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Abstract. All spongiform encephalopathies (SEs) are slow virus-transmissible infec-
tious disorders of the brain. Tubulofilamentous particles/scrapie-associated fibrils
(SAF) are ultrastructural markers, while protease-resistant protein (PrP) is a protein
marker. The PrP molecules aggregate to form SAF, which occurs as an internal part of
the tubulofilamentous particle termed nemavirus (NVP). Each NVP consists of three
layers: (i) an outer protein coat, (ii) an intermediate ssDNA layer, and (iii) inner PrP/
SAF. A chronological study of scrapie-infected hamster brain revealed that NVP and
SAF are seen 10 days postinoculation from the inoculated right side of the brain and
from 18 days postinoculation from both sides of the brain. The existence of at least 20
stable strains of SEs implies that a nucleic acid molecule serves as the information
molecule. This is incompatible with the hypothesis that PrP by itself or a specific point
mutation is the agent. It appears that an “accessory protein” coded by the ssDNA of
the nemavirus interacts with normal PrP¢ molecules, resulting in their conversion to
PrP°¢/SAF. The pathogenesis process in infected animals with increasing incubation
periods reveals that larger amounts of normal PrP molecules are modified to form
SAF. This interferes with the normal supply of PrP to cell membranes, which become
disrupted and eventually fragment, resulting in the vacuoles typical of those found in

the SEs.

[P.S.E.B.M. 1996, Vol 212]

ver the years, a remarkable series of discov-
eries have been made: (i) scrapie disease of
sheep was found to be transmissible to mice
(1); (it) kuru, an epidemic neurodegenerative disorder,
shared pathological similarities with scrapie (2); (iii)
kuru was experimentally transmitted to primates; (iv)
the neuropathological similarity of scrapie with Creutz-
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feldt-Jakob disease (CJD) and bovine spongiform en-
cephalopathy (BSE) was established; and (v) subse-
quently CJD and BSE were in turn successfully trans-
mitted to susceptible host species. Because of the
strikingly similar histopathological vacuolar degenera-
tive lesion of the central nervous system (CNS),
scrapie, CJD, kuru, Gerstmann-Straussler-Scheinker
syndrome (GSSS), and some other animal diseases
have been grouped together as spongiform encepha-
lopathies (SEs) (3). The considerable amount of exper-
imental work that has already been conducted on
scrapie, kuru, and CJD is being applied to BSE. Based
on different clinical characteristics and lesions distri-
bution in the brain, different strains of scrapie agent
have been identified. The different strains consistently
have either a long or a short incubation period. Since
the emergence of BSE, numerous experimental results
have revealed that the BSE agent is a novel major new



strain of pathogen (3). It is naturally transmitted with
food from one species to another, jumping species bar-
riers, and within a few years has infected domestic
cats and 16 exotic zoo animals (3).

Nature and Properties of the Scrapie Agent

In the laboratory, most studies have been directed
at understanding the virus-like pathogenesis of disease
and characterizing the nature of the infectious agent.
The agent appears to multiply by replicating very
slowly with a very long asymptomatic incubation pe-
riod of months or even years and a protracted clinical
course. Because of the long incubation period, the SEs
disorders were first described as slow virus infections
(4). According to the definition, the SEs agent repli-
cate slowly; however, the titer reaches up to 10'°-
10'%/g of brain tissue. This titer is 4-6 logs more than
any other commonly known viruses. The incubation
period in slow viruses does not vary within very wide
limits in the same animal species and appears to be
related to the dose, the route of infection, the strain of
scrapie agent, and the age of the host at the time of
inoculation. The replication is slow in the sense that
clinical symptoms develop after a long incubation pe-
riod. Otherwise, diseases follow a course that is just as
regular as the course in acute infections.

The precision of scrapie agent-host interactions
has been one of the important factors that has pro-
vided the opportunity to establish reliable details
about disease pathogenesis. After many years of re-
search, despite much work, the nature of the agent
responsible for these diseases still remains controver-
sial. There are two important known facts: (i) the agent
is transmissible, and (ii) it is resistant to a variety of
chemical and physical treatments. The scrapie agent
remained viable after scrapie-infected hamster brain
homogenate was mixed with soil and packed into per-
forated petri dishes which were then embedded within
soil-containing pots buried in a garden in the Washing-
ton, DC, area for 3 years (5). The biological properties
of the scrapie agent—in particular, its resistance to
nucleases, irradiation with ultraviolet light, and hydro-
lysis, the degree of its physiochemical stability, and
the fact that a remarkable amount of the infective dose
can often survive a heat of 132°C for a half an hour—
have been discussed before (6, 7). However, the ma-
jority of infectivity can be abolished by autoclaving,
and almost all by 1 N sodium hydroxide (over 55°C)
and hypochlorite treatment (8). Successive determina-
tion of the size of the scrapie agent have given pro-
gressively smaller estimates (9). The agent will pass
through a gradocol membrane of about 100 nm, but not
one of 20 nm, in pore size, demonstrating the virus-like
properties of the agent (6, 10). These atypical infec-
tious diseases contrast with other known conventional
viral diseases of humans and animals in that they do

not initiate a virus-associated antibody immune or in-
flammatory response (11). From its unusual proper-
ties, it appears that the SEs agent is very different
from all known viruses of animals and plants, and also
viroids (7). Many researchers have been much embar-
rassed by the agent’s stubborn refusal to reveal itself
in any morphologically visible form and therefore have
pursued unorthodox hypotheses. Several papers seri-
ously addressed the possibility that the replicating
agent was a piece of cell membrane, a complex gly-
colipid or protein (12, 13). To distinguish and separate
the slow virus group from the rest of the other infec-
tious microorganisms, the term ‘‘unconventional vi-
ruses’” is used (6). A number of hypotheses on the
nature of the SEs agent have been proposed and dis-
cussed before (7). In this paper, two major hypotheses
are discussed in detail.

