5) (Figure 2B) or scrapie agent-
inoculated Tg7/263K (n =5) or Tga20/Fu-1 mice
(n = 3)(data not shown). The apparent lack of cellular

487

PrP expression by FDCs in the spleens of Tga20 mice
probably prevents abnormal PrP amplification on these
cells [19]. Likewise, after high-dose scrapie inocula-
tion into these transgenic mice, neuroinvasion proba-
bly occurs via a putative ‘direct neuroinvasion’ path-
way without the need for prior amplification of abnor-
mal PrP on FDCs [8]. In uninoculated NZW mice,
clusterin was constitutively and diffusely expressed in
the reticular cells in lymphoid follicles (Figure 2A), as
previously reported [26]. However, in the spleens of
NZW/Fu-1 mice immunoreactivity for clusterin was

Figure 2. Immunohistochemistry for clusterin expression on FDCs in the spleens of uninoculated and scrapie-inoculated mice.
(A=C) Serial sections of uninoculated NZW mouse spleen were immunostained for clusterin (A), PrP (B), and CR1/CR2 (C).
Clusterin is constitutively expressed in the reticular cells in the lymphoid follicles of uninoculated mice (A) and not obviously
condensed on the dendritic network of FDCs (C). However, increased clusterin expression was observed on FDCs from
scrapie-inoculated mice. (D—F) The same section of spleen from the NZW/Fu-1 TSE mouse model was serially immunostained
for clusterin (D), PrP (E), and CRI/CR2 (F). Immunoreactivity for clusterin is markedly condensed and increased on the FDCs
associated with abnormal PrP accumulation. Similar results were observed in the C57BL/ME7 mouse model. The co-localization
of these proteins was also confirmed by double immunofiuorescence (G, H). (G) Clusterin {red) and PrP (green). (H) CRI/CR2

(red) and PrP (green). Bars: 100 pm (A=F), 50 um (G, H)

| Pathol 2006; 209: 484-491 DOI: 10.1002/path
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condensed (Figure 2D) and co-localized with the PrP
(Figure 2E) accumulated on the complement recep-
tor 1/2 (CR1/CR2)-immunopositive dendrites [27] of
FDCs (Figure 2F). No such accentuation of clusterin
expression was observed in the spleens of scrapie-
inoculated Tg7/263K mice or Tga20/Fu-1 mice (data
not shown). The co-localization of clusterin and PrP on
the FDCs was also confirmed by double immunofluo-
rescence (Figure 2G and H).

Although the increased clusterin immunoreactivity
mostly correlated with the abnormal PrP accumula-
tions on splenic FDCs from scrapie-agent inoculated
C57BL/ME7 mice, temporary FDC depletion 14 or
42 days after scrapie-agent inoculation [21,22] did not
affect the association of clusterin with abnormal PrP
(Table 3). Similarly, in the spleens of scrapie agent-
inoculated IL-6-KO mice, immunoreactivity for clus-
terin was mostly correlated with abnormal PrP accu-
mulation (Table 3) despite the impaired germinal cen-
tre development in these mice [23].

In Peyer’s patches, increased clusterin expression
was seen not only on the PrP-immunopositive FDCs of
infected mice but also in the lymphoid follicles without
PrP deposition (Table 3). Clusterin-labelled lymphoid
follicles were also confirmed in the Peyer’s patches of
non-infected control mice (data not shown), but this
occurred to a lesser extent than in TSE-infected mice.

Increased clusterin expression associated with the
abnormal PrP deposition on FDCs was also observed
in cases of human variant CJD. The extent and

K Sasaki et al

intensity of clusterin immunoreactivity did not appear
to be related to the age of the patient, or the duration of
the clinical illness of the five cases examined (patient
ages 17, 29, 33, 36, and 39 years; duration of clinical
illness 33, 7, 18, 15, and 14 months, respectively).
In each case, immunoreactivity for clusterin was
increased wherever abnormal PrP accumulation on the
FEDCs was found, such as in the spleens, lymph nodes,
appendices, and tonsils (Figure 3). In appendices,
clusterin immunoreactivity was also increased in the
lymphoid follicles without PrP deposition (Figure 3C
and D), which was consistent with data from analysis
of Peyer’s patches of mouse TSE models. No increased
clusterin immunoreactivity was observed on FDCs
from sporadic CJD cases (data not shown) in which
no PrP deposition was detected, except on appendices
where clusterin immunoreactivity was increased on
the FDCs even in non-CJD control cases (Figure 3E
and F).

