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Tg(PG14) mice express a prion protein (PrP) with a nine-octapeptide insertion associated with a human
familial prion disease. These animals spontaneously develop a fatal neurodegenerative disorder characterized by
ataxia, neuronal apoptosis, and accumulation in the brain of an aggregated and weakly protease-resistant form of
mutant PrP (designated PG14spon). Brain homogenates from Tg(PG14) mice fail to transmit disease after intra-
cerebral inoculation into recipient mice, indicating that PG14spon, although pathogenic, is distinct from PrPSc, the
infectious form of PrP. In contrast, inoculation of Tg(PG14) mice with exogenous prions of the RML strain induces
accumulation of PG14RML, a PrPSc form of the mutant protein that is infectious and highly protease resistant. Like
PrPSc, both PG14spon and PG14RML display conformationally masked epitopes in the central and octapeptide repeat
regions. However, these two forms differ profoundly in their oligomeric states, with PG14RML aggregates being much
larger and more resistant to dissociation. Our analysis provides new molecular insight into an emerging puzzle in
prion biology, the discrepancy between the infectious and neurotoxic properties of PrP.

Prion diseases, or transmissible spongiform encephalopa-
thies, are fatal neurodegenerative disorders that exist in spo-
radic, familial, and infectiously acquired forms. There is now
considerable evidence that these diseases are caused by con-
formational conversion of the cellular prion protein PrPC, a
membrane glycoprotein of uncertain function, into PrPSc, a
�-rich and protease-resistant isoform that appears to be infec-
tious in the absence of nucleic acid (11, 35). Although consid-
erable effort has been expended during the past 20 years to
define the chemical nature of prions, a major gap exists in our
understanding of how prion propagation kills neurons (8).
Present evidence indicates that neuronal damage is not due to
loss of the normal function of PrPC upon its conversion to
PrPSc but rather to a toxic effect of PrPSc or some other ab-
normal form of PrP generated during the conversion process
(4, 27, 28). However, the identities of the neurotoxic species
and the nature of the cellular pathways that are activated
leading to neuronal death remain obscure.

It has commonly been assumed that PrPSc itself is the pri-
mary cause of neurodegeneration in prion diseases, based on
the temporal and anatomical correlation between the accumu-
lation of this form and the development of neuropathological
changes. However, there are a number of situations where this

correlation is weak or absent (reviewed in reference 8). In
several kinds of transmission experiments, for example, significant
pathology and/or clinical dysfunction develops with little accumu-
lation of PrPSc (14, 23, 29). In addition, some familial prion
diseases are not transmissible and are not accompanied by the
accumulation of protease-resistant PrP (2, 34, 43–45). The same is
true for the spontaneous neurodegenerative illnesses exhibited by
several kinds of PrP-transgenic mice (16, 30, 38, 39, 41, 51). On
the other hand, there are subclinical infections in which there is
abundant PrPSc but little symptomatology, for example, after in-
oculation of hamster prions into mice (18, 36).

Taken together, these situations argue that PrPSc, the infec-
tious form of PrP, is not always the proximate cause of neu-
ronal dysfunction and degeneration in prion diseases. Thus,
alternative forms of PrP, distinct from both PrPC and PrPSc,
may be the primary neurotoxic species in some prion diseases.
CtmPrP, a transmembrane form of PrP, has been postulated to
be one such candidate (17). Cytoplasmic PrP, which has re-
cently been shown to be toxic in cultured cells and transgenic
mice, represents another potential candidate (25, 26). As yet,
however, there are few clues to the structural differences be-
tween infectious and pathogenic versions of PrP.

Tg(PG14) mice (10) provide a unique opportunity to ap-
proach this issue. These mice carry a transgene encoding the
murine homologue of a nine-octapeptide insertion associated
with a familial prion disease in humans (13, 22, 31). Tg(PG14)
mice spontaneously develop a fatal neurological illness that
recapitulates several key features of human prion disorders,
including ataxia, neuronal loss, synapse-like deposition of PrP,
and astrogliosis (7, 9, 10). The development of clinical symp-
toms and neuropathological changes correlates closely with the
accumulation of an aggregated and protease-resistant form of
PG14 PrP. This mutant protein resembles PrPSc in its biochem-
ical properties with one important exception: it is �20 to 50
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times less protease resistant than the PrPSc associated with
most standard prion strains (10). This difference in protease
resistance raises the possibility that Tg(PG14) mice harbor an
unusual form of PrP that is highly pathogenic but that is struc-
turally and biologically distinct from PrPSc. In the present
paper, we explore the molecular relationship between PG14
PrP and infectious PrPSc.

MATERIALS AND METHODS

Mice. The production of transgenic mice expressing wild-type and PG14
mouse PrPs tagged with an epitope for the monoclonal antibody 3F4 has been
reported previously (10). Experiments were performed on the following lines of
mice: Tg(PG14) A1, A2, A3, and C (hemizygous for the transgene array unless
otherwise indicated); Tg(WT) E1 (homozygous unless otherwise indicated), E3
(hemizygous), and E4 (hemizygous). All transgenic mice used in this study had
been bred onto a C57BL/6J � 129/Prn-p�/� background (4) except for several of
those listed as the sources of inocula in Table 1, which were on a C57BL/6J �
129/Prn-p�/� background. CD1 mice were obtained from Charles River Labo-
ratories (Wilmington, Mass.).

Transmission studies. Ten percent (wt/vol) homogenates of mouse brain were
prepared in phosphate-buffered saline using sterile, disposable tissue grinders.
After being cleared by centrifugation at 900 � g for 5 min, the homogenates were
diluted to a final concentration of 1 or 2.5% in phosphate-buffered saline, and 25
�l was injected intracerebrally into the right parietal lobes of 4- to 6-week-old
recipient mice using a 25-gauge needle. To monitor the appearance and devel-
opment of neurological symptoms, the mice were scored according to a set of
objective criteria (10). The RML isolate of scrapie (6) was obtained from Byron
Caughey and Richard Race (Rocky Mountain Laboratories) and was passaged
repeatedly in CD1 mice.

PK resistance. Proteinase K (PK) resistance assays were carried out as de-
scribed previously (10) using brain lysates (1 mg of protein/ml) prepared in HB
(10 mM Tris-HCl [pH 7.4], 100 mM NaCl, 0.5% Nonidet P-40, 0.5% sodium
deoxycholate). In some experiments, PK-digested samples were deglycosylated
with N-glycosidase F (0.01 U/ml; New England Biolabs) for 16 h at 37°C prior to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE).