Prion/scrapie—associated Fibril Hypothesis

Abnormal fibrils termed ‘‘scrapie-associated
fibrils’’ (SAF) were first identified by electron micros-
copy (EM) in extracts of scrapie-infected brains (14)
and thereafter have been consistently observed in
other SEs (15, 16), including in CJD and BSE (17, 18).
Originally, SAF were the only abnormal structures
seen by EM (19) and have been found only in scrapie
and related diseases caused by unconventional viruses
(14-16). SAF are not seen in non-neurological diseases
or in a variety of other human and animal diseases
exhibiting similar histopathological and ultrastructural
features. Further, the fact that the occurrence and
number of SAF have been shown to parallel the in-
crease in infectivity (15, 16, 20), with a high degree of
co-purification between SAF and infectivity in relation
to protein concentration (19, 21), has made them ex-
cellent candidates for the scrapie, kuru, or CJD agent,
or a form of infectious agent (6, 14-16, 19, 22) or a
component(s) of the agent (16). It has been demon-
strated that after mild detergent treatment, SAF show
differing sedimentation characteristics and titer
changes (23). The physiochemical properties and in-
fectivity have been determined only on crude, or par-
tially purified extracts of SAF fractions which may
have contained up to 10% impurities. The apparent
infectivity of fibrillary material may be due to coinci-
dental co-purification of the agent (24). Biochemical
analysis of highly purified SAF preparations were
shown to consist of a single, major polypeptide of 27-
30 kDa (PrP*°), a protease-resistant protein (PrP) (25),
which is derived from the full-length (33-35 kDa; PrP¢)
normal host precursor sialoglycoprotein (26). The bio-
chemical and immunological evidence so far has dem-
onstrated that the SAF and PrP cross-react antigeni-
cally (21, 25, 27) and are the same structures (7, 19, 21,
30, 31).

It has been suggested that the scrapie agent is
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composed exclusively of the host-coded PrP, without
a scrapie-specific nucleic acid (32), and to distinguish
it from both viruses and viroids, a term *‘prion’’ for the
scrapie agent was proposed (32). This implies that the
introduction of PrP* into a host both elicits the patho-
logical processes and gives rise to more PrP*® than the
amount used for inoculation. How could this transfor-
mation be triggered? Is it a direct or indirect action?
There is, however, no direct evidence whatsoever that
PrP* arises from PrP° by proteolytic cleavage. The
most important discovery in this work was that the
protein was not encoded by a foreign DNA; therefore,
one has to conclude that host-encoded, nonpathogenic
PrP¢ precursor is converted into the modified, infec-
tious form as a consequence of the introduction of
PrP*¢ into a new host. One might envisage PrP*° initi-
ating a cascade of events, which would lead to the
conversion of PrP to PrP* form. The protein found in
normal host tissue PrP¢ differs from PrP*" in its phys-
ical properties, and its susceptibility to proteinase K
(PK), probably due to post-translational modifications
(26, 33). Post-translational modification process and
formation of SAF does not appear to be a reversible
process. Models that involve the protein-only hypoth-
esis are in direct conflict with the existence of distinct
scrapie strains.

It has been demonstrated that PrP molecules ag-
gregate to form ‘‘prion rods’’/SAF and plaques (29,
34). A number of studies (35-39) have demonstrated
that PrP27-30 molecules do not aggregate to form
“‘prion rods’’ during purification steps as suggested
previously (29, 34), but exist as morphological struc-
ture seen as SAF. In certain parts of infected brains,
SAF accumulate to form plaques. If PrP* acts as the
infectious agent, by converting PrP¢ into PrP*, this
conversion process is not replication by itself. Prp**
molecules aggregate to form SAF, protease-resistant
protein, and if this linking is a continuous process,
how does the titer increase? An explanation is also
needed for how PrP*° molecules, once they have as-
sembled as SAF, break up to form monomers in a new
host. These findings suggest that post-translation con-
version of PrP° to PrP*¢, protease-resistant protein, is
more likely to be a secondary process involving a fu-
sion protein (39).

