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Clinical typing and diagnosis of sporadic human prion diseases
(classical sporadic CJD, MM2~cortical form CJD, MM2 —thalamic form CJD)
'Katsuya Satoh, *Susumu Shirabe, 'Katsumi Eguchi
'First Department of Internal Medicine, Graduate School of Biomedical Science,
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*Organization of Rural Medicine and Residency Education, Nagasaki University Hospital

Abstract

We described recent khowledge and outline about a diagnosis and clinical typing of
sporadic prion disease. Diagnostic procedure and classification based on a pattern of
Western blotting of PrP*, neuropathologic findings, and clinical features.

In addition, we described a clinical significance of total tau protein, significance of a
diffusion-weighted images of MRI. Analysis of 112 cases of sporadic prion diseases
showed 92.3% at positive rate. Sensitivity and specificity were 95.5% and 95.7 %,
respectively by total tau protein assay of 44 cases of prion diseases.

Key words: prion disease, diagnosis, clinical typing
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k1 JUAREOHE

MEHE
- WMERIIAY TNV X ITRH
(sporadic Creutzfeldt—Jakob disease: sC]D)
- IR EHIEEA IRIE (sporadic fatal insomnia: SFI)
RIEH
cFREEr OtV 7NV - X ITH
CHFWALCY c AVUARG— - Vx4 vh—EER
(Gerstmann ~Striussler —Scheinker syndrome: GSS)
- BFEAHER etE A IRAE (fatal familial insomnia: FFI)
CERE#suL Y7Vt - X ITHR
E VRERVEVERIZESCID
BEBH%E CID
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- 7 — V—iK (Kuru)

RGKEMBERE~ S BRRFEXIR - BERE



1424

SRR - AN BERSSRICETLI-TH
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FIEhTwa3DThb. —F, BIRICETT
5CID i BHICHEB L, FERER - FHERY
Tt L, BEIPSIEDEE-TIFIu—
XARPEEBEESIC LI LERFRMET AR
5.

BECID OFHEIRICRE S 4+ VEHOS
FEDE - BRER - RERGIITRKECREL
STWAI EdL, —iEMIC Parchi 755" 55F)
RAEhTwBED, 4F1) AI2B» T Collinge
SEOBFIE I N B.

F-WMERCID ORBEENFHE LTIEX
DARAFBDToND. OQHEMEORE - HXk,
@7AbaHgS b)) -V R, @EHK
b, @HRT7VF VBRI RERBEE
HELD HLT) A EBICIZRERETIE
plaque # 4 7 & synaptic ¥ 1 7O 2BRICHE
&N 5 %%, perineuronal pattern & perivascular
pattern 2 &b A LN 5.

1. EEFUAEADEI/AELT

39, BEGroHiBshA7 Y+ EBAY
Tu57—CRB L Bec T T 7 —YiER
BERTEE TV YEHDOIIRY T Oy
FCRHBENBNYFDONST—VIZonTEHL
72v>, Parchi 748" % Collinge 438 T3 & F 7
VG VEBBDIA Y TRERELRTHIOTH
5.

BES)F Y EARRERTFORELEZ S
htsh, EESVF Y ERLHEERERS
LEFEBRITHEDEDODICEREMEE
EThE:ENTwa. EE7VF yEQTEH
B bl ahi- 7 4 Y EB% proteinase K

THET B L ERIABENLY, BRETUA

YERICBWTRARTF FHE7I JBEREEO
— R BV Lh, BaHHEY PrP27-30
ELTHRALE ZOROLEIIBREDOINE
BTV F VERADOIYIRI Ty PO —
X oTHILAE YT T 5.
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B &k 65 % 8 5 (2007-8)
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Hid %y, RESVAVEHOVIRY T
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HIEE Collinge? 5IIRE 7V A Y EHDO Y L
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5. INL20DREFDHILDIIIIEY
FIZOVWTEHEBEEERLLT WA, HRKTIR
Parchi 5ORE 7V VEEAD Y 4 ¥ ¥ 7 H5H,
AEshTwa, #OBEHAREE ) I &G
proteinase K iZ T typel & type2 41 B tRF
BRI — 7 TV AL TWABEIEH 5.
Parchi 5D F— 712X 2 L RESY 4+ V&R
@ proteinase K & N i DLW AL AS typel T
B FrR2PEETHYR—EFATD N
78, 84, 86 VBET B I LWLV, type2 T
Fa P97 EEKTHY, T V92, 99, 103
PRETAHIEERLE —F, RES AV
ZE B O proteinase K @ C K DOYIUTERAIAS 2 ¥
v 228-230 D Z A%\ (E 2).
BAEEICBIZRE ) VEADI A E Y
TI3EH OO MBEY - Rk - REEZED
11 % 4 75 4 EF TORE 2 HE L7
LIATREHRATH CIDEEZE—BAT
% brain P2 typel & type2 & DX K BET B 7
—2XERBRTAH. BETHr—A3S5ETHE
DEMAI N TS, fF, ERICIZBET
AENITEAETII VDI EWVIIBRIERIC
Yo0HbH DENRETSVICEBDIA
U Z3BIZY IR v Tay MEDHRTRL,
M BERAEIK & R (HE 8 - RIERE) %
IKBETIUEND A.

2. 7UACEADEFESE

T v EHBEFIZE 20 EKER EIC
bb FOFEEFIIBIBEOT I/ BEI—F
L, BETTOMOBRETEREEVREENT
w5, EEZEEBRAEIF 129, 171, 2190
A TCHREENTWE,. FOLPTHa ¥y
129 S EEERAER - MBRICEERZ1I 525 3
K219 7 ) > HmOR YT E L LB
LTwaA.
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23 CHOCHO .,
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82 Rifk:74-97 C}IIO CIl{O 230
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TBY, EFVTIRRIZBNWTHIF219
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BK L, ZEHFRLIELVWRETHSH. TX,
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B EMEL TS, BRPEEFES24 78T
KR, RERY, DAREEEISIFRNTHS.
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Th, BBBED14-3-3FHAFMIL AL DE
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f. V1

HERAPD 2 FHREEBRIIOR TRR
HRIZFEH 15 A TH A, ERITFTD M
L2ERE 23 5 RERGEEER 2 =T 25
PSD 378 ¥ 72>, Meissner 5 DHEP D 9HIT
DI LHTRFHREFRII 45, BHRAH
1ZFH21 7 A. MRIERSEN 2FRREED
b7z v, FLAIRR T2E5 TOARBEEIC
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ERIBBWZHE LTEBEOEKRCTR
MRICHI 2 THEMBFEEEOBEWREL LT
BRERELIMTbhTwuid o, RETIIR
ERCIIFOH TR, AREEORBEEIHL T
137%  BIRMBHRESZD 6, KRNTHELICH
B2 EARERAEREIBE SN, REIZIE
BIRBHRE L 2 ) AHERSERELBES L
BABABZEBELIPIIR-TETEY, WE
RELZ T TRROBOBYZHE LTIEF 5o
EEZHLNTWA.