Conformation-dependent immunoassay of PrP. Brain lysates were diluted to
0.25 mg/ml in HB containing protease inhibitors (pepstatin and leupeptin, 1 �g/ml;
phenylmethylsulfonyl fluoride, 0.5 mM; and EDTA, 2 mM) and incubated for 20
min at 4°C. After a brief centrifugation to remove debris, samples were divided into
two aliquots. SDS (1% final concentration) was added to one of the aliquots, which
was then incubated at 95°C for 10 min. After the addition of Nonidet P-40 (1% final
concentration), both aliquots were precleared with Staphylococcus (Pansorbin; Cal-
biochem) for 1 h at 4°C, and PrP was immunoprecipitated using the antibody 3F4 or
P45-66 and collected on protein A-Sepharose beads. The immunoprecipitated PrP
was released from the beads with SDS-PAGE sample buffer and analyzed by im-
munoblotting using biotinylated 3F4 antibody and horseradish peroxidase-strepta-
vidin. Films exposed by enhanced chemiluminescence (Amersham) were digitized
with an Epson Expression 636 scanner, and PrP band intensities were quantitated by
SigmaScan Image (Jandel Scientific).

Sedimentation of PrP in sucrose gradients. The brain lysates were diluted to
a final concentration of 0.25 mg/ml (total protein) in HB supplemented with
protease inhibitors, incubated for 20 min at 4°C, and centrifuged at 16,000 � g for
5 min; 0.5 ml of the cleared samples was fractionated on a 5-ml linear gradient of
sucrose in HB by centrifugation at 4°C in an MLS-55 rotor using an Optima MAX-E
ultracentrifuge (Beckman). After centrifugation, 0.5-ml fractions of the gradient and
the pellet were collected, and proteins in each fraction were methanol precipitated
and analyzed by Western blotting using the 3F4 antibody. In some experiments,
samples were incubated with PK (0.5 to 20 �g/ml) before methanol precipitation.
Sedimentation markers run in parallel gradients included carbonic anhydrase (29
kDa; 3.2S), bovine serum albumin (65 kDa; 4.6S), aldolase (158 kDa; 7.4S), catalase
(232 kDa; 11.3S), and ferritin (440 kDa; 16.6S).

Urea-induced disaggregation of PrP. Brain lysates were diluted in TND (20
mM Tris-HCl [pH 7.4], 0.5% Nonidet P-40, and 0.5% sodium deoxycholate) to
a protein concentration of 0.3 mg/ml, incubated for 20 min at 4°C, and cleared
by centrifugation at 16,000 � g for 5 min; 0.15 ml of 2� urea in TND buffer was
added to 0.15 ml of the cleared lysates to achieve the appropriate urea concen-
tration. Samples were incubated for 1 h at 37°C and then centrifuged at 4°C for
45 min at 186,000 � g in a TLA 55 rotor using an Optima MAX-E ultracentri-
fuge. PrP in the supernatant and pellet fractions was visualized by Western
blotting using the 3F4 antibody.

Histology. Preparation of sections and immunohistochemical staining using
the 3F4 antibody was carried out as described previously (10).

RESULTS

The brains of spontaneously ill Tg(PG14) mice do not con-
tain detectable infectivity. To test whether infectious prions
were generated de novo in the brains of Tg(PG14) mice, nine
different brain homogenates were prepared from mice of the
A1, A2, or A3 line (10) that had been culled at different times
after spontaneous development of clinical symptoms. These
homogenates were inoculated intracerebrally into three differ-
ent hosts: nontransgenic CD1 mice, Tg(WT-E1�/�) mice that
overexpress wild-type PrP carrying an epitope tag for the an-
tibody 3F4, and Tg(PG14-C�/�) mice that express low levels of
3F4-tagged PG14 PrP and that do not become sick spontane-
ously (Table 1). The PrP expressed by the latter mice should be
a particularly efficient substrate for assaying infectivity, be-
cause it has the same amino acid sequence as the PrP present
in the Tg(PG14) inocula. All transgenic mice used in this study
carried two disrupted alleles of the Prn-p gene and so did not
synthesize endogenous PrP. Negative control inocula included
brain homogenates from nontransgenic C57BL/6J � CBA/J/
Prn-p�/� mice and from Tg(WT) mice of the E1, E3, and E4
lines, which express different levels of wild-type PrP and re-
main healthy throughout their lives. As positive controls, some
host mice of each genotype were inoculated with the mouse-
adapted RML isolate of scrapie that had been previously pas-
saged in either CD1 or Tg(WT-E1�/�) mice. All the inocu-
lated mice were observed on a weekly basis for the appearance
of neurological symptoms, and test mice from each group were
culled at several time intervals after inoculation (102 to 169,
387 to 450, and 500 to 727 days) for biochemical analysis.

None of the animals inoculated with brain homogenates
from Tg(PG14) mice, or from negative control mice, devel-
oped signs of neurological dysfunction, and all the animals
either died due to intercurrent illness or were sacrificed near
the end of their normal life span, �2 years after inoculation
(Table 1, lines 2 to 15, 18 to 31, and 35 to 48). Moreover, none
of the brains from inoculated CD1 or Tg(WT-E1�/�) host
mice that were subjected to biochemical analysis contained
PrP that was detergent insoluble or that was resistant to even
low concentrations (1 to 5 �g/ml) of PK (data not shown).
Tg(PG14-C�/�) mice spontaneously accumulate small amounts
of detergent-insoluble, weakly PK-resistant PrP in their brains
as they age (10), but inoculation with Tg(PG14) brain homog-
enates did not increase the amount of this protein (not shown).
In contrast, all positive control mice inoculated with RML
prions developed scrapie, with an incubation period that varied
between 128 and 555 days, depending, as expected, on the PrP
expression level and whether the inoculated PrPSc and recipi-
ent PrPC both contained the 3F4 epitope tag (Table 1, lines 16,
32, 33, 49, and 50). The brains of all the scrapie-affected con-
trol mice contained PrP that was resistant to high concentra-
tions (100 �g/ml) of PK (not shown). These data demonstrate
that Tg(PG14) mice do not spontaneously generate detectable
levels of infectious prions in their brains, indicating that PG14
PrP from these animals is distinct from PrPSc in its transmis-
sion properties.