Immunohistochemical studies have demonstrated
that plaques can be classified into two types according
to the kind: (i) B-protein—positive amyloid plaques
seen both in Alzheimer’s disease and CJD, and (i)
PrP-positive plaques present in CJD, kuru, and other
transmissible encephalopathies (40-42). It is known
that amyloid B-protein is derived from amyloid precur-
sor protein (APP), coded by a normal gene mapped to
Chromosome 21 (43), and on the homologous murine
Chromosome 16 (44). The function of the amyloid
B-protein remains unknown.
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PrP33-35 kDa precursor protein is coded by a nor-
mal gene assigned to mouse Chromosome 2 and in
humans on the short arm of Chromosome 20 (45-48).
The PrP gene coding for the complete translated pre-
cursor protein of 254 amino acids protein has been
sequenced from a number of mammalian species (Fig.
1) (33, 49, 50). Identification of the PrP gene in numer-
ous vertebrates, with the additional findings of multi-
ple transcription initiation sites, and promoter regions
rich in guanine and cytosine, just upstream from the
short 5’ exon, are reminiscent of many ubiquitous
“*housekeeping genes.’” In all animal species, normal
PrP contains a hydrophobic sequence at the N termi-
nus (51, 52) and is predominantly found on the surface
of neurons attached by a glycoinositol phospholipid
anchor (52). There is only a single PrP gene, expressed
to an equal extent in normal and scrapie-infected ani-
mals, giving rise to the same the primary translation
product in normal and scrapie-infected brain (26, 45).
What is the role of the normal host protein? Is it a
major component of the infectious agent?

Role of Mutations in the PrP Gene

Surprisingly, the protein isolated from normal in-
dividuals does not differ in any biochemical or immu-
nological feature from the protein isolated from af-
fected individuals (33). Once it was realized that the
PrP was host derived, molecular genetics entered on
the scene and a search began for mutations in the cor-
responding human gene, among affected families.
Some of the familial GSSS cases have mutations in the
gene that codes for the precursor protein of 254 amino
acids. It has been suggested that these point mutations
observed in the PrP gene may cause the disease. The
first was found in codon 129, and the subsequent in
codons 102, 117, 178, and 200. There are reports of
other mutations in codons 51 and 118 (53, 54). In fact,
no affected family is known to exist that does not carry
one or another mutation, and new mutations are being
discovered every year (55). According to Brown (56),
in spite of the great temptations of molecular genetics
the heyday of mutation hunters has probably come and
gone. It is unlikely that the next dozen mutations are,
at the least, predisposing. Sporadic CJD cases, which
form the majority, do not have these mutations.

Currently, these mutations have been classified
into four groups according to the disease phenotype.
Those in Group I express heterogenous clinical and
pathological type (5, 58, 59). In phenotype that are
consistent with GSSS, the mutations occur at codons
102, 117, and 198 (59, 60). The most common occur at
codons 102, 178, and 200. The mutation at codon 102
segregates with the ataxic form and the encephalic
form is linked to mutation at codon 117; while neuro-
fibrillary tangles have been linked with the mutation at
codon 198 (60). Similar clinical illnesses have been de-
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Figure 1. Amino acid sequence of PrP precursor protein with schematic representation from hamster. The segments of amino acid
are moved without breaking the order to show similarities (no.) or underlining in Domain A-H. Numbers shown underneath are amino

acids in each domain.

scribed among individuals with different mutations,
and different clinical illnesses among individuals with
the same mutation, even within the same family (61).
The fatal familial insomnia cases have been linked to
mutation at codon 178 (62).

Does infection create a de novo mutation in the
PrP gene? Apart from variable point mutations seen in
different families cases of GSSS, these mutations have
been seen in a number of first degree relatives of af-
fected patients who are healthy into their 60s and even
mid 70s (5). Since tissues from the familial patients
inoculated into laboratory animals transmitted the dis-
ease, an explanation is needed as to how a genetic
disease can be infectious. This finding does not sup-
port the idea of GSSS’s being a simple genetic disease.
Since PrP is involved in the pathogenesis process (39),
these mutations in the PrP gene in some familial pa-
tients may be important for two reasons: (i) the muta-
tion reflects an increased susceptibility, or (ii) the mu-
tation has occurred in patients subsequent to infection.

Certainly the primary structure of the full-length
PrP33-35 form the scrapie precursor protein displays
no amino acid change compared with the naturally oc-
curring form (33, 63). So far, no structural difference
has been found between the normal noninfectious and
the scrapie-infectious form of PrP. The agents of these
so-called unconventional slow virus diseases neither
spontaneously create a mutation in the PrP gene, nor

do they copy any mutation in the PrP after being in-
fected from familial case or any other source.
Another corollary of this paradigm, proven in a
number of transmission studies, is that the replication
of the infectious agent occurs after inoculation of a
new host species, which has a different genetic
makeup of the PrP (amino acid sequence) than does
the original host. Monkeys or chimpanzees inoculated
with human-infected tissues have no mutation in the
PrP gene similar to those in human brain material in-
fected with CJD, kuru, or BSE. CID from patients
with the 102, 117, 178, and 200 codon mutations has
been transmitted to monkeys and chimpanzees. These
inoculated monkeys and chimpanzees develop a
scrapie-like disorder, and their PrP33-35 protein is
modified into PrP27-30, containing PrP not of humans
or cow (donor) but of monkey or chimpanzee (host)
(Fig. 2). None of the point mutations are copied in the
PrP gene or its product in the new host. The clinical
infectious disease develops, and the scrapie agent rep-
licates maintaining its specific strain characteristic.
The inoculated host animals do not carry any of these
point mutations, nor does the PrP made in these ex-
perimentally infected hosts contain these point muta-
tions as recognized in CJD patients (64). Furthermore,
when BSE tissue containing the agent and bovine
PrP27-30 is inoculated into sheep, the affected host
sheep modifies PrP33-35°" into PrP27-30°". Similar re-
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Figure 2. Human brain extract from four different amino acid
point mutations in the PrP gene were used to inoculate monkeys
and chimpanzees. Irrespective of the point mutation, infection
results in de novo generation of monkey/chimpanzee PrP27-30
from the normal host precursor PrP33-35 protein.