BB B ER MRI L BGE SR TEI R & B A
ILERED D 5. EEMRI TIERRDY > 5
SHEPREEEORMICEE SN 5 EHE MRI
DHBCAREGR TRBRE B> -BEFPK
BEEMEBOBESFEDONS. MRIILE
BRAEZORESREBTIICID DRED N L
LTRBHTERTH 5.

a. MRI IE&RE &

MRI CORERFBFIXMUEECID IZBWTY
T2 THRNFREOBREEDOHETVHRE S
h, BICFLAIREBIZBVWTRAICEESNT
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A0 EFNC BV CTHBEAE S TRE N %,
BEEIS%HDY, FLAIRTRE - BEEHN M



1428 B Ak 65 % 8% (2007-8)

%3 ARMIOIYITIE - YATEODHESE

L EEDPLBAVLR TV HEHZEH (Masters 5, 1979 13%)
A. HEEP (definite)
R R EFE, ¥7i3 Western blot P RFERBETHRICEE Y + v EO 2.
B. 3|ZFEEH] (probable)
1. BEETHERME.
2. ROAEB S 2EBLUEEZR®AT
a. 3470 —X2R
b. RE T 7-13/NBAEIR
c. HERERE A3 BB
d. EBHES
3. Bk L CEERSEKE (PSD)
C. EEv#1(possible)
EEDOBD1BIU2EH T, BikLPSD M 2VIES.
1. ILKZUTERE (WHO 1998)
FROSTWEED C DEV possible IZA BB T, B EPSD 5% < Th, BEBEBETIC
14-3-3 BEIME S hEBRERD 2 ERBOHE, 1ZITHEFES] probable &7 5.
N—F VT, CIDhbrhOBHMBEAEND Z EHFLE.

% & & 72, Tschampa 521 MRIIZTRR
¥ BEEEOREEMICBVTHARNETR
R L, WEL, 4425EF S (T2EEIT 184 5
%, FLAIR B{&iZ 132 fE61, ILHGRRERIE 75
EB59.7% Thol2t LT ZDF—%
DO FE R MR ILBGARE RO BE &N
DE#EILLEBEEF T ABROEL SILH
5LBbh3 SHOZHIETD MRIFLEH
AEGROBELEREESICHTZ2CIDLE
Wi ABEOREES BT HFENEEICE> T
%X Tw5b. MRI%HEETH 5HAETIX Shiga
LONHE LTV 57, 26 EBIAEE 92.3%,
BREIBIN Thol. BELD UEMITH
T ARE ERITo 722N, BREE90.9%, RRE7.8
%ERLTW (K4, £4).

b. HERRE

WHO @ C]D DM £ #E? 21k 14-3-3&H
RN EED—DE LTMALR TS
(E3). BAEIICBIT LM CID ORFHER
BEIZOVWTEES?II14-3-3FHAIIONVT
OBEBPBIZOWTHRE L2, NSEB L URY
YEQIZOWTIRBA T CHEAZIHRE I 2.

VE4E, Otto 523 — 1 v NOIMEM CID &
#3002 oW T 14-3-3&H, NSE, %%
Y EADBREIZOWTKRE 21T, #£2 V&R

FREDBEFEL, BFREIBSWILEHEL,
ROTEE L2 I RIETOMFREBRED 14
-3-3ZA, NSE, BRIV EHOKE - FRE
ZoOWTHE L7

1) BEEEDD14-3-3FAICOVT

CIDEREZCTOREFHMETD 14-3-3FEHDK
O 1996 4F Hsich 5243 CID BE O
e TR AORERT Z XTERIKE THE,
WETL, 14-3-3FBA%*MAEL CID BETOM
FHRABTOREMZ R L. F4EZerr 5%
CJD BEORF M % Hsich & Rk FETH
WL 14-3-3ZAXFAEL, WERETTO 14
-3-3ZBADEREL R

BAEECBITERRETCOMRET —F 13RS
hTtwizwv, FRIGEEOREFBEDEL
FEFHEIRXBCTORMIL S OH|EP T 14-3-
3 ZH ORHIZ definite case T 74%, probable
case T92%, possible case T86% Td - 7.
HEHIE LTCID BF 461120 T14-3-3
EH*MHITL, 29/33(88.6%) DEREZRLT
w3 (H4, £4).

14-3-3 ZHORBIIRERE O RN O
2EoTHCIDDtypell L o> Th o KE -
BREENRRL A RERBROERNOBHIZBW
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100.0 95.5
90.9 .
3 86.6
80.0 757
—
60.0 - 537
400 - e b L e
272
20.0 |- 03 R B e I e AEEEE mamaeeets I St N SO
00 | } ] ‘ l l st 1 ] o |
DWI FLAIR t-tau 14-3-3 NSE $-100 PSD
protein protein protein
MRI CSF EEG

4 BHBREE MRIBRETORS

n=44

4 ODBEMBCSTIIHREDWI EDHAEDYICLIBE - BRE

P TN f?friN B BRE
total tau protein 42 88 4 2 955% 95.7%
14-3-3 protein 39 88 4 5 886% 95.7%
total tau protein and 14-3-3 protein 39 88 4 5 88.6% 95.7%
MR-~-DWI 40 90 2 4 90.9% 97.8%
MR-DWI and total tau protein 38 90 2 6 86.4% 97.8%
MR-DWT and 14-3-3 protein 38 90 2 6 864% 97.8%

TP: KB, TN: HE&E, FP: 8B, FN: BR%.