Discussion

Here we show that clusterin expression on FDCs is
increased during TSE diseases and occurs in asso-
ciation with abnormal PrP accumulation. The den-
dritic network pattern of the clusterin immunoreac-
tivity in the lymphoid follicles was associated with
PrP accumulation on FDCs in NZW/Fu-1 mice and
CS57BL/MET mice. The increased clusterin immunore-
activity was mostly dependent on the presence of

Table 3. Effect of FDC depletion and impaired germinal centre development on clusterin expression in

TSE-inoculated mice

Immune PrP Clusterin CRI/CR2 Effect on disease

deficiency IR IR* IR transmission?
Spleens Intraperitoneal
Uninfected
LTAR-Ig FDCs depleted - - - nfa
Hu-lg Control - - + nfa
14 dpi
LTBR-Ig FDCs depleted - - - Delayed [21]
Hu-lg Control +-— +
42 dpi
LTBR-Ig FDCs depleted + -+ - Delayed [21]
Hu-lg Control + + +-+
IL-6-KO Impaired germinal centres ++ + ++ No effect [23]
Wild-type Control ++ + ++
Peyer’s patches Oral
~3 dpi
LTBR-Ig FDCs depleted - +* nd. Inhibited [22]
Hu-lg Control + + nd.

FDCs were depleted by treatment with LTAR-lg, or Hu-lgas a control [28]. Ig treatment was performed on the indicated
days relative to scrapie challenge. Three mice were examined and estimated the immunoreactivity on each immune-deficient

group (LT AR-Ig treated or IL-6 KO} or control group.

IR = immunoreactivity; dpi = days post scrapie inoculation; n.d. = not determined; nfa = not applicable; (=) = negative;

(+~—) = faint; (+) = positive; () = strongly positive.
* jmmunoreactivity in the dendritic-network pattern.
t Data from previous reports [21-23].

% Clusterin immunoreactivity does not always correlate with PrP deposition; increased clusterin expression is also seen in

some lymphoid follicles without PrP accumulation.

| Pathol 2006; 209: 484—491 DO 10.1002/path
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Figure 3. Immunohistochemistry of lymphoreticular tissues from human variant CJD and control (non-CJD) cases. (A, C, E)
Clusterin. (B, D, F) PrP. (A, B) Serial sections of the tonsil from a variant CJD case. Clusterin immunoreactivity is increased on
FDCs where abrormal PrP deposits are detected. (C—F) Serial sections of appendices from a variant CJD case (C, D) and a control
case (E, F). Note that not only the lymphoid follicles with PrP accumulation (arrows) but also those without PrP accumulation

show increased clusterin expression. Bars: 500 um

abnormal PrP deposition, irrespective of the TSE agent
strains, host mouse strains, or various immune defi-
ciencies. Moreover, clusterin accumulation was also
seen in human variant CJD cases, which was con-
sistently accompanied by PrP deposition on FDCs in
the lymphoreticular system (except for the intestinal
lymphoid follicles). We have previously reported that
clusterin expression in the cerebrum was increased in
association with increased PrP deposition [13]. The
results in the present report provide evidence that clus-
terin accumulation also occurs in peripheral lymphoid
tissues. Although a direct interaction between clusterin
and PrP remains to be confirmed, these data suggest
that clusterin may play an important role in the patho-
genesis of TSE diseases in lymphoid tissues.

To determine whether clusterin was associated with
abnormal PrP, we analysed the effect of FDC deple-
tion on clusterin accumulation. Signalling through the
LTBR provides important stimuli for FDC matura-
tion and maintenance. Blockade of this stimulation
through treatment with LTAR-Ig causes the tempo-
rary de-differentiation of FDCs [28]. In this study,
CR1/CR2 expression on FDCs was certainly affected
by LTAR-Ig treatment in comparison with the control
mice treated with Hu-Ig (Table 3), confirming that the

FDCs were temporarily de-differentiated. In uninoc-
ulated mice, clusterin expression by FDCs is down-
regulated by LTAR signalling blockade and unde-
tectable by immunohistochemistry within two days
of FDC depletion [12]. However, in this study we
show that the detection of clusterin in the spleens of
scrapie-inoculated mice was unaffected by FDC deple-
tion and remained in close association with abnormal
PrP (Table 3). These data imply that clusterin asso-
ciates directly with abnormal PrP molecules exposed
extracellularly on the surface of FDC dendrites.