Inoculation of Tg(PG14) mice with RML prions causes
scrapie. We next investigated whether a different form of PG14
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PrP would be produced after inoculation of Tg(PG14) mice
with infectious prions. When the RML strain was injected
intracerebrally into Tg(PG14-C�/�) mice that do not become
ill spontaneously, these animals developed typical symptoms of

murine scrapie, including kyphosis, ruffled coat, foot clasp re-
flex, abnormal gait, rigidity, and tail plasticity (Table 2, line 1).
The incubation time in these mice was long (555 and 624 days,
respectively, to the onset of symptoms and to death) because of

TABLE 1. Transmission assay for the presence of infectivity in the brains of spontaneously ill Tg(PG14) mice

Recipienta Line no. Inoculumb
Time to symptomsc

(mean no. of days
� SEM)

Time to deathd

(mean no. of
days � SEM)

No. dead/total

CD1 1 None �640 0/5
2 Tg(PG14-A1�/�) �640 0/8
3 Tg(PG14-A2�/�) �640 0/7
4 Tg(PG14-A2�/�) �615 0/6
5 Tg(PG14-A2�/�)/Prn-p�/� �640 0/6
6 Tg(PG14-A2�/�)/Prn-p�/� �640 0/6
7 Tg(PG14-A3�/�) �615 0/7
8 Tg(PG14-A3�/�) �500 0/6
9 Tg(PG14-A3�/�)/Prn-p�/� �595 0/7
10 Tg(PG14-A3�/�)/Prn-p�/� �630 0/7
11 Tg(WT-E1�/�)/Prn-p�/� �640 0/9
12 Tg(WT-E3�/�) �550 0/7
13 Tg(WT-E4�/�)/Prn-p�/� �610 0/9
14 Non-Tg (C57BL/6J � CBA/J) �595 0/7
15 Non-Tg (C57BL/6J � CBA/J) �620 0/7
16 RMLe 128 � 2 154 � 3 15/15

Tg(WT-E1�/�)/Prn-p�/� 17 None �540 0/4
18 Tg(PG14-A1�/�) �520 0/10
19 Tg(PG14-A2�/�) �515 0/6
20 Tg(PG14-A2�/�) �495 0/5
21 Tg(PG14-A2�/�)/Prn-p�/� �515 0/2
22 Tg(PG14-A2�/�)/Prn-p�/� �540 0/7
23 Tg(PG14-A3�/�) �530 0/5
24 Tg(PG14-A3�/�) �515 0/8
25 Tg(PG14-A3�/�)/Prn-p�/� �540 0/6
26 Tg(PG14-A3�/�)/Prn-p�/� �515 0/8
27 Tg(WT-E1�/�)/Prn-p�/� �495 0/9
28 Tg(WT-E3�/�) �485 0/10
29 Tg(WT-E4�/�)/Prn-p�/� �485 0/7
30 Non-Tg (C57BL/6J � CBA/J) �515 0/8
31 Non-Tg (C57BL/6J � CBA/J) �530 0/9
32 RMLe 217 � 11 251 � 26 4/4
33 RML 3 WT(E1)f 183 � 4 202 � 4 5/5

Tg(PG14-C�/�)/Prn-p�/� 34 None �730 0/8
35 Tg(PG14-A1�/�) �625 0/6
36 Tg(PG14-A2�/�) �570 0/6
37 Tg(PG14-A2�/�) �550 0/7
38 Tg(PG14-A2�/�)/Prn-p�/� �570 0/7
39 Tg(PG14-A2�/�)/Prn-p�/� �615 0/6
40 Tg(PG14-A3�/�) �590 0/8
41 Tg(PG14-A3�/�) �640 0/8
42 Tg(PG14-A3�/�)/Prn-p�/� �640 0/6
43 Tg(PG14-A3�/�)/Prn-p�/� �605 0/6
44 Tg(WT-E1�/�)/Prn-p�/� �590 0/6
45 Tg(WT-E3�/�) �630 0/6
46 Tg(WT-E4�/�)/Prn-p�/� �630 0/7
47 Non-Tg (C57BL/6J � CBA/J) �605 0/6
48 Non-Tg (C57BL/6J � CBA/J) �625 0/6
49 RMLe 555 � 6 624 � 21 8/8
50 RML 3 WT(E1)f 539 � 21 628 � 19 8/8

a Recipient mice were inoculated intracerebrally at 25 to 50 days of age.
b Inocula consisted of 2.5% (wt/vol) brain homogenates prepared from mice of the indicated genotypes. All Tg(PG14) mice were clinically ill at the time brain

homogenates were prepared.
c For mice that remained healthy, the time after inoculation at which the animals were sacrificed to terminate the experiment is given. For other mice (lines 16, 32,

33, 49, and 50), the time from inoculation to onset of symptoms is given.
d Time from inoculation to death. Mice that died of nonneurological intercurrent illness are excluded.
e RML prions passaged repeatedly in CD1 mice.
f RML prions passaged repeatedly in CD1 mice and then once in Tg(WT-E1) mice.
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the low expression level of the transgene (0.15�) and because
of the sequence mismatch between PrP in the RML inoculum
(wild type) and PrP in the recipient mice (PG14 with a 3F4
epitope tag). Accordingly, we observed shorter incubation
times when the mice were homozygous for the transgene array
(0.3� expression level) (Table 2, line 3) and when they were
challenged with an RML inoculum that had been passaged
once in Tg(WT) mice and therefore contained 3F4-tagged PrP
(Table 2, lines 2 and 4).

Inoculation with RML prions also induced disease in
Tg(PG14-A3�/�)/Prn-p�/� mice that have a 1� expression
level of PG14 PrP (Table 2, line 6). These mice develop a
spontaneous neurological disorder even without inoculation
(line 5), making it more difficult to distinguish the effect of
RML infection. Nevertheless, it was apparent that the infected
mice displayed symptoms that were more severe than those of
their uninfected counterparts. In addition, they showed several
features, including rigidity and tail plasticity, that are charac-
teristic of murine scrapie but that were never seen in sponta-
neously ill mice. Although inoculated and uninoculated mice
first developed symptoms at similar times (�240 days), the
inoculated animals had a much more rapid clinical course and
died earlier (Table 2, lines 5 and 6). The age at death for
inoculated mice was 352 � 8 days (327 � 8 days after inocu-
lation) compared to 449 � 17 days for uninoculated mice. As
observed for Tg(PG14-C) recipient mice, the incubation time
and duration of illness were reduced when Tg(PG14-A3�/�)
mice were challenged with an RML inoculum passaged in
Tg(WT) mice (Table 2, line 7).