TDRATF—=TVDEVTIRLZVDOD, RiEHIDH
ORBICBVWTEZORBELREELTBY,
MY OERBETCORBRERENBEVE ShTwa,
FRELTLLI1FUERO L RET0% UL
TEBWMETLTEY, 00X ZBHATIHE
MEEELET L. BESEHICRETE-H
BBITIZ—E 14-3-3BA*RETE o7
TF—ZXADBEIIBVWTH 2AM-1» BRER
DERHBTELPZHARRLTEBY, BR
DEFTITHE 14-3-3 B[ ORI RIZZTILT 5
EEEEEATYSE, —F, CJD DBETIEK

S, BRI, FEM, ABEEO3IOS
H3hZLRARDEB) THhHA, WHEH
CJD @ Parchi 712 £ 5 T 14-3-3 BH O
MzToBETR4-3-3FgOKREB R
typel (120MM 92%, 129MV 100%, 129VV
100%), type2(129MM 75%, 120MV 50%,
129VV 83%) & B & 2 type2 i B W T,
BT RO THETIZE VDS, MM type2-
thalamic form TOBRHEREEIZEND D &
BEbhb. type2 L #EINLEF CIIBREH
BD14-3-3FBHDOBHBIFENC & 2EHEIZ
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BWTZHZEDLITAITZ L2V,

2) BEHEPOBAIVEAICOVT

1997 4 Otto LP R HEHEFOK Y Y &R
BBV L E2HREL, EIZ2002FI12¥297T AD
CJD 2% (definite case 109 A\, probable case
55 A\, possible case 39 A ; others case 85 A,
jatrogenic case 1 A, genetic case 8 \) DRHF
BEHIC BT A 14-3-3BA LRI TRADHE
BiTol. ThOOHETHERS YEBVFRE
94%, BHREIBTPHEShTEY, 14-3-3
EHIVERE BREZBVWIEhTWAZL
ALY FELPRERIEOBETREL
FZFE B TCIJD £E 13# & non-CJD B3& 87
FIET 100 % w4 & L Otto & L B#RIC ROC #
— 72T cut—off 1,260pg/ml & LIREE 92.3%,
BRE7 %%R L. BECDEE 4BIZNR
YLTHREN %, BRET%L 25 (R5).
Z DEF ORI B W TBEBE LR LERM
Alzheimer Bl R & M B EHR TH o 12745,
Otto LP DRI BV THBBHEEZRLALT—A
1t Alzheimer B R, ROERHER, 7NV I
WHE, BHY UNETHoT. EITESE
521t Alzheimer Bl R L M EHRAR L 2 X
TR LEFEMELTY VB VERER
yoEREOR%E LY, T Alzheimer BIfR
EERBTAIERWRETHAEEHELL
(®5). 14-3-3ZBALKBRIVEREZLBELT
BRE - RECBW TR VEEAMERTEY,
U-3-3BHOREELELNIZIDEHELT
W5, SHEYvERIZ14-3-3FBIZRDY
EBRBEOREDEREZEDLLERZONS.
BRICETEAOERIIB VTSR OERIZ
BWURESEEBERE~ - —, BRI —
oW EITo 72 12EBITOREERER
+ (%5, 6, 6.

bW

B, CID OEEEOHRB LU CID BRI
T BEENIET o 2EH ) TEH B, T,
FRICBEHZINZT) CEFFECERRZER
b0, BEOELYBEODEEREL WHO
DTWEETIEPBE LT 20 OEBRE
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REVIEW

Molecular biology of prion protein and its first homolo-
gous protein

Suehiro Sakaguchi

Division of Molecular Neurobiology, The Institute for Enzyme Research, The University of Tokushima,
Japan

Abstract : Conformational conversien of the normal cellular isoform of prion protein, PrP¢,
a glycoprotein anchored to the cell membrane by a glycosylphosphatidylinositol moiety,
into the abnormally folded, amyloidogenic prion protein, PrP%, plays a pivotal role in the
pathogenesis of prion diseases. It has been suggested that PrP¢ might be functionally dis-
turbed by constitutive conversion to PrP* due to either the resulting depletion of PrP°
or the dominant negative effects of PrP* on PrP¢ or both. Consistent with this, we and
others showed that mice devoid of PrP¢ (PrP-/-) spontaneously developed abnormal phe-
notypes very similar to the neurological abnormalities of prion diseases, supporting the
concept that functional loss of PrP¢ might at least be partly involved in the pathogenesis
of the diseases. However, no neurconal cell death could be detected in PrP-/- mice, indi-
cating that the functional loss of PrP° alone might not be enough to induce neuronal cell
death, cne of major pathological hallmarks of prion diseases. Interestingly, it was recently
shown that the first identified PrP-like protein, termed PrPLP/Doppel (Dpl), is neuroc-
toxic in the absence of PrP¢, causing Purkinje cell degeneration in the cerebellum of mice.
Although it is not understood if PrP*° could have a neurotoxic potential similar to PrPLP/
Dpl, it is very interesting to speculate that accumulation of PrP* and the functional dis-
turbance of PrP¢, both of which are caused by constitutive conversion, might be required
for the neurodegeneration in prion diseases. J. Med. Invest. 54 : 211-223, August, 2007

Keywords : prion, prion protein, prion protein-like protein, knockout mice, neurodegeneration

INTRODUCTION

The normal cellular isoform of prion protein, des-
ignated PrP°, is a membrane glycoprotein abundantly
expressed in the central nervous system (CNS),
particularly in neurons (1). Its structural counter-
part, the abnormally folded, amyloidogenic isoform,
termed PrP%, is specifically present in the tissues
affected by prion diseases (1). Prion diseases are a
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group of fatal neurodegenerative disorders includ-
ing Creutzfeldt-Jakob disease in humans and scra-
pie and bovine spongiform encephalopathy in ani-
mals (2). The causative agents of the diseases, the
so-called prions, are very different from conventional
pathogens, such as bacteria and viruses (3). Prions
lack a nucleic acid genome (3). According to the
widely accepted protein-only hypothesis, prions are
assumed to consist of PrP* alone (4). However, the
exact nature of prions still remains controversial.
Here, I will discuss the nature of prions and the roles
of PrP in the pathogenesis of prion diseases.