sults are obtained by inoculating BSE tissue contain-
ing PrP27-30B° into mice, pigs, and goats, where host
PrP33-35 modifies into respective host PrP27-30 (Fig.
3). The strain of the agent *‘breeds true.’’ retaining its
original properties during the passage from one animal
species to another (3). In both human and animal
transmission studies, the fact that, on passage, PrpP*
converts to a new host species, PrP27-30 amino acid
sequences, clearly demonstrates that these strain dif-
ferences cannot be contained within the host-coded
PrP molecules, since PrP27-30 does not *‘breed true’’
(Fig. 3).

Originally it was suggested that transgenic mice
expressing a PrP gene with a specific 102 Pro to Leu

point mutation, seen in GSSS, developed a degenera-
tive brain disease, but later it appeared that the pathol-
ogy is different (65). This degenerative brain disease in
the transgenic mice expressing a PrP gene was also
different in that there was no demonstratable protease-
resistant protein and it did not seem to be infective
(66).

Three transgenic mouse lines were produced by
inserting hamster PrP gene into the mouse genome
(67). The founder mice F1 were then mated to yield
first-generation transgenic mice, and the first-gener-
ation mice were in turn mated, which provided a sec-
ond generation. Neither transgenic in the presence of
foreign PrP gene nor nontransgenic mice developed
SEs or any other clinical neurological disorder. How-
ever, when these animals were inoculated with a
known dose of the scrapie agent they developed SE,
the incubation period in one experiment being 75 days
and in the other 179 days. Nontransgenic mice showed
resistance to hamster scrapie agent, with an incubation
period extending over 400 days (67). An incubation of
75 days is similar to that seen in hamster inoculated
with hamster scrapie. In the same study, the incuba-
tion time was observed following inoculation with a
known dose of the mouse scrapie agent. All transgenic
mice developed SE with an incubation period of 156
174 days, while with nontransgenic mice the incuba-
tion period was much shorter, at 134-151 days. The
long incubation period of the second and third exper-
iment have not been explained.

A comparative scrapie infection susceptibility
study in chimeras with Human Down’s syndrome, and
control group mice, revealed that the symptoms of
scrapie in the chimeras appeared at 137.8 = 4.3 days,
17 days earlier than in the control group, while the
time between inoculation and death was reduced by 30
days (68). Contrary to the situation in transgenic mice,
in chimeras with Human Down’s syndrome mice nei-
ther PrP nor the genes known to control the scrapie
incubation period can be implicated. The likely possi-

TRULY INFECTIVE AGENT BREEDS TRUE

BO prP27-30 + Cow PrP33-35 — BO PrP27-30

Sheep —p SHPrP27-30
Goat — Goprp27-30
Boprp27-30 rig — Pigpri27-30
Mink — Miprp27.30

Mouse — g MoPrpP27-30

Mouse —p Mupr127.30

Figure 3. BSE brain extract used to in-
oculate sheep, goat, pig, mink, and
mouse, and then passaged into mice.
Respective of the source of infection,
normal host precursor protein PrP33—
35 modifies into respective host
PrP27-30.

Figure shows On Interspecies Transmission PrP27-30 does not breed true
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bility is that, in the chimeras with Human Down’s syn-
drome, mouse neurons are developmentally immature
relative to those in the control group and PrP, an es-
sential housekeeping component, is diverted away
from the neuron cell membranes, which would shorten
the incubation period. These studies of species-
specific scrapie infectivity do not rule out the possi-
bility of the presence of an unknown putative agent
present in the PrP preparations. The comparison of
these incubation periods between transgenic and non-
transgenic mice demonstrates that, irrespective of PrP
gene makeup, there is still a need for an infectious
agent (67).

PrP Null Mice

Mice homozygous for disrupted Prn-p gene (Prn-
p°° mice), although no PrP is detectable in the brains
of these animals, develop without detectable physical
or behavioral defects and reproduce normally (69). It
thus became possible to study the response of Prn-p®’°
mice to inoculation with the scrapie agent. In a com-
parative study using mice carrying a single Prn-p allele
(Prn-p®* mice) and Prn-p®° mice reconstituted with
Syrian hamster PrP genes, only one Prn-p®° mouse
developed the disease after inoculation with heat-
inactivated (80°C for 20 min) Chandler-derived mouse
scrapie agent, while the rest remained alive and free of
symptoms for up to 13 months. Surprisingly, however,
the unheated samples inoculated in Prn-p®° mice
caused the typical scrapie symptoms and death in all
six animals 204 * 14 days postinoculation (70). Since
all six Prn-p®° mice from the unheated inoculum de-
veloped the disease, it would appear that somehow the
scrapie agent had gained entry into the brain cells. It is
known that a considerable drop of titer occurs follow-
ing incubation at 80°-100°C for 30 min (71). The mice
inoculated with heat-inactivated inoculum remained
free of symptoms at 13 months postinoculation, the
reason for which may be that there was a considerable
drop of the infective titer because of heat treatment.
However, it may have been due to presence of a co-
factor in the unheated inoculum, which contain crude
protein particles that helped the absorption of the
scrapie agent into cells. Heterogygous Prn-p®* mice
showed enhanced resistance to scrapie, and, after in-
troduction of Syrian hamster PrP transgenes, Prn-p®°
mice became highly susceptible (incubation time: 56
days) to the hamster-derived scrapie agent but showed
a long incubation period (>271 days) for mouse
scrapie agent (70).