Identification of a highly protease-resistant form of PG14
PrP. During propagation of RML prions in Tg(PG14) mice, it
seemed likely that some of the PG14 PrP was being converted
into a physical state that more closely resembled PrPSc and that
was distinct from the one acquired by the mutant protein in
spontaneously ill animals. To determine if this was the case, we
compared the PK resistance of PrP in brain samples from

uninoculated and RML-infected Tg(PG14) mice. We observed
that the infected animals contained a population of PrP mol-
ecules that was resistant to high concentrations of PK (50 to
100 �g/ml) (Fig. 1A, lanes 5 to 8). In contrast, the PrP from
spontaneously ill uninoculated Tg(PG14) mice was completely
digested by PK concentrations above 2 �g/ml (Fig. 1A, lanes 1
to 4). We observed that after PK digestion, the PrP from the
uninoculated animals migrated predominantly as a single band
at 27 kDa (Fig. 1A, lane 2). In contrast, PrP from RML-
infected animals appeared as a triplet of bands of approxi-
mately equal intensities at 27, 25, and 21 kDa, presumably
representing diglycosylated, monoglycosylated, and unglycosy-
lated PrP, respectively (Fig. 1A, lanes 6 to 8). After enzymatic
deglycosylation, the PK-resistant fragments from both kinds of
mice migrated as a single band at �21 kDa (Fig. 1B). These
results indicate that the PK cleavage sites for PG14 PrP from
infected and uninfected mice are probably similar but that the
protease-resistant fragments are differentially glycosylated. For
simplicity, we will refer to the highly PK-resistant form of
PG14 PrP found in RML-inoculated Tg(PG14) mice as
PG14RML and the weakly PK-resistant form found in uninocu-
lated mice as PG14spon (for spontaneous).

PG14RML is infectious. The strong PK resistance of
PG14RML suggested that it represented PrPSc. To confirm this
idea, we tested the infectivity of PG14RML in serial-transmis-
sion experiments in which RML prions passaged once in
Tg(PG14) mice were passaged a second and third time in
several kinds of recipient mice. For secondary-passage exper-
iments, we inoculated brain homogenates from RML-infected
Tg(PG14-C�/�) and Tg(PG14-A3�/�) mice into CD1,
Tg(WT-E1�/�), and Tg(PG14-A3�/�) host mice. All the inoc-
ulated animals developed neurological symptoms typical of
scrapie (Table 2, lines 8, 9, 11, 12, 14, and 15), and all had
detergent-insoluble and highly PK-resistant PrP in their brains
(data not shown). For tertiary-passage experiments, RML pri-
ons were passaged twice in Tg(PG14) mice (first in the C line

TABLE 2. Transmission of RML prions to transgenic and nontransgenic mice

Recipienta PrP expressionb Line no. Inoculumc
Time to symptoms
(mean no. of days

� SEM)

Time to death
(mean no. of
days � SEM)

No. dead/
total

Tg(PG14-C�/�)/Prn-p�/� 0.15� 1 RML 555 � 6 624 � 21 8/8
2 RML 3 WT(E1) 539 � 21 628 � 19 8/8

Tg(PG14-C�/�)/Prn-p�/� 0.3� 3 RML 437 � 2 489 � 10 3/3
4 RML 3 WT(E1) 384 � 15 438 � 2 5/5

Tg(PG14-A3�/�)/Prn-p�/� 1� 5 None 243 � 7d 449 � 17d 23/23
6 RML 239 � 28 327 � 8 4/4
7 RML 3 WT(E1) 181 � 25 303 � 7 4/4
8 RML 3 PG14(C) 141 � 20 283 � 19 4/4
9 RML 3 PG14(A3) 118 � 2 292 � 10 6/6
10 RML 3 PG14(C) 3 PG14(A3) 109 � 1 283 � 13 5/5

Tg(WT-E1�/�)/Prn-p�/� 4� 11 RML 3 PG14(C) 185 � 1 208 � 3 10/10
12 RML 3 PG14(A3) 130 � 5 212 � 9 7/7
13 RML 3 PG14(C) 3 PG14(A3) 144 � 3 231 � 8 7/7

CD1 1� 14 RML 3 PG14(C) 152 � 1 175 � 5 10/10
15 RML 3 PG14(A3) 137 � 2 166 � 3 11/12
16 RML 3 PG14(C) 3 PG14(A3) 137 � 2 162 � 8 8/8

a Recipient mice were inoculated intracerebrally at 23 to 47 days of age.
b Expressed relative to the level of endogenous PrP present in nontransgenic mice.
c Inocula consisted of 1% (wt/vol) brain homogenates. RML prions were passaged repeatedly in CD1 mice and were then passaged once or twice in Tg(WT) or

Tg(PG14) mice, as indicated.
d Age at onset of spontaneous illness or age at death (from reference 7).
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and then in the A3 line) and were then inoculated into recip-
ient mice. Again, all the recipients became ill (Table 2, lines 10,
13, and 16). The first passage of RML prions into Tg(PG14-
A3�/�) mice produced a longer incubation time than the sec-
ond and third passages, reflecting adaptation of wild-type pri-
ons to the PG14 host (Table 2, compare line 6 with lines 8 to
10). Unexpectedly, CD1 mice had shorter incubation times for
PG14 inocula than the two transgenic hosts, which display a
better match in the PrP amino acid sequence (Table 2, lines 14
to 16). This phenomenon could reflect the outbred genetic
background of CD1 mice or else a higher intrinsic conversion
efficiency of PrP lacking the 3F4 epitope tag (40). Treatment of
PG14RML inocula with 200 �g of PK/ml did not diminish their

infectivity (data not shown), implying that it is the highly pro-
tease-resistant PrP in these samples that is infectious. Taken
together, our results clearly indicate that PG14RML is infec-
tious and is therefore a form of PrPSc.