I will also discuss the normal functions of PrP¢
and its antagonistic function to the first identified
PrP-like protein, termed PrPLP/doppel (Dpl) (5).

The Journal of Medical Investigation Vol. 54 2007
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PrPLP/Dpl is neurotoxic when ectopically expressed
in neurons, causing Purkinje cell degeneration in
mice, and PrP° antagonizes the neurotoxicity, res-
cuing the mice from neurodegeneration (6, 7). How-
ever, unlike PrP¢, PrPLP/Dpl seems to have no po-
tential to convert to a PrP*-like infectious isoform
(6, 8).

NORMAL AND ABNORMAL ISOFORMS OF
PRP

Normal isoform of PrP

The gene for PrP, designated Prp, is located on
chromosomes 2 and 20 in human and mouse, re-
spectively (9). Human and hamster Prmp consists of
two exons (9). On the other hand, mouse, sheep,
and rat Pmp contain three exons with exon 3 analo-
gous to exon 2 of human and hamster Prnp. The
protein coding sequence is present in the last sin-
gle exon in all mammals. Prnp is constitutively ex-
pressed in various tissues, with highest expression
in brain, particularly in neurons, and, to a lesser ex-
tent, in others including spleen, kidney, lung, and
heart (10).

~ Mouse Pmp encodes the precursor protein consist-
ing of 254 amino acids (Fig. 1). The 22 N-terminal
hydrophobic amino acids are removed as a signal

55

HH 231 254
- GPI anchor
signal

20

1 2223

octapeptide
=L

signal peptide 81

51

ffﬂuz

PIPLP/Op!

GPl anchor
signal

Fig. 1. Schematic structures of PrP and PrPLP/Dpl. « and p
indicate a-helix and B-strand, respectively. S-S and Y indicate a
disulfide bond and N-glycosylation, respectively. Arabic figures
represent amino acid positions.
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peptide when the nascent precursor protein enters
the endoplasmic reticulum (ER) (Fig. 1). The 23 C-
terminal hydrophobic amino acids are also cleaved
as a glycosylphosphatidylinositol (GPI) -anchor sig-
nal sequence in the ER and, at the same time, a GPI
anchor moiety is attached to the C-terminus of the
serine residue at position 231 (Fig. 1) (1). Then, the
protein is transported to the Golgi apparatus, where
two asparagine residues at positions 181 and 197 un-
dergo N-glycosylation (Fig. 1), and finally to the cell
surface along the secretory pathway. As a result,
mature PrP¢, consisting of the amino acid residues
23-231, is expressed as a membrane glycoprotein
anchored to the cell surface via a GPI moiety.

Abnormal isoform of PrP

The abnormal isoform, PrP¥, is specifically pro-
duced within prion infected cells, particularly in neu-
rons. We and others showed that PrP* failed to be

~ produced in mice devoid of PrP¢ (PrP-/-) (11-14),

indicating that PrP® is essential for the generation
of PrP*. Moreover, it was reported that PrP*-like
PrP could be generated from PrP° in certain condi-
tions in vitro (15). Therefore, it is thought that PrP*
is produced from PrP°. However, it remains un-
known whether or not PrP* is produced from either
mature PrPC or immature unfolded PrP, or both.

PrP* is identical to PrP® in amino acid sequence.
However, structural analysis of PrP¢ and PrP* us-
ing circular dichroism revealed marked differences
in the protein structures of both proteins (Table 1).
PrP¢ has a lower content of B-sheet strands (3%)
but a higher o-helix content (42%) (16). In contrast,
PrP* has a higher B-sheet content (43%) (16). It is
therefore postulated that the transition of o-helices
into p-sheet strands within PrP might be a key step
in the generation of PrP%.

Biochemical and structural properties of PrPs

PrP° and PrP* possess markedly different bio-
chemical properties from each other, particularly
in detergent solubility and resistance to proteinase
digestion, probably due to the structural differences.
PrPC¢ is highly soluble and easily digested by pro-
teinase K whereas PrP* readily aggregates to form

Table 1 Different biochemical and structural properties of PrP isoforms
. secondary structure content detergent proteinase K
PrP isoforms a-helix B-sheet solubility digestion
Normal isoform .
(PtPO) 42% 3% soluble sensitive
Abnormal isoform . relatively
(PrP%) 30% 43% insoluble resistant
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amyloid fibers and is relatively resistant to the di-
gestion (Table 1) (1). These different biochemical
properties are useful to distinguish PrP* from PrP¢.

PrP* remains structurally unresolved due to its
predisposition to form aggregates. In contrast, the
protein structure of PrP® was resolved by nuclear
magnetic resonance (NMR) analysis. According to
NMR analysis, the N-terminal domain of PrP° is
highly flexible and lacks identifiable secondary struc-
ture while the C-terminal domain forms a globular
structure with three a-helices and two short anti-
parallel g-strands (Fig. 1) (17). The second and
third helices are linked by a disulfide bond (Fig. 1)
an.

The N-terminal domain includes a PrP-specific re-
gion, the so-called octapeptide repeat (OR) region,
in which 8 amino acids are repeated 5 times in tan-
dem (Fig. 1). This region is considered to bind Cu®
via histidine residues and mediate anti-oxidative ac-
tivities by activating Cu*-dependent antioxidant en-
zymes such as superoxide dismutase via transfer of
bound Cu* to the enzymes (18, 19). However, the
exact function of this region in anti-oxidative activi-
ties remains to be elucidated.

THE FIRST PRP-LIKE PROTEIN (PRPLP/
DPL)
PrPLP/Dpl and PrP

We and others isolated a novel gene, termed Prnd,
encoding the first PrP-like protein, PrPLP/Dpl, about
16-kb downstream of the PrP gene, Prnp (5, 7).
PrPLP/Dpl is also a GPI-anchored membrane gly-
coprotein (5). Like PrP¢ PrPLP/Dpl is first trans-
lated into the precursor protein consisting of 179
amino acids and then undergoes several modifica-
tions, including cleavage of the 23 N-terminal and
25 C-terminal hydrophobic residues as a signal
peptide and a GPIl-anchor signal, respectively, N-
glycosylation at two sites, and formation of two di-
sulfide bonds (Fig. 1) (20).