Why clusterin expression is up-regulated during
TSE disease is not known. Data from both human and
experimental studies demonstrate that TSE infections
induce the expression of both early and terminal com-
plement components within the brain. However, the
membrane attack complex (C5b—-C9) is not involved
in TSE pathogenesis [29]. Thus it is plausible that, dur-
ing TSE diseases within the CNS, clusterin might be
expressed as part of an innate response to inactivate
the membrane attack complex formed by the termi-
nal complement components [10], and to help protect
neurons from potential complement-mediated lysis.
It is also plausible that clusterin might be induced
to exert anti-amyloidogenic properties [30]. Because
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FDCs express clusterin (current study and reference
[12]), and its expression appears to be up-regulated
during TSE disease, it is plausible that clusterin is
likewise released by FDCs as an activating factor
for themselves and/or neighbouring germinal centre B
cells [12], which might accelerate abnormal PrP accu-
mulation.

In the Peyer’s patches and appendices, some lym-
phoid follicles showed no detectable PrP deposi-
tion, but revealed enhanced clusterin immunoreactiv-
ity. Although it is possible that small amounts of
undetectable abnormal PrP molecules were present in
these follicles, enhanced clusterin expression at this
site was probably due to non-specific immune stim-
ulation. Clusterin-enhanced lymphoid follicles were
confirmed even in the Peyer’s patches of non-infected
control mice and in the appendices of non-CJD control
cases. The continual exposure of the intestinal lym-
phoreticular system to a variety of antigens or stress
conditions might account for the enhanced clusterin
expression in non-TSE affected subjects in compari-
son with the spleens. The reasons why the regulation
of clusterin expression on FDCs in the intestine and
other lymphoid tissues appears to differ in uninfected
hosts are unknown and therefore worthy of further
investigation.

We employed a detergent autoclaving method for
PrP detection in this study and found that this method
significantly improved sensitivity, especially when
analysing the lymphoreticular pathology of TSEs. The
early detection of PrP accumulation on FDCs might
aid the detection of scrapie transmissibility, and the
diagnosis of human variant CID, for example on tonsil
biopsy specimens. Detergent autoclaving also provides
a less harsh pretreatment for antigen retrieval, avoids
tissue damage, and reduces non-specific background
staining. Prolonged formalin fixation of tissue samples
results in a considerable reduction of PrP immunore-
activity. This effect might be overcome by modifying
the concentration of detergents and/or autoclaving time
without causing significant tissue damage.

In conclusion, we have demonstrated that clusterin
expression was increased in association with abnor-
mal PrP deposits not only in the CNS [13] but also in
the peripheral lymphoreticular system. The observed
co-localization and correlative expression of these pro-
teins implies that clusterin might have an important
role in PrP pathogenesis in the TSEs, perhaps as a
chaperone-like molecule. In keeping with this sugges-
tion, Kempster and associates reported that clusterin-
deficient mice inoculated ip. with mouse-passaged
BSE agent had an increased incubation time in com-
parison with wild-type mice [31]. Thus clusterin might
influence the accumulation and/or aggregation of PrP
on FDCs, and affect disease progression. Compara-
tive transmission studies using clusterin-deficient mice
inoculated with a variety of TSE agent strains by var-
ious peripheral routes of exposure will provide further
insights into the role of clusterin in TSE pathogenesis.
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Increased asymmetric pulvinar magnetic resonance
imaging signals in Creutzfeldt-Jakob disease
with florid plaques following a cadaveric dura

mater graft

Yoshinobu Wakisaka,"? Naohiko Santa,> Katsumi Doh-ura,’ Tetsuyuki Kitamoto,’ Setsuro Ibayashi,”
Mitsuo Iida® and Toru Iwaki’

'Department of Neuropathology, Neurological Institute,
School of Medical Sciences, Kyushu University, Fukuoka,