PG14RML and PG14spon produce distinct neuropathological
profiles. To compare the neuropathologies produced by the
two forms of PG14 PrP, we carried out histological analysis of
the brains of RML-inoculated and uninoculated Tg(PG14)
mice. We have previously reported that spontaneous neurode-
generation in Tg(PG14-A3) mice is characterized by the fol-
lowing features (7, 10): (i) cerebellar atrophy secondary to
massive apoptosis of granule cells; (ii) synapse-like deposits of
PrP in the olfactory bulb, the perforant pathway of the hip-
pocampus, and the molecular layer of the cerebellum; (iii)
hypertrophy and proliferation of astrocytes in the neocortex,
hippocampus, and cerebellar cortex; and (iv) absence of spon-
giform change and amyloid plaques. In contrast, Tg(PG14-C)
mice display no histological abnormalities.

The neuropathological changes induced by RML prions
were clearly distinct from those associated with spontaneous
illness in Tg(PG14-A3) mice. RML-induced pathology was
easiest to appreciate in Tg(PG14-C) mice because of the ab-
sence of spontaneous neurodegeneration. However, very sim-
ilar neuropathological changes were produced after inocula-
tion of Tg(PG14-A3) mice, except that in this case, the features
specifically associated with the infection were superimposed on
those that occurred spontaneously. One obvious abnormality
seen only in RML-inoculated animals of both the C and A3
lines was spongiform degeneration, which was most prominent
in the neocortex (Fig. 2A), striatum, hippocampus (Fig. 2E and
F), thalamus, and colliculi. The pattern of PrP deposition in
infected mice was also different from that seen in uninoculated
Tg(PG14-A3) mice. The deposits had a more widespread an-
atomical distribution, including subpial regions of the neocor-
tex (Fig. 2C), the end plate region of the hippocampus (Fig. 2E
and F), and the molecular, Purkinje, and granule cell layers of
the cerebellum (compare Fig. 2G with H). This difference in
PrP distribution was also evident when a histoblotting tech-
nique (42) was used (data not shown). The character of the PrP
staining was also different in infected animals, with small,
punctate deposits sometimes coexisting with larger, coarser
accumulations (Fig. 2F and G). As in uninoculated Tg(PG14-
A3) mice, none of these deposits was fluorescent in thioflavin
S preparations, indicating the absence of amyloid (data not
shown). Finally, severe astrogliosis was seen in the cerebrum
and cerebellum, most prominently in areas with spongiosis
(not shown). Taken together, these results argue that
PG14RML and PG14spon induce distinct pathologies.

PG14spon and PG14RML react similarly in a conformation-
dependent immunoassay. The availability of PG14spon and
PG14RML provided a unique opportunity to compare the mo-
lecular properties of two forms of PrP whose primary se-
quences were identical but whose infectivities and pathogenic
effects were markedly different. The dramatically dissimilar PK
susceptibilities of these two forms strongly suggested that their
molecular structures were probably distinct. To investigate the
possibility that PG14spon and PG14RML differed from each
other in secondary or tertiary structure, we first analyzed these
proteins by a conformation-dependent immunoassay that com-
pares the reactivities of certain antibodies with PrP molecules

FIG. 1. PG14spon and PG14RML differ in protease resistance and
display different patterns of glycosylation. (A) Brain lysates from a
spontaneously ill Tg(PG14-A3) mouse (289 days of age) (lanes 1 to 4)
and an RML-inoculated Tg(PG14-A3) mouse (ill 249 days postinocu-
lation) (lanes 5 to 8) were incubated with 0 to 100 �g of PK/ml for 30
min at 37°C. PrP was visualized by Western blotting using the antibody
3F4. The undigested samples (0 �g of PK/ml) represent 50 �g of
protein, and the other samples represent 200 �g of protein. Mass
markers are given in kDa. (B) Brain lysates were prepared from the
following animals: a spontaneously ill Tg(PG14-A2�/�) mouse (221
days of age) (lanes 1 to 3), a spontaneously ill Tg(PG14-A3) mouse
(279 days of age) (lanes 4 to 6), and an RML-inoculated Tg(PG14-A3)
mouse (ill 303 days postinoculation) (lanes 7 and 8). The lysates were
treated with PK at the indicated concentrations, and after deglycosy-
lation with N-glycosidase F, PrP was visualized by Western blotting
with the 3F4 antibody. The undigested samples (0 �g of PK/ml) rep-
resent 2 �g of protein, and the other samples represent 8 �g of protein.
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FIG. 2. Neuropathology in the cerebra and cerebella of RML-inoculated and uninoculated Tg(PG14) mice. (A) Cerebral cortex of a
Tg(PG14-C) mouse inoculated with RML prions (terminally ill 586 days postinjection). There is severe spongiform degeneration. Hematoxylin-
eosin stain. (B) Cerebral cortex of an uninoculated Tg(PG14-C) mouse (asymptomatic; 678 days of age). No spongiform degeneration is visible.
Hematoxylin-eosin stain. (C) Cerebral cortex of the mouse shown in panel A stained with 3F4 antibody. There are numerous fine, punctate deposits
of PrP in the neuropil and intense PrP accumulation beneath the leptomeninges. (D) Cerebral cortex of the mouse shown in panel B stained with
3F4 antibody. No PrP deposits are visible. (E) Hippocampus of the mouse shown in panel A stained with 3F4 antibody. The CA4 field shows
abundant fine, punctate deposits of PrP. (F) Hippocampus of a Tg(PG14-A3) mouse inoculated with RML prions (terminally ill 336 days
postinjection). There are abundant coarse deposits of PrP throughout the CA4 field. (G) Cerebellar cortex of the mouse shown in panel F stained
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in the native and denatured states. This assay has been used to
detect conformational variations among PrPSc molecules de-
rived from multiple scrapie strains (37).

We utilized a modified version of the assay described by
Safar et al. (37), in which PrP was immunoprecipitated with or
without prior denaturation in SDS and was then analyzed by
Western blotting. We employed two different antibodies: 3F4,
a monoclonal antibody whose epitope (residues 108 to 111) is
known to become inaccessible during the conversion of PrPC

to PrPSc (33), and P45-66, a polyclonal antibody that recog-
nizes residues 45 to 66 in the octapeptide repeat region (24)
and whose conformation-dependent reactivity had not been
previously tested. As shown in Fig. 3A, 3F4 reacted poorly with
PG14spon and PG14RML in the native state, although it effi-
ciently immunoprecipitated the two forms of the protein after
denaturation (lanes 7 to 10). Controls in this assay included
PrPSc from infected hamster brain, which also reacted much
better with 3F4 after denaturation (lanes 5 and 6), and hamster
and mouse PrPC, which reacted equally well in both the native
and denatured states (lanes 1 to 4). Similar results were ob-
tained using the antibody P45-66. PG14spon and PG14RML, in
contrast to PrPC, reacted poorly with P45-66 in the native state
(Fig. 3C). These data demonstrate that, like PrPSc, both
PG14spon and PG14RML possess conformationally masked
epitopes adjacent to the central hydrophobic region and within
the octapeptide repeats. Quantitation of the assay data (Fig.
3B and D) showed small differences in the ratio of native and
denatured immunoreactivities of PG14spon, PG14RML, and
hamster PrPSc, suggesting that these forms have similar but
possibly not identical conformations.