PrPLP/Dpl and PrP share ~23% identical amino
acids (5, 7). However, PrPLP/Dpl lacks a region cor-
responding to the N-terminal part of PrP¢ (5, 7). The
protein structural analysis clearly showed that PrPLP/
Dpl is a structural homologue of the C-terminal globu-
lar domain of PrP®, composed of three a-helices and
two short antiparalle] g-strands (Fig. 1) (21).

Normal functions of PrPLP/Dpl
PrPLP/Dpl mRNA is expressed in various tissues

-131-

of adult wild-type mice, including the testis, heart,
spleen and skeletal muscle (22). To investigate
the physiological functions of PrPLP/Dpl in mice,
Behrens, er al. produced mice devoid of PrPLP/
Dpl, designated Prnd™*/"* mice (23). Interestingly,
male mutant mice were sterile whereas female mu-
tant mice were fertile. The testes in these mutant
mice were macroscopically normal. However, the
number of spermatozoa and motility of mutant sperm
were significantly decreased. Moreover, the mutant
sperm exhibited abnormal morphologies and im-
paired acrosome function. Consistently, it has been
reported that PrPLP/Dpl is expressed in spermatids
in mice and spermatozoa and Sertoli cells in hu-
mans (23, 24). These results indicate that PrPLP/
Dpl is involved in spermatogenesis.

In contrast to PrP¢, PrPLP/Dpl was undetectable
in the brains of adult wild-type mice (22). However,

. in neonatal mice, we found substantial expression

of PrPLP/Dpl mRNA in their brains, preferentially
in blood vessel endothelial cells. PrPLP/Dpl mRNA
was already expressed 1 day after birth, peaked by
around 1 week, and then decreased to an undetect-
able level by at least 8 weeks (22). Therefore, such
developmental regulation of PrPLP/Dpl expression
in brain blood vessels suggests that PrPLP/Dpl may
be involved in the development of brain blood ves-
sels and/or blood-brain barrier. However, no patho-
logical abnormalities were detected in the tissues
of Prmd ™" mice, including the brain, heart, spleen
and skeletal muscle (23).

PRION RESEARCH IN MICE DEVOID OF
PRP

Protein-only hypothesis and mice devoid of PrP

" The protein-only hypothesis postulates that a prion
is constituted of PrP* alone (25). According to the
hypothesis, a prion or PrP* interacts with PrP¢ ex-
pressed on the cell surface and induces changes in
the conformation of the interacting PrP® into that
of PrP*, resulting in generation of a new PrP* mole-
cule, or propagation of a prion (Fig. 2). However,
the hypothesis is controversial. If the hypothesis is
true, prions cannot propagate when PrPt is absent.
In contrast, if prions can propagate without PrP¢, the
hypothesis is clearly negated. In other words, if
PrP-/- mice can support prion propagation, the hy-
pothesis is wrong, and vise versa.

To investigate validity of the protein-only hypothe-
sis, we generated a line of PrP-/- mice, referred to



214

Abnommal PrP <%
{=prion)

e
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Fig. 2. A prion replication model according to the protein-
only hypothesis. A prion is constituted of the abnormal isofrom
of PrP, PrP%, interacts with the normal isoform of PrP, PrPC,
and induces the conformational changes of the interacting PrP¢
to produce a new molecule of PrPSc or a prion. The newly pro-
duced PrPSc or prion also converts another PrPC into PrPSc or
prion in the same way.

as Ngsk PrP-/- mice, and intracerebrally inoculated
them with a mouse-adapted Fukuoka-1 prion (14).
Wild-type (PrP+/+) mice developed disease-specific
symptoms at 138+12 days and died 143+14 days
after inoculation (Table 2). Microscopic examina-
tions of the brains of these diseased mice showed
profound vacuolation and gliosis, both of which are
hallmarks of the pathological changes in prion dis-
eases. In addition, PrP* was markedly accumulated
and prions were propagated in their brains. In con-
trast, no Ngsk PrP-/- mice showed such specific
symptoms. They were all alive at least by 460 days
after inoculation (Table 2). No disease-specific pa-
thologies were observed in the brains of Ngsk PrP-/-
mice sacrificed 400 days after inoculation. Moreover,
neither accumulation of PrP% nor prion propagation
could be detected in their brains. Other investiga-
tors also showed similar results using other lines of
PrP-/- mice (11-13). These results indicate that PrP¢
is essentially required for prion propagation, and
that prion propagation is linked to accumulation of
PrP%, strongly supporting the protein-only hypothe-
sis.

Prolonged incubation times and less accumulation
of PrP™ in mice heterozygous for PrP

We also inoculated Ngsk PrP+/- mice with the
Fukuoka-1 prion (14). Compared with PrP+/+ mice,
Ngsk PrP+/- mice developed the disease with con-
siderably retarded incubation times of 259+27 days
and died 269+27 days after inoculation (Table 2).
The clinical symptoms and pathological changes in
diseased Ngsk PrP+/- mice were indistinguishable

Table 2 Ngsk PrP-/- mice were resistant to prion disease.

S. Sakaguchi PrP and PrP-like protein in neurodegeneration

from those of diseased PrP+/+ mice. However, very
strangely, amounts of PrP* accumulated in the
brains of terminal PrP+/- mice were only half of
those in terminal PrP+/+ mice (14). These results
indicate that the expression levels of PrP® prior to
infection affect the timing of onset of disease and
the accumulation levels of PrP* but not the final se-
verity and pathology of disease, and that PrP* levels
are not correlated with disease progression.

NORMAL FUNCTIONS OF PRP IN NEU-
RONS AND GLIA '

Higher brain functions and PrP

Since PrP¢ is abundantly expressed in pyramidal
neurons of the hippocampus, in which learning and
memory processes are integrated, it has been sug-
gested that PrP° might be involved in learning and
memory processes. Biieler, er al. produced a line
of PrP-/- mice, Zrch I PrP-/-, and subjected them
to behavioral tasks, such as a swimming navigation
test and a Y-maze discrimination test (26). However,
no different performance could be detected in these

 tests between the mutant mice and control PrP+/+

mice (26). On the other hand, Nishida, et al re-
ported poor performance in Ngsk PrP-/- mice us-
ing other behavioral tests, including a water-finding
test and a conditioned passive-avoidance test (27).
Thus, it may be possible that PrP¢ is involved in cer-
tain types of learning and memory.