It has been shown that in transgenic mice the
‘‘species barrier’” for transmission of the SEs agent
can be abrogated by expression of the host gene. How-
ever, overall results of the transmission studies are
variable and disappointing. Transgenic mice express-
ing chimeric PrP genes derived from Syrian hamster

(SHa) and mouse (Mo) PrP gene were constructed
(72), one with two substitutions designated MHM?2 PrP
(at position 108 Leu to Met and position 111 Val to
Met), and the second containing five amino acid sub-
stitution designated MH2M PrP (additional three sub-
stitutions were lle to Met at position 138, a Tyr to Asn
at position 154, and Ser to Asn at position 169) (72).
When transgenic mice expressing these chimeric PrP
molecules were challenged with Syrian or mouse-
derived strain of the scrapie agent, it was found that
MH2M PrP mice were susceptible to both hamster and
mouse scrapie agent. Transgenic MHM2 PrP mice that
produced 2- to 4-fold more PrP¢ per microgram of total
brain protein than normal hamsters were resistant to
the hamster strain of scrapie, while those that pro-
duced normal amount of PrP® were susceptible (67).
Some lines developed the disease with a 306- to 448-
day incubation period, compared with 134 days in
MH2M PrP line. Making a simple interpretation of
these results becomes more complicated.

Furthermore, transgenic mice expressing chimeric
human PrP have been shown to express 4- to 8-fold
higher levels of normal human PrP¢, yet upon inocu-
lation with human strain of the agent, they failed to
develop the disease more frequently than transgenic
mice expressing low levels of normal human PrP¢ (73).
These experiments—combining transgenic and Prn-
p°° mice, ‘‘knock-out’’ animals with a range of further
crossed and back-crossed mouse strains and gene
copy numbers—have become almost as difficult to in-
terpret as those of classical scrapie agent strains,
which has made the story even more complicated.
These experiments, without evidence, imply that PrP
is the agent, while it is evident that the infectious agent
is something other than PrP*°.

However, these experiments do strongly suggest
that the PrP molecules on the cell surface may act as
receptor sites for the agent and absence of such sites
would prevent entry of the scrapie agent into the cell,
thus making the animals resistant to infection (74).
This hypothesis can only be resolved by further exper-
imentation, particularly using the BSE agent, where
the incubation period is an interaction of host and
strain of the scrapie agent and not just influenced by
the genetic makeup of the host PrP gene (3). Since
transgenic mice produced in the above experiment
contain PrP gene from hamster, as well as their own,
they are susceptible to both mouse- and hamster-
derived scrapie agent. These facts demonstrate that
the disease is not a genetic disorder, but the evidence
presented so far favors the view that SEs are infec-
tious diseases involving a nonconventional scrapie nu-
cleic acid genome. These findings suggest that a nor-
mal PrP by itself is not the agent.

There remains the requirement of an explanation
for the presence of multiple stable strains of the
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scrapie agent. The mechanism of propagation of the
agent must be established for a protein-only informa-
tion molecule. Several explanations of scrapie strains
in the context of the PrP theory have been put for-
ward, but, as further knowledge about the biochemis-
try and molecular biology of the PrP has become avail-
able, most theories have been abandoned. The current
theory is that PrP can assume various tertiary struc-
tures and that these different structures can imprint
upon the normal cellular infecting PrP molecule. Two
approaches have been used to address the possible
relationship between PrP tertiary structure and the
dual requirement of the scrapie agent: replication and
maintenance of the strain identity. The first approach
involved serial passage of material derived from dif-
ferent brain areas, and the second was to determine
the putative role of the tertiary structure of PrP to the
treatment with PK that will denature the protein fol-
lowed by analysis of the scrapie strain characteristic
(75). Their preliminary results revealed that proce-
dures which render the PrP preparations derived from
scrapie-infected mouse and hamster brain PK sensi-
tive do not affect the level of their scrapie strain-
specified characteristics (75). A number of scrapie
strains can be differentiated in the same strain of ani-
mals. To sustain true strain characteristics, there must
be a nucleic acid which serves as informational mole-
cules. The remarkable diversity and stability of scrapie
strains demonstrated in a large number of studies
make explaining genetically stable strains with the
“prion’’ theory, with or without tertiary structure,
very problematic.