Hospital, Kurume, and “Department of Prion Research, To

A 9-year-old Japanese gitl received a cadaveric dura mater
graft during surgery following a head injury with brain con-
tusion. She continued to do well, but when she became 19-
years-old, she gradually showed a violent character and
was treated in a psychiatric hospital. Another 6 years later,
200 months after the procedure, she developed a progres-
sive gait ataxia, which subsequently led to her death within
10 months of onset. An autopsy showed she had CJID. This
patient represents an atypical case of dura-associated CIJD
(dCID) with unusnal clinicopathological features includ-
ing the late occurrence of myoclonus, an absence of peri-
odic synchronous discharges in the electroencephalogram,
and the presence of widespread florid plaques. However,
our detection of an asymmetrical increase in the MRI-
derived images of pulvinar nuclei has not been previously
observed in other atypical cases of dCJD. Because atypical
dCID cases share several clinicopathological features with
those of vCID, and because asymmetrical hyperintense
signals in the pulvinar have been observed in some neuro-
pathologically confirmed vCJD cases, we had some diffi-
culty in a differential diagnosis between atypical dCJD and
yCJD. This is the first atypical dCJD case showing a puly-
inar high signal compared with all other basal ganglia on
MRI. ' : -
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INTRODUCTION

Most dura-associated CJD (dCID) cases have similar clini-
copathological features to sporadic CID (sCID), present-
ing progressive mental deterioration, ataxia, myoclonus
and characteristic EEG findings such as periodic dis-
charges) However, some patients with atypical dCID
exhibit clinicopathological features distinct from those of
most dCTD cases have some resemblance to vCID cases;
that is, a slow progressive clinical course with the absence
or late occurrence of periodic discharges on EEG, and the
presence of widespread florid plaques in addition to
widespread spongiform change, neuronal loss and astrocy-
tosis.2® On the other hand, the radiological features are dif-
ferent between atypical dCIJD and vCID cases. While
yCID cases present pulvinar high signals compared to all
other basal ganglia,”'® atypical dCJD cases have not been
reported to show such hyperintensity in pulvinar nuclei®
Moreover, the pathological features of the pulvinar nuclei
are also different between atypical dCJD and vCID cases.
Here, we report an atypical dCJD case presenting asym-
metrical pulvinar hyperintensity on MRI with different
pathological characteristics of the pulvinar nucleus from
those of reported atypical dCID and vCID cases.

CLINICAL SUMMARY

In November 1985, a 9-year-old Japanese girl received a
cadaveric dural graft (Lyodura, B Braun Melsungen AG,
Germany) at left frontotemporal region following a head
injury with brain contusion. Six months later, she had 2 sei-
zure and anti-epileptic drugs were administered. However,
she did not take anti-epileptic drugs regularly, and epilepsy
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frequently occurred. From 1995, she gradually developed a
violent character. She was diagnosed as suffering a post-
traumatic psychosis and received treatment in a psychiatric
hospital. In June 2002, 200 months after the procedure, she
began to develop an ataxic gait and became bed-ridden. By
January 2003, she gradually showed memory disturbance
and lost her spontaneous speech and was unable to com-
municate. She also exhibited myoclonic jerks in her upper
limbs. She frequently suffered from aspiration pneumonia,
and was brought to our hospital for respiratory insuffi-
ciency on 9 April 2003. On admission, she was akinetic and
mute with decorticate posturing, There was no apparent
history of depression, anxiety, apathy or delusions. Neuro-
logical examination showed moderate rigidity in bilateral
upper and lower extremities, and myoclonus in bilateral
upper extremities. The light reflex, corneal reflex and ocu-
locephalic reflex were all normal. The motor and sensory
systems could not be examined in detail. Deep tendon
reflexes were normal. There was slow activity without any
periodic discharge in her EEG. One week before her
death, T2-weighted and proton density-weighted brain
MRI showed significant hyperintensity in the thalamic
pulvinar nuclei, which was predominantly on the left side,
and moderate hyperintensity of the basal ganglia
(Fig. 1A,B). Diffusion-weighted and gadolinium(III)-
diethyltriaminepentaacetic acid (Gd-DTPA)-enhanced
MRI revealed hyperintense signals in the pulvinar
(Fig. 1C)D). The brain MRI also presented hyperintense
signal by T2-weighted and proton density-weighted images
and hypointense signal by diffusion-weighted and Gd-
DTPA-enhanced images at the left frontal lobe, corre-
sponding to where the brain contusion existed. In addition,
Gd-DTPA enhanced images revealed hyperintense signals
at the margin of the brain contusion. Based on the findings
of the brain MRI, the diagnosis of dCID was suspected.
However, her respiratory insufficiency progressively wors-
ened and she developed septic shock. Therefore, we could
not assess further examination including the cerebrospinal
fluid level of the 14-3-3 protein. She died on 19 April, 2003,
10 months after the onset of ataxic gait. The patient’s fam-
ily gave informed consent for the genetic and postmortem
studies.