Collinge, et al. showed that long-term potentiation
(LTP), a form of synaptic plasticity that is thought
to be important for memory formation, was impaired
in the hippocampal CAl neurons of Zrch I PrP-/-
mice using electrophysiological studies (28). Similar
results were reported in another line of PrP-/- mice,
Npu PrP-/- mice (29). Therefore, these results seem
to support that PrP° is involved in the processes of
learning and memory. However, other investigators
reported no such electrophysiological abnormalities
in the hippocampus of Zrch I PrP-/- mice (30).

It was also shown that PrP® is involved in the regu-
lation of circadian rhythm (31). In both Zrch I PrP-/-
and Npu PrP-/- mice, much more fragmented sleep
was observed than in PrP+/+ mice (31). Moreover,

Mouse genotype Incubation time (mean= SD days) Survival time (mean= SD days)
Wild-type 138+12 143+ 14
Ngsk PrP+/- 259427 269+ 27
Ngsk PrP-/- <460 - <460
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the mutant mice exhibited a much longer activity
period of 23.9 h under constant darkness, compared
to 23.3 h in PrP+/+ mice (31).

Axonal myelination and PrP

We found many vacuoles in the spinal cord and
peripheral nervous system of Ngsk PrP-/- and Zrch
I PrP-/- mice (32). Most of the vacuoles were sur-
rounded by an enlarged myelin sheath, but in some
cases splits within a myelin sheath formed vacuoles
(32). In addition, large myelinated fibers were re-
duced in number and remaining axons were thinly
myelinated (32). Subsequently, we could rescue
Ngsk PrP-/- mice from the demyelination by trans-
genically expressing mouse PrP¢ (32). These results
indicate that PrP¢ is involved in the organization of
the myelin sheath.

PrP€ is expressed on the surface of oligodendro-
cytes and Schwann cells (33, 34), both of which form
myelin sheaths in the CNS and the peripheral nerv-
ous system, respectively. It is therefore conceivable
that PrP¢ functions as an adhesion molecule within
a myelin sheath and/or between a myelin sheath
and an axon to form a tightly compacted myelin
sheath. This might be consistent with the result that
some vacuoles were formed due to splits within mye-
lin sheaths. It is alternatively possible that PrP¢
could be a trophic factor for these glial cells.

PRP AND PRPLP/DPL IN NEURODEGEN-
ERATION

Purkinje cell degeneration among different lines of
mice devoid of PrP

‘No neuropathological abnormalities were reported
in Zrch I PrP-/- and Npu PrP-/- mice (26, 35). How-
ever, very strangely, we noticed that Ngsk PrP-/-
mice showed ataxic gait around 70 weeks after birth
(36). In these ataxic mice, cerebellar Purkinje cells
were dramatically decreased in number due to their
degeneration and the molecular layer also became
very thin, probably due to the loss of the dendritic
trees of Purkinje cells (Fig. 3) (36). In contrast, no
Purkinje cell degeneration could be detected in
younger Ngsk PrP-/- mice and old PrP+/+ and Ngsk
PrP+/- mice (36). We also confirmed that the ataxia
and Purkinje cell degeneration in Ngsk PrP-/- mice
could be successfully rescued by introduction of
the transgene encoding PrP° (Fig. 3) (32). Similar
cerebellar degeneration was subsequently reported
in other lines of PrP-/- mice, such as Rem0 PrP-/-
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Fig. 3. Purkinje cell degeneration in Ngsk PrP-/- mice and
Purkinje cells rescued in Ngsk PrP-/- mice transgenic for PrPC.
Purkinje cells are immunohistochemically stained using anti-
calbindin antibodies and can be observed as brownish dots.

and Zrch II PrP-/- mice (5, 37). Taken together,
these results indicated that the functional loss of
PrP° is responsible for Purkinje cell degeneration,
although it remained unknown why the neurode-
generation was discrepant among different lines of
PrP-/- mice.

In Zrch I PrP-/- mice, a part of the PrP open read-
ing frame (ORF) was replaced with the neomycin

~ phosphotransferase (neo) gene (Fig. 4) (26). In Npu

PrP-/- mice, the neo gene was simply inserted into
a unique site in the PrP-coding sequence (Fig. 4)
(35). In contrast, in the ataxic lines of Ngsk PrP-/-,
Rcm0 PrP-/-, and Zrch II PrP-/- mice, the entire
ORF was completely deleted (Fig. 4) (5, 36, 37). It
was therefore conceivable that in non-ataxic lines
of Zrch I PrP-/- and Npu PrP-/- mice, some as-
pects of the normal function of PrP® might remain
intact because of incomplete disruption of the PrP
allele. Consistently, it was reported that a fused
mRNA consisting of the neo and the residual Prnp
sequences was produced in their brains (26). Al-
ternatively, it might be possible that the loss of PrP°®
alone may not be enough to induce Purkinje cell de-
generation, and that other factor(s), which are spe-
cifically associated with the ataxic lines of PrP-/-
mice, together with the loss of PrP¢, are involved
in the neurodegeneration.