Essential Backbone of Prusiner’s Hypothesis

Prusiner (31) considered that the individual prion
is the agent and is too small to contain a nucleic acid.
The prion hypothesis has been based on two points: (i)
no demonstratable nucleic acid in PrP preparation and
(ii) resistance of the scrapie agent to harsh procedures
(76). There are two major lines of indirect evidence in
favor of the protein-only hypothesis. First, PrP and
scrapie infectivity co-purifies by several procedures
(19, 25, 32, 34), and no specific nucleic acid has been
detected in highly purified PrP preparations (77-79).
Second, genetic evidence points to an intimate linkage
between the PrP disease and Prn-p, the gene that is
considered to control incubation period (80, 81). There
are two assumptions: either the PrP must bind to a
specific host DNA sequence and act as a depressor, or
the prion must violate part of the central dogma of
molecular biology, that genetic information is trans-
ferred indirectly from nucleic acid to proteins (31, 32,
82). Many of the arguments used have been based on
assumption that a nucleic acid of SEs is unprotected
and free of a protein coat, as observed in viroids.

There are striking differences among the mamma-
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lian PrP gene sequences, and a great deal of allelic
complexity in both PrP coding regions and in its flank-
ing regions in the sheep (83-85). Reproducible differ-
ences in the incubation periods from different strains
in different hosts’ species with different genetic
makeup indicate a genetic basis for the differences (75,
86-88) and that in mice one Sinc gene, and in sheep Sip
gene, exerts a major influence on the incubation period
of experimental scrapie (89). It has been suggested that
the PrP gene is either closely linked or identical to
genetic locus Sinc and Sip gene, which controls the
incubation period (83). Later the Sinc gene and Sip
gene have been described as Prn-i (80). Based on their
response to the scrapie challenge, sheep Sip genotype
are divided into ‘‘positive’’ (susceptible) and ‘‘nega-
tive’’ (resistant) lines (83). Comparative experimental
transmission studies using brain extracts, collected
from natural scrapie sheep and BSE, to mice and
sheep of different Sinc and Sic genotypes revealed un-
expectedly different patterns in incubation periods be-
tween transmission of BSE and sheep scrapie to mice
and sheep (3). Both the ‘‘positive’” (susceptible) and
the ‘‘negative’’ (resistant) lines of sheep developed the
clinical disease through both ic and oral transmission
of the agent of BSE (3). These comparative studies
clearly demonstrate that Prn-i-synonymous Sinc/Sip
gene plays no role in the outcome of susceptibility, and
does not affect the incubation period with the BSE
agent. The incubation period in BSE is preferentially
being influenced by the strain of BSE agent, which has
a major influence on the outcome. A similar feature
has been observed with the SEs agent isolated from
domestic cats, tiger, and some exotic species of rumi-
nants in zoos. However, different strains of the scrapie
agent in different host species have different incuba-
tion periods, which exemplifies the influence of host
and agent interaction.

Evidence for and Against a Nucleic Acid

Treatment with proteases reduces infectivity (82),
which clearly demonstrated that, apart from any other
classes of macromolecules, protein is an essential part
of the scrapie agent (7). This property is not unique to
the scrapie agent, because all conventional viruses
normally depend on a protein coat for their integrity
and infectivity. However, such negative results are al-
ways vulnerable to criticism. Evidence for the prion
concept has come largely from the fact that the scrapie
agent has been found to resist inactivation by harsh
procedures that specifically hydrolyze or modify nu-
cleic acids, a feature that argues that SEs are devoid of
polynucleotides. It was demonstrated that after nu-
clease digestion up to 4-kb polyadenylated DNA se-
quences have been detected in CJD infectious frac-
tions (90). Consideration also must be given to the fact
that the nucleic acid of the scrapie genome, apart from



being small, might be very well protected like the lac
gene, where binding of the protein to DNA is related to
the dyad symmetry. Ultraviolet and ionizing radiation
inactivation studies have not concluded the absence of
a nucleic acid but, rather, have suggested that it must
be small (91). It is unwise to use evidence of the failure
of ultraviolet light inactivation of the scrapie agent as
proof of the absence of nucleic acid, since a similar
resistance spectrum to ultraviolet action can be dem-
onstrated in a number of other microorganisms (92).

It has been well established that nucleic acids are
resistant and remain biologically active after harsh
chemical treatments, as observed in the routine prep-
aration of plasmid DNA. Boiled and treated with
NaOH, SDS, phenol, and chloroform, DNA is still
found it to be biologically active (93). In the polymer-
ase chain reaction, DNA is heated to over 90°C several
times. Furthermore, DNA has been amplified after tis-
sue has been fixed with formalin and blocked for over
40 years (94), while proteins cannot withstand such
drastic treatment.

Differential Cleavage Susceptibility of dsDNA,
ssDNA, and RNA to Zn*" ion

Unwinding and rewinding of double-helical DNA
by heating and cooling has been observed in the pres-
ence of copper (II) ions and zinc ions (95). Differential
susceptibility of DNA and RNA to cleavage by metal
ions has shown that polyribonucleotides are readily
degraded by heating in the presence of various metal
ions, while negligible damage occurs to DNA with or
without zinc (95, 96). The presence of a heterogeneous
population nucleic acid molecules <80 to 240 nt has
been demonstrated in preparations of PrP that under-
went extensive hydrolysis treatment with Zn*>* ions
and nuclease (97). Thus, it appear that the PrP prepa-
rations extensively treated with Zn?>* ions used as in-
oculum contain enough nucleic acid to account for the
infectivity (97).