PATHOLOGICAL FINDINGS,
IMMUNOBLOTTING AND GENE ANALYSIS

On examination, her brain weighed 1120 g, and there was a
large defect in the left basal forebrain. While cerebral atro-
phy was not obvious, there was substantial atrophy of the
cerebellum. The right side of the half-brain was deep-
frozen for biochemical examination, and the other half was
fixed in buffered formalin, Microscopically, most cerebral
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cortices had mild to moderate spongiform changes, neu-
ronal loss, and astrocytosis with a predilection for the deep
cortical layers. In contrast, the cingulate gyrus and insular
cortex exhibited moderate to severe pathological changes
throughout the whole layers. The putamen showed moder-
ate spongiform change, neuronal loss and astrocytosis.
Anterior nucleus of the thalamus presented mild spongi-
form change and neuronal loss, and moderate astrocytosis.
Ventral lateral nucleus and dorsomedial nucleus of the
thalamus displayed mild spongiform change, moderate
neuronal loss and astrocytosis. Pulvinar nucleus of the thal-
amus exhibited the most severe neuronal loss and spongi-
form change, and greater astrocytosis than the cerebral
cortices (Table 1). The hippocampus was almost com-
pletely spared. In the cerebellum, moderate atrophy of
the molecular layer was associated with mild spongiform
change and astrocytosis, while moderate neuronal loss of
the granule layer and severe neuronal loss of the dentate
nucleus was associated with moderate astrocytosis. The
Purkinje cells were almost completely preserved. In HE
sections, we frequently noted Kuru plaques in a number of
regions of the cerebral cortex, the putamen and the pulvi-
nar nucleus of the thalamus. The cores of the plaques

- were stained with PAS, and, when stained with Congo red,

appeared apple green in polarized light. In addition, many
of the Kuru plagues were surrounded by a zone of vacuolar
change, consistent with florid plaques, which are known
hallmarks of vCID. Although the pulvinar nucleus of the
thalamus presented frequent Kuru plaques, there were
only a few plaques in anterior, ventral lateral and dorso-
medial nuclei of the thalamus, Immunohistochemistry for
PrP revealed widespread synaptic staining and numerous
plaque-like deposits, including florid plaques in all areas of
the cerebral cortices, putamen, pulvinar nucleus of the
thalamus and white matter of the cerebellum. The globus
pallidus, the anterior, ventral lateral and dorsomedial
nuclei of the thalamus, and molecular layer of the cerebel-
lum mainly showed synaptic staining associated with mild
granular prion protein depositions. In addition, there were
PrP deposits surrounding blood vessels, neuronal cell bod-
ies and processes in the cerebral cortex and in the pulvinar
nucleus (Fig. 2). The region around the head injury with
brain contusion showed mild spongiform change with
severe astrocytosis. Only a few Kuru plaques were found in
this region (Table 1).

The sequence analysis of prion protein gene (PRNP)
derived from the brain tissue showed no mutation with
homozygous for methionine at codon 129 or for glutamate
at codon 219, which are polymorphic sites of the PrP gene.
Immunoblotting for the abnormal prion protein in the
brain demonstrated a type 1 prion protein glycoform pat-
tern (Parchi’s classification)'’ (Fig. 3). The final diagnosis
was atypical dCJD,
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Fig.1 Neuroradiological images. (A) T2-weighted image, (B) proton density-weighted image, (C) diffusion-weighted image, and
(D) gadolinium(IH)-diethyltriaminepentaacetic acid (Gd-D'TPA)-enhanced brain MRI obtained 1 week prior to death.The images
reveal hyperintensity in the pulvinar of the thalamus, and is more apparent in the left side (arrows). Images also show intense bilat-
eral signals in the caudate nuclei and putamen.