Ectopic expression of PrPLP/Dpl associated with
Purkinje cell degeneration

‘We found that, in the brains of Ngsk PrP-/- mice
but not in Zrch I PrP-/- and PrP+/+ mice, the PrPLP/
Dpl-coding exons were ectopically expressed as chi-
meric mRNAs with the residual non-coding Prip
exons 1 and 2 due to an abnormal intergenic splic-
ing taking place between Prnp and Prnd (7). In
Ngsk PrP-/- mice, due to lack of the 3’ part of in-
tron 2 including a splice acceptor, the preemRNA
transcribed from the residual Prinp promoter could
not efficiently undergo cleavage/polyadenylation
at the end of Prnp (Fig. 5B). The unsuccessfully
cleaved pre-mRINA was then elongated until the last
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Purkinje cell
Mouse line  degeneration Targeted allele
EcoRIl Xbal Ncol
exon3
Wild-type NO
spli :ifng acceptor
Ngsk PrP-/- YES . “heo
Rcm0 PrP-/- YES — HPRT
Zrch 1l PrP-/- YES
Zrch | PrP-/- NO
Npu PrP-/- NO
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Fig. 4. Targeted PrP alleles among different lines of PrP-/- mice. In Ngsk PrP-/- mice, a 2.1-kb genomic DNA segment including
0.9-kb of intron 2, 10-bp of 5 untranslated region (UTR) of exon 3, the entire PrP ORF, and 0.45-kb of 3° UTR is replaced by the neo
gene under the control of the mouse phosphoglycerate kinase (PGK) promoter. Rem0 PrP-/- mice were generated by a similar targeting
strategy. utilized in Ngsk PrP-/- mice. The hypoxanthine phosphoribosyltransferase gene under control of the PGK promoter was used
in RemO PrP-/- mice as a selectable marker. In Zrch II PrP-/- mice, 0.27-kb of intron 2, the entire exon 3, and 0.6-kb of the 3’ flank-
ing DNA segment were targeted by a specific 34-bp loxP sequence. In these lines of PrP-/- mice, the entire PrP ORF is completely
deleted. In contrast, Zrch I PrP-/- mice were generated by replacement of PrP codons 4-187 among a total of 254 codons with the
neo gene under the control of the herpes simplex virus thymidine kinase promoter. Npu PrP-/- mice contain the disrupted Prnp al-
leles, in which the neo gene under the control of the mouse metalothioneine promoter was simply inserted into a unique Knp I site
in the PrP-coding sequence.

A: Wild-type allele

Prnp Prnd
exon splicing acceptor
1 2 v exon 3
T m - o] i

PrP pre-mRNA PrP PrPLP/Dpl
PrP mRNA ~

B EEE5T

PP
B: Ngsk targeted allele
Neo PrPLP/Dpl

Chimeric pre-mRNA

Chimeric mRNA
-
PrPLP/Dpl

Fig. 5. Mechanism for the generation of PrPLP/Dplencoding chimeric mRNAs in Ngsk PrP-/- mice. In wild-type mice, the PrP
pre-mRNA is normally cleaved and polyadenylated at the last exon of the Prap (A). However, in Ngsk PrP-/- mice, due to lack of the
3’ part of intron 2, the pre-mRNA transcribed from the Prmp promoter could not efficiently undergo cleavage/polyadenylation at the
last exon of Prap, being further elongated until the last exon of Prnd, and subjected to intergenic splicing between the residual Prip
exons 1/2 and the PrPLP/Dpl-coding exon (B). As a result, PrPLP/Dpl became abnormally expressed under the control of the Prip
promoter, leading to the ectopic expression of PrPLP/Dpl in the brains of ataxic lines of PrP-/- mice.
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exon of Prnd and subjected to intergenic splicing
between the residual Prnp exon 2 and the PrPLP/
Dpl-coding exon, producing chimeric mRNAs con-
sisting of the Pmp exons 1 and 2 and the PrPLP/Dpl
coding exons (Fig. 5B). As a result, Prnd became
abnormally regulated under the control of the Prnp
promoter in Ngsk PrP-/- mice and PrPLP/Dpl was
ectopically expressed in the brains, especially in
neurons and glial cells where the promoter is very
active (7). Similar ectopic expression of PrPLP/
Dpl was subsequently reported in other ataxic lines
of PrP-/- mice, RemO PrP-/- and Zrch II PrP-/-
mice (5, 37). Taken together, these results indi-
cate that the ectopic expression of PrPLP/Dpl in the
absence of PrP° might be responsible for Purkinje
cell degeneration in the ataxic lines of PrP-/- mice.

PrPLP/Dpl in the absence of PrP causes Purkinje
cell degeneration

To investigate the possibility that ectopic expres-
sion of PrPLP/Dpl in the absence of PrP® could
cause the Purkinje cell degeneration, we generated
transgenic mice, referred to as tg(N-PrPLP/Dpl)
mice, in which PrPLP/Dpl was specifically expressed
in nearly all neurons including Purkinje cells under
the control of the neuron-specific enolase promoter,
and subsequently crossed them with the non-ataxic
line of Zrch I PrP-/- mice (38). Tg(N-PrPLP/Dpl)
32 mice expressed PrPLP/Dpl in the cerebellum
at a level about 1-2 times more than that of Ngsk
PrP-/- mice, developing ataxia at 58+ 15 days on the
Zrch I PrP-/- background (Table 3). Purkinje cells
were markedly decreased in number due to the de-
generation in these ataxic tg mice. In contrast, nei-
ther ataxia nor Purkinje cell degeneration could be
detected in the tg mice carrying the PrP+/+ back-
ground (Table 3). Another tg(N-PrPLP/Dpl)25
mouse line, in which PrPLP/Dpl was expressed in
the cerebellum at a level less than a quarter that of
Ngsk PrP-/- mice, also developed ataxia and Purk-
inje cell degeneration at 359+ 52 days on the Zrch
I PrP-/- background but not on the PrP+/+ back-
ground (Table 3). These results clearly showed that
the ectopic expression of PrPLP/Dpl is neurotoxic
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in the absence of PrP¥, causing the Purkinje cell de-
generation, and that the neurotoxicity of PrPLP/Dpl
is antagonized by PrP~.

We also produced another type of tg mice, tg(P-
PrPLP/Dpl) mice (38). In these tg mice, the ex-
pression of PrPLP/Dpl was specifically targeted to
Purkinje cells under the control of the Purkinje cell
protein-2 promoter (38). Like tg(N-PrPLP/Dpl)
mice, tg(P-PrPLP/Dpl) mice developed ataxia and
Purkinje cell degeneration on the Zrch I PrP-/- back-
ground but not on the PrP+/+ background (38).
Tg(P-PrPLP/Dpl) 26 and 27 mice showed ataxia at
268+28 and 167+ 13 days after birth, respectively,
on the Zrch I PrP-/- background (Table 3). These
results clearly indicate that PrPLP/Dpl ectopically
expressed on Purkinje cells is itself neurotoxic to
the cells.

Stoichiometrical antagonism between PrP and PrPLP/
Dpl in neurodegeneration

The times to the onset of ataxia in tg(N-PrPLP/
Dpl) mice were inversely correlated with the ex-

‘pression levels of PrPLP/Dpl (38). Tg(N-PrPLP/

Dpl) 32 mice expressed more PrPLP/Dpl in the cere-
bellum and developed the ataxia earlier than tg(N-
PrPLP/Dpl) 25 mice (Table 3). In contrast, the lev-
els of PrP° were correlated with the times of the on-
set. Tg(N-PrPLP/Dpl)32 and 25 mice showed sig-
nificantly retarded onset of the ataxia on the Zrch I
PrP+/- background, compared with the Zrch I PrP
-/- background (Table 3). Thus, these results indi-
cate that PrPLP/Dpl and PrP° stoichiometrically an-
tagonize each other to induce Purkinje cell degen-
eration.