Photochemical inactivation of viruses by psoralen
derivatives depends on a number of factors, properties
of viral nucleic acid, genome size, and interaction from
psoralen cross-links, which in turn depends on exis-
tence of single-or double-strandedness and secondary
structure ‘‘fold backs’’ in a nucleic acid (98). It is very
obvious from the electron micrograph of DNA frag-
ments that inactivation of double-stranded DNA is far
more rapid than that of single-stranded DNA or RNA
virus, by psoralen derivatives (98). In this study (98),
many of the small closed circular molecules of single-
stranded DNA from fd bacteriophage, included for the
purposes of length calibration, appeared to have re-
mained intact even after 30-min psoralen derivatives
treatment (98). Most animal and plant viruses, as well
as bacteriophage, are inactivated by hydroxylamine
(99, 100), except for the paramyxoviruses (RNA),

which are resistant to this action. Thus, the properties
of an RNA and ssDNA virus would appear to be very
different from that of dsDNA. Some additional evi-
dence that no nucleic acid is present is the relative
resistance to photochemical inactivation after treat-
ment with the psoralen and resistance to treatment
with 0.5 M hydroxylamine (101).

Evidence that the Scrapie Agent Contains
Nucleic Acid

Host range of the scrapie agent. /noculation of
non-natural hosts. In the 1960s, a new chapter in the
history of scrapie was started when Chandler reported
the successful experimental transmission of the
scrapie agent to mice inoculated with the brain sus-
pension from naturally infected sheep (1). These ex-
periments beyond doubt demonstrated the infectious
nature of the disease. Subsequently, the disease was
established in rats, in hamsters, and in over 20 other
animal species, suggesting a very wide range of host
susceptibility (6). Primary transmission from any spe-
cies infected with SEs to a different new host species
might affect only a minority of the inoculated animals
and only after a prolonged incubation period. This spe-
cies barrier may disappear on one further passage in
the new host, and the incubation period is usually
shortened. Furthermore, transmission experiments in-
volving both parenteral and intracerebral infections
show the diversity of animal species that can be in-
fected with scrapie agent, either directly or indirectly.
One can conclude that almost every mammalian spe-
cies can be affected by the scrapie agent to produce
SEs, and clinically the disease appears in a wide range
of host species, while the host genetic makeup may
influence the length of the incubation period. The time
scale of the disease in different species is characteris-
tic: the incubation period usually bears a relationship
to the average life expectancy of the species.

Strain Variations

There are a number of genetic markers of scrapie
strain differences, and these are manifested in differ-
ent organs and in different host functions, including
behavioral, metabolic, and immunological (75).
Scrapie strain differences have been described in sev-
eral species (mice, hamsters, and mink), in natural
scrapie in sheep and goats (75, 102-104), and in tissue
culture systems (75). A phenomenon analogous to ‘‘in-
terference’’ has been demonstrated by the inoculation
of mice with a long-incubation (600 days+) strain of
the scrapie agent followed a few weeks later by a short
incubation (150 days) strain. Inoculation first with the
“long’’ strain inhibits replication of the ‘‘shorter”’
strain, and vice versa. In experimental serial propaga-
tion, the scrapie strains breed true with a precise copy-
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ing process to ensure stability of strains of the agent
within a fixed host (103-106).

Unified Theory of Prion Propagation

Recently the transmissible and mutable nature of
the agent led to hypothesis that the agent replicates,
with the help of a conjectured normal host nucleic acid
serving as co-prion (107). The hypothesis that the
agent only contains a protein (32) or that the agent
replicates with the help of a conjectured normal host
nucleic acid (107), serving as co-prion, not only cannot
explain the phenomenon analogous to *‘interference.”’
It also fails to show how normal host nucleic acid in
the same strain of mice produces different incubation
times and distribution with different genetically stable
strains of scrapie (103, 104). All transmission experi-
ments with the SE agent suggest that PrP sequence is
not copied in a new host species, but the host’s own
PrP is used to form SAF, the protease-resistant protein
(Fig. 3). So far, there is no direct evidence to support
that PrP is an infectious protein, and its role in patho-
genesis remains unclear.

Evidence that PrP is not Essential for Infectivity

A number of studies have suggested that SAF/PrP
is the infective agent or that infectivity is associated
with it (15). However, a number of other studies have
suggested that infectivity can be separated from both
SAF and protein itself, and that PrP is not an essential
component of the infectious agent (108). Infectivity
has been demonstrated in the absence of prion rods
(109). SAF/PrP can be demonstrated in brains of in-
fected mice and hamsters but not in their spleen,
which has a similar titer of infectivity (110). It has been
demonstrated that treatment of hamsters inoculated
with the 263K strain of the scrapie agent with ampho-
tericin B can retard both clinical symptoms and the
appearance of PrP in the brain without affecting the
replication of the agent (111). No effect was observed
in mice or hamsters infected with two other scrapie
strains. Furthermore, in some patients with ‘‘prion’’
disease PrP*¢ is barely detectable or undetectable (61,
62, 112). The evidence supporting the concept that the
scrapie agent is composed solely of protein is far from
conclusive (35-39, 105), and Prusiner (31, 32) himself
considers that the scrapie agent might contain some
nucleic acid as well as protein.