DISCUSSION neuronal loss and numerous florid plaques in the posterior

thalamus at autopsy.
We present the first atypical dCID case to show a high Most dCID cases take the form of typical sCID." Most
pulvinar signal compared with all other basal ganglia on dCID cases are clinically evident as a progressive mental
MRI, prominent lesions with severe spongiform changes, deterioration, ataxia and myoclonus. Periodic discharges

© 2006 Japanese Society of Neuropathology
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are often noted in the EEG before the terminal stage of the
clinical course. The disease often progresses rapidly and
the clinical course lasts less than 2 years. MRI of dCID
cases has previously shown either normal or non-specific
and diffuse brain atrophy.'* T2-weighted MRI has also
shown sCJD cases frequently exhibit symmetrical and
hyperintense changes in the putamen and caudate head
compared with the thalamus and cerebral cortex. In
cases of sCJD, high-intensity signals in the cerebral and
cerebellar cortex are also occasionally seen in fluid-
attenuated inversion recovery, proton density-weighted
and diffusion-weighted MRI-derived images.”® Pathologi-
cally, the cerebral cortex and cerebellum of dCJD cases are
substantially affected. Severe spongiform changes, astrocy-
tosis and neuronal loss are found throughout the brain and
cause substantial atrophy, resulting in brain weights of less
than 1000 g. Immunohistochemistry reveals diffuse synap-
tic type deposition of PrP. None or few amyloid plaques are
found in the brain.

However, among more than 110 alleged dCJD cases,’®
there have been some atypical dCID patients with clinico-
pathological features which are different from those of
sCJID and most dCJD cases but share several features with
those of vCID.>® These atypical dCJD and vCID cases
show a slowly progressive clinical course reaching the state
of akinetic mutism. The reported duration of atypical
dCJID were ranged 5-24 months?® This duration resem-
bled cases of vCID, whose duration ranged 8-38 months.'¢

Table 1 Neuropathological findings of left side of the half brain
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In addition, periodic discharges on EEG were commonly
absent in both atypical dCJD and vCID cases. On the other
hand, there are several different clinical features between
these cases. While most atypical dCJD cases present
initially with ataxia and mental deterioration, such as dis-
orientation or memory disturbance often following the
ataxia,”® many vCID cases initially suffer from sensory
symptoms including persistent limb pain and/or persistent
psychiatric symptoms as depression, anxiety, apathy and
withdrawal.'® Ataxia was reported to develop about
6 months after the onset of psychiatric and sensory
symptoms.’® Moreover, although myoclonus is absent or
occurred at the end stage of the disease in atypical dCID
cases, involuntary movements including myoclonus are
commonly noted during the clinical course of vCID cases,®
The duration of the disease of our case and the absence of
periodic discharges on EEG were similar to those features
of atypical dCJD and vCID cases. On the other hand,
because our case presented progressive cognitive impair-
ment after the onset of ataxia, and because myoclonus was
absent until the end stage of the disease, the clinical course
of our case more resembled those of atypical dCJD than
vCID cases.

Pathologically, most atypical dCID and vCJD cases
show widespread spongiform change, neuronal loss and
astrocytosis. These pathological changes are mild in the
cerebral cortex and severe in caudate nucleus, putamen
and cerebellum in both atypical dCJD and vCID cases.®

Spongiform change

Neuronal loss

Astrocytosis Kuru plaques

MFG
MTG
IPG
PVC
Cingulate gyrus
Insular cortex
Hippocampus
Globus pallidus
Putamen
Thalamus AN

DMN

VLN

PN
Contusion area
Cerebellum ML

PCL

GL

WM

DN
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MFG, middle frontal gyrus; MTG, middle temporal gyrus; IPG, Inferior parietal gyrus; PVC, primary visual cortex of occipital lobe; AN, anterior
nucleus; DMN, dorsomedial neucleus; VLN, ventral lateral nucleus; PN, pulvinar nucleus; ML, molecular layer; PCL, purkinje cell layer; GL,

granular layer; WM, white matter; DN, dentate nucleus.

Spongiform change and neuronal loss are absent (-), mild (+), moderate (++), severe (+~) on HE sections. Astrocytosis and Kuru plaques are
absent (-), mild (+), moderate (++), severe (+++) on sections of immunohistochemistry probed with an anti-GFAP antibody (polyclonal, DAKO,
Glostrup, Denmark) and antiprion protein antibody (monoclonal, clone 3F4, Senetek, Maryland Heights, MO, USA), respectively.
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