N-terminal domain of PrP antagonistic for PrPLP/
Dpl

PrP¢ possesses the OR region-containing N-terminal
domain whereas PrPLP/Dpl lacks the correspond-
ing domain. 1t is therefore conceivable that the N-
terminal domain might be important for PrP® to
antagonize against the PrPLP/Dpl neurotoxcity.
To investigate the possibility, we introduced PrP
with a deletion of the N-terminal residues 23-88

Table 3 PrPLP/Dpl stoichiometrically antagonizes PrPC to induce ataxia

Onset of ataxia on different genetic backgrounds (mean= SD days)

Tg lines

Zrch I PrP-/- Zrch I PrP+/- Wild-type
2% 359+ 52 495+ 86 <600
Tg(N-PrPLP/Dpl
g /De) 32 58+ 15 259-+48 <600
26 268+28 463£81 <600
T )
g(P-PrPLF/Dp) 27 167+13 391+ 108 <600
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into Ngsk PrP-/- mice (39). As expected, the dele-
tion mutant PrP failed to rescue Ngsk PrP-/- mice
from ataxia and Purkinje cell degeneration (39).
Ngsk PrP-/- mice expressing the deletion mutant
developed ataxia and Purkinje cell degeneration
on a time course identical to that of non-transgenic
Ngsk PrP-/- mice (39). These clearly indicate that
the N-terminal residues 23-88 are important for PrP®
to antagonize the neurotoxicity of PrPLP/Dpl. The
N-terminal residues 23-88 include most of the OR
region. Thus, it is suggested that this OR region
could be important for PrP® to protect Purkinje cells
from PrPLP/Dplinduced degeneration, although it
remains to be investigated which region in the de-
leted N-terminal domain could be essential for the
neuroprotection of PrP® against PrPLP/Dpl.

We also introduced PrP carrying a familial prion
disease-associated mutation (E199K) into Ngsk
PrP-/- mice (39). Interestingly, these mice devel
oped no ataxia and Purkinje cell degeneration (39),
showing that the mutant PrP was fully functional
for antagonizing the PrPLP/Dplinduced neurotox-
icity, suggesting that other disease-associated mu-
tant PrPs are also functionally competent.

PRP AND PRPLP/DPL IN ISCHEMIC NEU-
RONAL CELL DEATH

To assess whether PrP® and PrPLP/Dpl could be
involved in other types of neuronal cell death, we
subjected Zrch I PrP-/- and Ngsk PrP-/- mice to
transient forebrain ischemia (40). Interestingly, male
Zrch I PrP-/- mice were very susceptible to the ische-
mia compared to control PrP+/+ mice, developing
marked apoptosis in the hippocampal CA1 region
(40). McLennan, et al. also reported that perma-
nent occlusion of the middle cerebral artery in-
creased the infarction volume in male Npu PrP-/-
mice without no ectopic expression of PrPLP/Dpl
in neurons (41). However, no apoptotic cell death
could be detected in the CA 1 of female Zrch I PrP-/-
mice (40). Taken together, these results indicate
that PrPC is involved in neuroprotection against
brain ischemia, and that the neuroprotective func-
tion of PrP° is masked by female-specific neuropro-
tective factor (s).

We also showed that, in contrast to Zrch I PrP-/-
mice, both male and female Ngsk PrP-/- mice ex-
hibited severe ischemic damage to CAl neurons
(40). Since Ngsk PrP-/- mice ectopically express
PrPLP/Dpl in neurons, it is therefore conceivable
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that PrPLP/Dpl might counteract the female-specific
neuroprotective function, thereby increasing the
susceptibility of PrP-deficient neurons to ischemic
insults.

ROLES OF PRP AND PRPLP/DPL IN NEU-
RODEGENERATION

Neurotoxic PrPs

PrPLP/Dpl is a homologue of the C-terminal part
of PrPC. Interestingly, it was shown that the N-
terminally truncated PrPs, PrPa32-121 and PrPa
32-134, induced ataxia and cerebellar degeneration
characterized by marked granule cell death in Zrch
I PrP-/- mice and the neurotoxicity of these trun-
cated PrPs was antagonized by the expression of
full-length PrP¢ (42). No Purkinje cell degeneration

. was observed in these mice because the truncated

PrPs were not expressed in Purkinje cells of these
mice due to the limited activity of the promoter used
(42). Consistently, it was demonstrated that ataxia
and Purkinje cell loss could be induced in Zrch I
PrP-/- mice when PrPa32-134 was targeted to Purk-
inje cells (43). PrPa32-121 and PrPa32-134 encom-
pass the homologous C-terminal part of PrP¢ to
PrPLP/Dpl. It is therefore very likely that PrPLP/
Dpl and the truncated PrPs might use the same or
a very similar molecular mechanism to execute the
neurotoxicity.

Cis- and trans-neuroprotective function of PrP
against PrPLP/Dpl

In contrast to neurotoxic PrPa32-121 and PrPa
32-134, it was shown that PrPa23-88 was not neu-
rotoxic, causing no Purkinje cell degeneration in
Zrch I PrP-/- mice (39), suggesting that the neuro-
toxicity of the C-terminal domain of PrP¢ is blocked
by a cis-element(s) present in the region between the
residues 89 and 121. This region, overlapping with
the central hydrophobic part, is reported to com-
prise part of the binding sites for the heat shock
protein, stress-inducible protein 1, and the extra-
cellular matrix constituent glycosaminoglycans (44,
45). It is therefore possible that interaction of PrP°
with these molecules might be involved in the cis-
inhibition of the neurotoxicity of the C-terminal
domain of PrP®. In contrast, PrPLP/Dpl and the
truncated PrPs are unable to interact with these
molecules, therefore acting as neurotoxic proteins.

PrP¢ also neutralizes the neurotoxicity of PrPLP/
Dpl and the truncated PrPs in trans, rescuing from



