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Fig 3. Electron microscopy (EM) of brain microstructures of protease-sensitive priano‘éﬁtby (j’SPr). (A) EM oft)be ‘eosinophilic mi-
crostructures observed at light microscopy (Fig 1D) shows plaguelike formations with fuzzy filamentous appearance (inset). These

structures are strongly reactive with’ antibodies to prion protein (PrP) (B) consistent with PrP microplagues (peroxidase anti-

pergidase, wish 3F4).

ments from sCJD were clearly detectable with both
3F4 and 1E4 Mab only after treatment with more than
10pg/ml PK, and increased with greater PK concentra-
tions (see Fig 4C; also data not shown). Therefore, a
small amount of PrPr detectable with Mab 3F4 is
present mostly in the subcortical regions of these sub-
jects. ‘Moreover, most of the PrPr appears to have a
differént conformation from that of typical PrPr be-
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Fig 2. Prion protein (PrP) immunohistochemistry. (A) Intense
and widespread PrP immunostain of the cerebral cortex and
(B) distinctive PrP immunostaining pastern in the hippocam-
pal gyrus with staining of the molecular layers (atrows) but
not of the pyramidal cell layer or of the end plate (asterisk).
(C, D) The cortical staining consists of coarse granules form-
ing loose. thsters with. lirger granules or a tighter aggregate of
granules (z’_f;i/)e center; (D, inset) heavily :tqinea' globular
structures are also present. (A-D) Protease-sensitive prionopa-
t'/}j(f‘.(I’SPr). (E, F) Immunostaining patterns of the cerebral
“cortex in sCIDVV2 (E) and sCJDVV1 (F) showing laminar
staining and occasional perineuronal staining in sCJDVV2
and weak and fine widespread staining in sCJDVVI. (G) No
immunostaining is detectable in the cerebral cortex of a
nonprion disease control. (H=]) Cerebellar immunostaining
patterns in PSPr (H), sCJDVV2 (1), and sCIDVVI (]).
There is intense and exclusive staining of large granules in the
molecular layers in PSPr (H), presumably corresponding to the
eosinophilic microstructures surrounded by a pale balo shown
in Figure 1D; staining of irregular deposit limited to the
granule cell layer in sCIDVV2 (D; no detectable staining in
sCIDVV1 (the staining of the granule cell nuciei is nonspe-
cific) (). (A~L) Monoclonal antibody 3F4. ‘
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cause on PK digestion it generates a unique set of frag-
ments that are detected by 1E4 but not by 3F4.
Total abnormal PrP and the PrPr conformers were
further characterized inabnormal PrP-enriched prepa-
rations after the capture of the abnormal PrP with g5p,
a single-stranded DNA binding protein with a high af-
finity for abnormal PrP regardless of its PK resis-
tance.'>** The amount of PrP captured by g5p in the
PSPr subjects was three times greater than the amount
of PrP captured in nonprion disease control subjects
(data not shown), but it was nearly 16 times less than
the gSp-captured PrP in typical sCJD. As measured by
densitometry in arbitrary units, the mean PrP captured
by g5p in eight of PSPr subjects was 3.44 * 2.8% of
the total PrP detected by direct gel loading compared
with 53.55 * 24.6% in sCJD (n = 3; 2 = 0.00015;
Fig 5A). Furthermore, although nearly 90% of the
gop-captured PrP was resistant to PK digestion in
sCJD, the PrPr accounted for only 24% of the total
abnormal PrP captured in the PSPr subjects (87.59 *
26.8% in four sCJD cases vs 24.23 * 14.9% in nine
PSPr cases; p = 0.0001) (see Fig 5A). The PK-resistant
PrP obtained after PrP enrichment from ‘the subjects
was distributed in three major bands of approximately
26, 20, and 6kDa, which were detected by both 3F4
and 1E4, and matched the major bands of the immu-
noblot ladder detected with 1E4 on direct loading (see
Fig 5A; also data not shown). A similar PrP banding
pattern was obtained after sodium phosphotungstate
precipitation, another method of abnormal PrP enrich-
ment.'"?® It was detected by both 3F4 and 1E4, al-
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Fig 4. Characterization of prion protein (PrP) in protease-
sensitive pmmopatby (PSPr). (A) On conventional immuno-
blots, proveindse K (PK)-resistant PrP is undetectable in
nonprion disease control subjects (non-PrD) and PSPr pa-
vienss, although it is prominent in sporadic Creutzfelds—Jakob
disease CijD) (B) PK-resistant PrP from non-PrD' and PSPr
is not detectable even afier treatment with low PK concentra-
tions; but only in sCJD control when probed with the mono-
clonal .antibody 3F4, (C) Subcortical regions of three PSPr
cases treated with PK at 50ugiml before Western blot analy:is‘
- with 3F4 showed various amounts of PK-resistant PrP in
three PSPr cases. Samples from temporal cortex (Tc) were m‘ea'
as contg'ol: (D) When the same samples used in (B) are
probed with 1E4, moderately PK-resistant PrP fragments
ﬁ)rrniﬁg.d ladder are observed. (A, B, D) Tissues are Jrom the
- frontal cortex. BH = brain homogenase; Pu = putamen;
SN = substantia nigra; T1 = PrPr type I control; T2 =
PrPr. We 2-control; Th = thalamus.