PG14RML forms larger aggregates than PG14spon. To ex-
plain the marked difference in PK resistance between
PG14spon and PG14RML, we hypothesized that these forms
might differ in their states of aggregation (quaternary struc-
ture). For example, PG14spon might form smaller oligomers
than PG14RML or assemble into polymers with a different
arrangement of subunits. To characterize the size distributions
of PG14spon and PG14RML oligomers, we fractionated brain
lysates from spontaneously ill and RML-inoculated Tg(PG14)
mice by velocity sedimentation on sucrose gradients. In an
initial series of experiments using several different centrifuga-
tion conditions, we noticed that, although there was overlap
between the size distributions of PrP from infected and unin-
fected mice, there was consistently a larger proportion of PrP
from the infected animals (�20% of the total) that sedimented
with S values of �20 (data not shown).

To analyze the size distributions of these larger aggregates,
we centrifuged infected brain lysates on a 25 to 50% sucrose
gradient at 175,000 � g for 1 h and then treated the gradient
fractions with 20 �g of PK/ml prior to Western blotting in
order to reveal the presence of highly PK-resistant PG14RML

forms. For comparison, we performed the same sedimentation
analysis on uninfected lysates but used 1 �g of PK/ml to digest
the gradient fractions in order to reveal the distribution of

weakly PK-resistant PG14spon molecules. We observed that
PG14RML was found throughout the lower two-thirds of the
gradient (fractions 4 to 9 and the pellet) (Fig. 4A and B). We
estimate that the majority of PG14RML aggregates have a sed-
imentation coefficient of �50S, with �30% of them (those in
the pellet) having a sedimentation coefficient of �120S. If
composed exclusively of PrP, the latter aggregates would con-
tain �200 molecules of the protein. In contrast, PG14spon was
present almost entirely in fractions 1 to 3, corresponding to S
values of 	20S (Fig. 4A and B). In experiments using longer
centrifugation runs to separate smaller molecules (not shown),
we determined that 15 to 20% of PG14spon PrP was monomeric
(3.2S), with the rest sedimenting at 16 to 20S (corresponding to
oligomers containing �20 to 30 molecules of PrP). Under
these conditions, �80% of the PrP in brain lysates from
Tg(WT) mice was found in the monomer fraction. These re-
sults demonstrate that PG14RML molecules form significantly
larger aggregates than PG14spon molecules.

PG14RML aggregates are more resistant to urea-induced
dissociation. To determine whether PG14spon and PG14RML

oligomers differed not only in size but also in how “tightly”
their subunits were associated, we assessed the susceptibilities
of the two forms to disaggregation by the protein denaturant
urea. Brain lysates from uninoculated and RML-infected
Tg(PG14) mice were incubated with increasing concentrations
of urea (1 to 4 M) for 1 h at 37°C. The samples were then
centrifuged at 186,000 � g (a condition that pellets aggregated
but not monomeric PrP), and the amounts of PG14 PrP in the
supernatant and in the pellet were analyzed by Western blot-
ting. We observed that, at all urea concentrations tested, PrP
from inoculated mice was less efficiently dissociated into solu-
ble form (Fig. 4C and D). At 3 M urea, only 5% of the PrP
from uninfected mice remained aggregated compared to 30%
of the protein from infected animals. Even at 4 M urea, 20% of
the PrP from infected samples was still aggregated. These
results indicate that a subpopulation of PrP in infected brain,
representing �20% of the total, is highly resistant to urea-
induced disaggregation.

To determine whether this tightly aggregated fraction of PrP
was also highly protease resistant, brain lysates were treated with
4 M urea and centrifuged at 186,000 � g, and the supernatant and
pellet fractions were subjected to digestion with 20 �g of PK/ml.
As shown in Fig. 4E, PrP recovered in the pellet after ultracen-
trifugation (lane 2) was fully resistant to PK digestion (lane 4),
whereas the solubilized protein in the supernatant (lane 1) was
degraded by the protease (lane 3). This result demonstrates that
the PG14RML aggregates found in infected brain are more urea
resistant, as well as more protease resistant, than the PG14spon

aggregates present in uninfected brain.

DISCUSSION

Tg(PG14) mice carry a transgene encoding the murine ho-
mologue of a nine-octapeptide insertional mutation that is

with 3F4 antibody. The molecular, Purkinje, and granule cell layers show abundant PrP deposition. (H) Cerebellar cortex of an uninoculated
Tg(PG14-A3�/�) mouse (terminally ill at 183 days of age) stained with 3F4 antibody. The molecular, Purkinje, and granule cell layers show less
intense PrP deposition than in the RML-inoculated mouse shown in panel G. Bars: panel D, 50 �m (same scale for panels A to C); panel F, 50
�m (same scale for panel E); and panel H, 25 �m (same scale for panel G).
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associated with a familial prion disease in humans. In this
study, we conducted a comparison of PG14spon and PG14RML,
two different forms of mutant PrP produced in the brains of
Tg(PG14) mice. These two forms have the same amino acid
sequence but display markedly different biological and molec-
ular properties (Fig. 5). PG14spon, which accumulates in spon-
taneously ill, uninoculated mice, is weakly protease resistant
and is not infectious in animal transmission experiments. In
contrast, PG14RML, which is produced after inoculation of
Tg(PG14) mice with RML prions, is strongly protease resistant
and can be serially propagated in both transgenic and non-
transgenic hosts. Both forms of mutant PrP are pathogenic, but
the neuropathological profiles they produce are distinct, con-
sistent with the differences in their physical properties. Taken
together, our results suggest a molecular explanation for the
dissociation between the infectious and neurotoxic properties
of PrP that has been observed in a growing number of situa-
tions, and they shed new light on the poorly understood issue
of how prion propagation might damage neurons.