though the bands were much more prominent when

probed with 1E4 (sée Fig 5B). The abnormal PrP en-

richment experiments confirm that, in PSPr patients,
there is ‘miuch less abnormal PrP than in sCJD, and
that ‘the proportion of abnormal PrP that is PK resis-
tant is much’ smaller.”
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Prion Protein Sedimentation in Sucrose Gradients

- After sucrose gradient sedimentation, 30% of the total

PrP from the PSPr patients was recovered in fractions
7 to 11 containing large aggregates, whereas these frac-
tions accounted for only' 5% of the total PrP in
nonprion disease subjects (Figs 6A, B, E). The same
fractions contained about 24 and 58% of the total PrP

-in’ GSS . patients with the Al17V mutadoh and
" sCJDVVI, respectively (see Figs 6C-E). Also, the per-'

centages of PrP recovered in fractions 2 and 3 differed
significantly between PSPr and nonprion disease. PSPr

- differed from GSS in fractions 7 and 8, and from
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Fig 5. Capture by g5p (A) and sodium phosphotungstate
{NaPTA) (B) of prion protein (PrP) from protease-sensitive
prionopathy (PSPr) and sCIDMM]1 (iporadic Creutzfeldt—
Jakob disease). Probing with 3F4 or-1E4 afier :trzppmg The
same ladder of protema.fe K (PK)—resistant PrP as in Figure
4D is detectable in PSPr preparations afier heavy loading of
the gél S1 = supernatant of brain homogenate obtained after

* low-speed centrifugation (1,000g for 10 minutes).
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Fig 6. Prion protein (PrP) profiles in sucrose gradient sedimen-
tation. (A) Nonprion disease (non-PrD); (B) protease-sensitive
prionopathy (PSPr); (C) Gerstmann—Striussler—Scheinker disease
(GSS) with the A117V mutation (GSSA117V); (D) sCIDVVI;
(E) PrP distribution in the Sfractions plotted as percentages of
the total PrP. Although the amounts of PrP from PSPr are
similar to those of non-PrD subjects in fractions 1 and 4 10 6,
they differ significantly in fractions 2, 3, and 7 to 11, and abo
clearly differ from GSSAL17V in fractions 7 and 8 and
sCIDVV1 in fractions 1, 2, and 9 to 11. PSPr fractions 8 1o
I1 also have a distinctive low double band (B, arrowheads) not
present in the fractions from non-PrD, GSS, and sCJDVVL.
n = 6 for non-PrD {green bars); n = 6 for PSPr (red bars);
n = 3 for GSS (yellow bars); and n = 7 Jor sSCIDVVI (blue
bars). Vertical bars refer 10 standard deviations. Asterisks de-
“note PrP fractions from non-PrD, GSS, and sCJDVVI thas by
statistical analysis are significantly different from corresponding
PSPr fractions. *p < 0.05; *p < 0.0I; “**p < 0.001.
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sCJD in fractions 1, 2, and 9 to 11 (see Fig 6E). In
addition to the quantitative differences, the electro-
phoretic profiles of the high-molecular-weight aggre-
gates from PSPr also differed from those of nonprion
disease, GSS, and sCJDVV1 subjects: the lower band
was double in PSPr but single in other conditions (see
Figs 6A-D). Comparable data were obtained after gel
filratdon fractionation, which demonstrated that PrP
aggregates exceeding 2,000kDa were more abundant in
PSPr than in nonprion disease control subjects but
much fewer than in sCJD (data not shown).