PG14spon is not PrPSc. Our previous observation (10) that
PG14spon is 20- to 50-fold less PK resistant than most strains of
PrPSc raised the possibility that the protein might display dif-
ferent transmission properties. Consistent with this prediction,

we demonstrated here that brain homogenates from sponta-
neously ill Tg(PG14) mice display no detectable infectivity
when inoculated into several different transgenic and nontrans-
genic hosts. We cannot rule out the possibility that the inocula
contain low levels of infectious prions that are undetectable in
our bioassays. This might occur, for example, if prions are
rapidly degraded or cleared before they have a chance to
initiate infection. Even if some infectivity were present, how-
ever, its effective titer must be many orders of magnitude lower
than that found in brain homogenates of RML-injected
Tg(PG14) mice, which serially transmit disease to all hosts
examined. We therefore conclude that PG14spon does not rep-
resent a unique strain of prion that is unusually protease sen-
sitive but rather that it is a form of PrP fundamentally distinct
from PrPSc. We note that although some human prion diseases
due to insertional mutations have been shown to be transmis-
sible (15), there is no published evidence of the transmissibility
of cases with the nine-octapeptide insertion. The biochemical
properties of PrP from the latter cases has also not been
investigated.

Tg(P101L) mice express a mutant PrP whose human homo-
logue is associated with Gerstmann-Sträussler syndrome (20,
47). Animals with supraphysiological levels of the transgene

FIG. 3. PG14spon and PG14RML react poorly in the native state with antibodies 3F4 and P45-66. (A) Brain lysates were prepared from the
following animals: an uninoculated Tg(WT-E1) mouse (lanes 1 and 2), an uninoculated hamster (lanes 3 and 4), a hamster inoculated with the
263K strain of scrapie (lanes 5 and 6), a spontaneously ill Tg(PG14-A3) mouse (289 days of age) (lanes 7 and 8), and an RML-infected
Tg(PG14-A3) mouse (ill 315 days postinoculation) (lanes 9 and 10). PrP was immunoprecipitated from the lysates with antibody 3F4. Prior to
immunoprecipitation, some samples (lanes 2, 4, 6, 8, and 10) were incubated at 95°C for 10 min in the presence of 1% SDS (�). The
immunoprecipitated PrP was run on SDS-PAGE, immunoblotted using biotinylated 3F4, and visualized by enhanced chemiluminescence using
horseradish peroxidase-streptavidin. (B) PrP was quantitated by densitometric analysis of blots such as the one shown in panel A. Reactivity with
3F4 was expressed as the ratio of PrP immunoprecipitated in the absence of SDS (native) to PrP immunoprecipitated in the presence of SDS
(denatured). Each bar represents the mean plus standard error of the mean (SEM) of three to eight independent experiments. (C) Brain lysates
were prepared from the following animals: an uninoculated Tg(WT-E1) mouse (lanes 1 and 2), a spontaneously ill Tg(PG14-A3) mouse (369 days
old) (lanes 3 and 4), and an RML-injected Tg(PG14-A3) mouse (ill 300 days postinoculation) (lanes 5 and 6). PrP was immunoprecipitated from
native lysates (lanes 1, 3, and 5) or from SDS-denatured lysates (lanes 2, 4, and 6) using the polyclonal antibody P45-66 and was immunoblotted
as described for panel A. (D) PrP was quantitated from blots such as those shown in panel C and was plotted as described for panel B. Each bar
represents the mean � SEM of three independent experiments.
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product spontaneously develop a neurodegenerative illness
without protease-resistant PrP. Brain homogenates from ill
Tg(P101L) mice do not transmit disease to nontransgenic
mice, although they accelerate the late-onset neurodegenera-
tion displayed by low-expressing lines of Tg(P101L) mice (19,
21, 47). It thus seems likely that P101L PrP, like PG14spon, can
cause significant neuropathology without being fully infectious.

PG14spon and PG14RML are conformationally related but
differ in oligomeric state. What are the molecular differences
between PG14spon and PG14RML, and how do these explain
the profound disparity in infectivity and protease resistance
between the two forms? As a probe of secondary and tertiary
structures, we employed a variation of the conformation-de-
pendent immunoassay originally developed by Safar et al. (37),
which compares the accessibilities of an antibody epitope in
the folded and unfolded forms of PrP. We found that, despite
their dramatically different degrees of protease resistance,

PG14spon and PG14RML behaved similarly in this assay, with
epitopes in the octapeptide repeats and the central hydropho-
bic region being masked in the native state. The latter epitope
is inaccessible in conventional strains of PrPSc, and the degree
of inaccessibility has been used to classify strains (33, 37). We
also observed that these two forms produced a fragment of the
same size after digestion with PK, indicating that the protease
was cleaving them at approximately the same site. Variations in
the PK cleavage site have also been used to assay conforma-
tional differences between PrPSc strains (1, 32, 48). We con-
clude from these results that PG14spon and PG14RML PrP
molecules share conformational similarities with each other
and with PrPSc, at least within the central and N-terminal
regions. Of course, antibody and protease accessibilities are
only indirect measures of protein structure, and therefore our
data do not rule out the possibility that PG14spon and
PG14RML display subtle differences in conformation. Ulti-