Discussion

We report 11 patients affected by a disease that in-

volves abnormal PrP and has homogeneous and dis-

tinctive features (Table 2). Based on several lines of
evidence, we argue that these features allow for the sep-

aration of this condition from all known forms of hu-

man prion disease. First, the abnormal PrP associated

with this disease is predominantly, and in several brain

regions almost exclusively, sensitive to protease or PrPs,

and the PK-resistant PrP isoform or PrPr has a distinc-

tive electrophoretic profile. The high sensitivity to PK

and the distinctive electrophoretic profile of the abnor-

mal PrP clearly distinguish chese cases from each of the

five subtypes of sCJD and from sporadic fatal insomnia

(sFI), the known human sporadic prion diseases." For

example, compared with sCJDMMI, -the most com-

mon and typical sCJD,? these cases have 16 times less -
total abnormal PrP, and the fraction of the total ab-

normal PrP that is PK resistant is nearly 4 times less.

Furthermore, the ladder-like electrophoretic profile of
the PrPr associated with this conditdon has not been

observed in either sCJD or sFI, all of which instead are

characterized by the presence of the well-known PtPr

type 1 or 2." When present, the traditional PrPr, com-

monly called PrP27-30, was located in subcortical re-

gions and was of type 1, another combination not ob-

served in sporadic human prion diseases.! Second, .
these cases are also homogeneous as for the PrP coding
genotype because they are all homozygous for valine at
codon 129 of the PrP gene, the site of a common me-
thionine/valine polymorphism.® Valine homozygosity
in white individuals is the rarest 129 genotype, being
found only in 12% of people.?® The sCJD subtypes -
associated with valine homozygosity, sCJDVV1 and
sCJDVV2, have been well characterized and differ
from these cases phenotypically and for the character-
istics of the abnormal PrP." Third, the pattern of PrP
immunostaining and the presence of structures with
the features of poorly formed plaques that we observed
in the cerebellum are to our knowledge unprecedented.
Lastly, the clinical presentation and initial course that
prominently features relatively slow cognitive deteriora-
tion, occasional gait impairment, and incontinence has
evoked the diagnoses of normal pressure hydrocepha-
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lus, diffuse Lewy body disease, or frontotemporal de-
mentia, whereas prion disease was suspected only at a
later stage based on the relatively short duration.
Although these cases can be easily distinguished from
sporadic prion diseases, some of their features such as
overrepresentation of PrPs and the multiple PK-
resistant PrP fragments, have been reported in GSS.*
However, all cases of GSS reported to date are associ-
ated with a mutation in the coding rchon of the PrP
gene or immediately adjacent to it.* None of these
cases carried such mutation. Moreover, the ladder-like,
PK-resistant, PrP fragments observed in our cases are
preferentially detected with 1E4 but not with 3F4,
which obviously separates these cases from GSS carry-
ing the multiple PK-resistant PrP fragments. In a re-
cent study, we observed that although 1E4 and 3F4
have  ddjacent epitopes along human PrP residues 97-
112, their accessibility to these epitopes is different be-
cause of different neighboring N-terminal residues.?® It
is possible that the 1E4 selectively detected PK-

resistant PP fragments have N-terminal starting sites

that are différent from those of the well-characterized
PrPr types 1 and 2. The earlier evidence clearly indi-
cates that this condition differs from GSS, although
the possibility that it represents the long-sought spo-
radic form of GSS remains to be excluded. Six of the
10 patients with- obtainable pedigree had 2 family his-
‘tory of dementia that cannot be ignored, yet none car-
ried a murtation in the PrP gene ORF. Therefore, at
least in' some cases, a causative mutdtion may be lo-
cated outside the ORF of the PrP gene, a condition
never observed in human prion diseases.’

All these considerations argue that the 11 patients
were affected by a novel condition involving the PrP
that cannot be classified within the spectrum of cur-
rently known ‘human prion diseases. We suggest the
designation of PSPr to emphasize a major distinctive
feature (see Table 2).

Compared with other human prion ‘diseases, PSPr is

- binant PrP into amyloid,

Surveillance Center during the same time period as
these 11 patients, making PSPr about as common as
some of the well-known sporadic pnon diseases (such
as sCJDMM2, sFI; and sCJDVV1).? Furthermore, be-
cause the clinical presentation and the duration of
PSPr often do not point to the diagnosis of prion dis-
ease, some cases of PSPr may' currenty be classified
w1thm the group of non-Alzheimer’s dementias: and
not beis 'cstlgated furcher. Should - this; be the case,
PSPt inay be more common than this study suggests.