FIG. 4. PG14RML aggregates are larger and more resistant to urea-induced dissociation than PG14spon aggregates. (A) Brain lysates from a
spontaneously ill Tg(PG14-A3) mouse (369 days of age) (top; Spon) and an RML-infected Tg(PG14-A3) mouse (ill 315 days after inoculation)
(bottom; RML) were fractionated by centrifugation on a 25 to 50% sucrose gradient for 1 h at 175,000 � g. Fractions of the gradient (lanes 1 to
9) and the pellet (lane P) were collected and incubated with 1 (Spon) or 20 (RML) �g of PK/ml for 30 min at 37°C. PrP was then analyzed by
Western blotting using the antibody 3F4. (B) The amounts of PrP 27-30 in each of the fractions of the gradient and in the pellet were quantitated
by densitometric analysis of Western blots such as the ones shown in panel A and plotted as percentages of total PrP 27-30. Each point represents
the mean � standard error of the mean (SEM) of three independent experiments performed using brains from three spontaneously ill Tg(PG14)
mice of the A2 and A3 lines (309 to 455 days of age) and three symptomatic Tg(PG14-A3) mice inoculated with RML prions (300 to 315 days
postinoculation). The sedimentation markers run in a parallel gradient were carbonic anhydrase (3.2S) and ferritin (16.6S). The positions predicted
for particles of 50 and 120S were calculated by extrapolation. (C) Detergent lysates of brains from a spontaneously ill Tg(PG14-A3�/�) mouse (146
days of age) (top; Spon) and an RML-inoculated Tg(PG14A3) mouse (ill 315 days postinoculation) (bottom; RML) were incubated with urea at
the indicated concentrations for 1 h at 37°C. Samples were then centrifuged at 168,000 � g, and PG14 PrP in the supernatants (S) and pellets
(P) was visualized by immunoblotting it with antibody 3F4. (D) The amount of PG14 PrP in the pellet fraction after ultracentrifugation was
quantitated by densitometric analysis of Western blots such as the one shown in panel C. Each point represents the mean � SEM of four to five
experiments performed with brains from four spontaneously ill Tg(PG14) mice of the A2 and A3 lines (146 to 540 days of age) and four
symptomatic Tg(PG14-A3) mice inoculated with RML prions (255 and 328 days postinoculation). (E) Brain extracts from an RML-inoculated
Tg(PG14-A3) mouse (ill 315 days postinoculation) were incubated with 4 M urea for 1 h at 37°C and then centrifuged at 168,000 � g. Supernatants
(S) and pellets (P) were incubated without (lanes 1 and 2) or with (lanes 3 and 4) PK (20 �g/ml) for 30 min at 37°C. PrP was then analyzed by
Western blotting using the antibody 3F4. The bracket indicates the position of PrP 27-30. The immunoreactivity in lane 3 represents a small amount
of residual uncleaved PrP.

VOL. 77, 2003 PATHOGENIC AND INFECTIOUS PROPERTIES OF PrP 7619



mately, it will be necessary to purify these proteins in order to
characterize their structures by biophysical techniques.

We also sought to discover differences in the oligomeric
state of PG14spon and PG14RML PrP molecules. Using sucrose
gradient centrifugation, we determined that the two forms
differ markedly in size. Whereas most PG14spon aggregates had
sedimentation coefficients of 	20S (with �20% being mono-
meric), almost all of the PG14RML aggregates had sedimenta-
tion coefficients of �50S. Approximately 30% of the PG14RML

aggregates sedimented with an estimated S value of �120,
approaching the size of a conventional virus. We also found
that PG14RML aggregates were less easily dissociated by urea.
After treatment with 3 to 4 M urea, a concentration that almost
completely solubilized PG14spon oligomers, PG14RML aggre-
gates remained insoluble and protease resistant. These results
indicate that PG14RML oligomers are larger and more tightly
packed than PG14spon oligomers. This difference in quaternary
structure could readily explain the marked difference between
PK resistances in the two forms, since the tightly packed PrP
molecules in PG14RML aggregates may be less exposed to the
protease (except in the region near residue 90, where both
forms are cleaved).

Why is PG14RML infectious while PG14spon is not? One
hypothesis is that large, tightly packed PrP oligomers are a
prerequisite for prion infectivity. In this view (Fig. 5), injection
of RML prions into Tg(PG14) mice would nucleate the assem-
bly of PG14 PrP molecules into a polymer that has a size and
arrangement of its subunits distinct from those exhibited by
PG14spon oligomers, whose formation is spontaneous (not nu-
cleated exogenously). The RML-seeded polymers could then
propagate themselves upon subsequent passage, while the
spontaneously generated aggregates would be incapable of
seeding further polymerization. A nucleated polymerization
mechanism has been demonstrated for yeast and fungal prions
(49) and has been proposed for mammalian prions based on
cell-free conversion experiments (5).

Neurotoxicity of PrP. In addition to highlighting the PrP
structures required for prion infectivity, our results shed light
on what kinds of PrP molecules are neurotoxic. A number of
situations have now been recognized in which neuropatholog-
ical changes develop in the apparent absence of PrPSc (for
examples, see references 16, 29, and 34). Conversely, there are
examples of PrPSc accumulation in the absence of neuropatho-
logical alterations or clinical symptoms (18, 36). These discrep-
ancies have led to the growing recognition that alternative
molecular forms of PrP, distinct from infectious PrPSc, may be
the proximate causes of neurodegeneration in prion diseases
(reviewed in reference 8). PG14spon is a candidate for such a
pathogenic but noninfectious form of PrP.

We suggest that PG14spon, and analogous forms of PrP car-
rying other disease-associated mutations, plays a prominent
role in familial prion diseases. This subgroup of prion disorders
is often characterized by a paucity of protease-resistant PrPSc

and by a lower efficiency of transmission to laboratory animals
(2, 34, 43–45). It is not difficult to rationalize the possibility that
familial prion diseases involve PrPSc-independent pathogenic
mechanisms, since mutations could spontaneously alter the
properties of the PrP molecule in a way that makes the protein
toxic but does not endow it with infectivity. Whether toxic but
noninfectious forms of PrP are also generated as intermediates
following exposure to exogenous prions and whether these,
instead of or in addition to PrPSc, are the primary pathogenic
species in these cases remain open questions.

What molecular features account for the neurotoxicity of
PG14spon? One possibility is the aggregated, conformationally
altered character of this protein. There is now considerable
evidence that other neurodegenerative disorders, including
Alzheimer’s, Parkinson’s, and Huntington’s diseases, are
caused by accumulation of �-rich protein aggregates that are
toxic to cells (46). Moreover, a number of studies suggest that
small oligomers (perhaps analogous to PG14spon), rather than
highly polymerized amyloid fibrils, are the primary toxic enti-

FIG. 5. Models of the structural differences between PrPC, PG14spon, and PG14RML. See the text for an explanation.
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ties in these disorders (3, 50). Whether common cytotoxic
responses are triggered by protein aggregates in all of these
diseases remains to be determined. PrP, unlike the proteins
involved in the other neurodegenerative diseases, is membrane
anchored, although recent evidence (25, 26) suggests that it
can be retrotranslocated into the cytoplasm, where it is toxic.
Our own data argue against such a retrotranslocation mecha-
nism and suggest instead that mutant PrP may exert its toxic
effects by virtue of its accumulation in the endoplasmic retic-
ulum (12). Regardless of which pathway is involved, however,
the data presented here suggest that infectivity may be an
incidental feature of some prion diseases and may not always
be directly related to the mechanism of PrP pathogenicity. The
identification of PG14spon as a neurotoxic species with distinct
molecular properties opens the way to exploiting this and re-
lated forms as therapeutic or diagnostic targets in prion dis-
eases.
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