The small amount of PrPr associated with PSPr and-
the ﬁnd.ing that about 76% of the detectable abnormal
PrP is PK sensitive not only hinders the diagnosis but
also has implications concerning origin, pathogcmcxty,
infectivity, and classification of PSPr. '

The discovery of PiPs has opened a.new chaptcr in
prion diseases.'*™> The demonstrauon that PrPs forms
smaller aggregates than the PrPr: counterpart, ¢ and
that apparently it is competent to convert PrP< to PrPr
in vitro,as well as to seed the polym" izatiors of ‘recom-
1718 suggeststhat PrPs shares
defining | features with PrPr. However, the pathogenetic
mechanisms of PrPs in the absence of PrPr and, there-
fore, the nature of the prion diseases associated with
PrPs currendy remain conjectural.

Prion diseases associated with PrPs, in the presence
of minimal or no PrPr, have been modeled and studied.
in detail in a variety of transgenic (Tg) mouse lines
carrying mouse homologues of human PrP gene mu-
tants or overexpressing. PrP<.'>%°33 Two Tg mouse
models appear relevant to these cases.

In the first model, Tg mice expressing high levels of

* mouse PrP carrying the P101L mutition, the mouse

not exceedingly rare, because it accounts for about 3%

of all sCJD and 16% of all valine homozygous CJD
accessioned by the National Prion Disease Pathology
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equivalent of the human P102L mutation associated
with a GSS phenotype,***3 spontancously developed
a neurodegenerative process characterized by SD and
prion plaque formation. After inoculation, they trans-
mitted a disease phenotypically similar o P101L-

‘mutated Tg mice but not to wild-type mice. As in our

cases, the aﬂécted mice had PrPs but no, or minimal
amounts of, PrPr, indicating that PrPs can be associ-
ated with a prion disease that is under certain condi-



tions transmissible and has a histopathological pheno-
type displaying general features of prion diseases.'?

In the second model, Tg mice carrying the P101L
mutation were inoculated with brain homogenate from
patients affected by a subtype of GSS P102L charac-
terized by the exclusive presence of an approximately
8kDa PK-resistant fragment reminiscent of the approx-
imately 6kDa fragment observed in small amounts in
our cases. The inoculated Tg mice remained largely
asymptomatic, but at histological examination, they
displayed PrP plaques and had minimal amounts of
PrPr.?? They failed to transmit the disease to wild-type
mice, but inoculation to P101L-mutated mice resulted
in the formation of PrP plaques in the absence of clin-
ical disease.

These mouse models and now our cases raise issues
with the definition of prion diseases. Currendy, it is
unclear whether PSPr is transmissible because time-
consuming ‘transmissibility experiments to different
lines of Tg mice and in vitro PrP replication are srill
ongoing. Should PSPr not be transmissible, the ques-
tion is whether it is a prion disease. A similar ques-
tion can be raised for GSS, of which to date only one
subty‘?c has been shown to be consistently transmis-
sible.” The issue is further compounded by the recent
evidence that amyloid B, the pathogenic peptide of
Alzheimer’s disease, has the propensity to replicate af-
ter inoculation into susceptible Tg mice in a
conformation-dependent fashion reminiscent of pri-
ons.”® These findings appear to blur the once tight
association of prion diseases and transmissibility. It
may be more practical to apply the label of prion dis-
eases to all conditions in which the PrP is abnormal
and appears to play a central role in the pathology, as
in all prion diseases known to date and in PSPr.%’ In
contrast, one might reserve the qualification’ of trans-
missible to those prion diseases that can be transmit-
ted to recipients expressing relatively normal amounts
of wild-type PrP.?°

The finding that several PSPr patients had first-
degree relatives diagnosed with dementia necessirates
a search for an underlying genetic cause. In AD, the
discovery of mutations outside the gene of the amy-
loid precursor protein (the central protein in AD, as
PrP is in prion diseases) has provided a wealth of in-
formation regarding pathogenetic mechanisms of
AD.* Similarly, the discovery of a mutation outside
the PrP gene ORF capable of generating a prion dis-
ease may greaty expand our understanding of patho-
genetic mechanisms and the role of PrP in prion dis-
eases.
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