Since its discovery (14, 27, 28) SAF/PrP’s critical
role in pathogenesis of the disease has remained to be
resolved. However, once the protein was identified,
our imagination, based on assumptions, has run as far
as our experimental techniques will carry us. It is time
to put behind us the question of the participation of a
nucleic acid and stop pretending that it has simply not
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been identified. Working from basic principle of sci-
ence, we can always start again in another direction.
Looking back some years from the molecular view-
point and approaching the problem through patholog-
ical observations may lead to the postulate that SAF/
PrP is not the agent, but involved in the pathogenesis.

Tubulofilamentous Particles

Tubulofilamentous virus-like particles (Fig. 4, A
and B) were originally described in scrapie mice and
have been observed in hamsters infected with scrapie
(113) in natural scrapie sheep, human CJD, and BSE
(113-116). With the recent independent confirmation
of these particles in scrapie-infected hamsters (117)
and natural scrapie sheep, human CJD, and BSE (118-
120), it now appears that the tubulofilamentous parti-
cles are specific to all the SEs (117-121). These struc-
tures have been demonstrated by negative staining in
scrapie-infected hamsters at 20-31 days, which pre-
cedes the appearance of other neurological changes
(35), and in mice, about half way through the incuba-
tion period, before vacuolation is apparent in the thal-
amus (122). The number and the density of the tubu-
lofilamentous particles increase during subsequent
weeks until the particles are readily seen, which cor-
relates with infective titers (118, 122). It has also been
established that the appearance of tubulofilamentous
particles in experimental CJD and scrapie precedes the
onset of clinical disease (118). The presence of these
tubulofilamentous particles in natural CJD, scrapie
sheep, and BSE is unlikely to be due to the blind pas-
sage of a carrier virus, as may be the case in experi-
mental animals. Consequently these particles can no
longer be dismissed as incidental to the disease pro-
cess. These particles are readily distinguishable from
normal cellular structures.

Using an “‘impression’’ negative staining tech-
nique, it has been demonstrated that the tubulofila-
mentous particles are more complex than previously
expected (Fig. 4, A and B) and that SAF form the core
of these particles (18, 35-37). By treating impression
grids with a combination of proteases and nuclease, it
was possible to demonstrate that the tubulofilamen-
tous particles consist of an outer protein coat and a
middle layer of ssDNA, while an innermost resistant
SAF/PrP layer stayed intact (Fig. 4, C and D) (36-38).
In some publications, tubulofilamentous particles have
been referred to as tubulovesicular structures (118,
120, 122). To differentiate tubulofilamentous particles
from SAF/PrP the term nemavirus (NVP; nema = fil-
amentous) was introduced to describe tubulofilamen-
tous particles (18, 39). The definitive diagnosis of SEs
can be made by the ‘‘touch’ impression technique,
where both SAFs and NVP can be demonstrated from
unfixed brain tissues within an hour. This method has



been successfully applied using biopsy and autopsy
brain tissue for the diagnosis of human CJD (3, 10, 17,
18).

Furthermore, treatment of grids with different
concentrations of SDS (without proteinase K) have
confirmed that the NVP contain a twisted filament
core, SAF. Only after disruption of the outer coat of
the NVP was it possible to stain SAF by both anti-SAF
and anti-PrP, which forms the integral part of the NVP
(37, 38). No SAF or SAF-like structures were seen in
normal animals by this or any other method. These
studies demonstrated that SAF/PrP is not an artifact of
protease treatment of proteins at the purification step
(18, 35-37). As NVP and SAF were observed from 10
days postinoculation from the right inoculated side of
the brain, and from 18 days postinoculation from both
right and left sides, this would suggest that replication
of the agent starts at the local site of inoculation (10).
This view is supported by the fact that the length of the
NVP and SAF appeared to increase with incubation
period, as was evident from the twists observed in the
SAF. The appearance of NVP in the infected brains

e

Figure 4. (a) Electron micrograph of plastic-embedded thin sec-
tion from cerebral cortical gray matter of the brain of a mouse
terminally ill with scrapie. Bar, 100 nm. (b) Negatively stained
cerebral cortex from a clinically ill brain of a scrapie hamster
prepared with grids soaked in a dilution of 10° solution of SDS.
Cerebral cortex from a clinically ill brain of (c) a scrapie mouse
prepared with grid soaked in 10° dilution of SDS and (d) a
scrapie hamster soaked in 1% solution of SDS and (e) stained
with an immunogold labeling technique. Note typical SAF. Grid
bar, 100 nm.

from 10 days postinoculation and their replication are
consistent with the gradual increase of infective titer in
the brain tissue. The formation of NVP and SAF as
early as 10 days postinoculation is not consistent with
the proposal that aggregation of PrP involves a nucle-
ation event analogous to the seeding of a crystal (123).

Relationship of Tubulofilamentous Particles
to SAF/PrP

It is a strange coincidence that SAF/PrP, once
considered to be the agent or part of the agent, forms
the core of the abnormal NVP, as seen in preparations
from scrapie-infected hamster, mice, and human CJD
brains (18, 35, 37). In contrast to the morphology of
common viruses, which have a two-layer structure—a
nucleic acid protected by an outer protein coat, the
tubulofilamentous particle has a novel three-layer
structure with the ssDNA lying sandwiched between
two layers of protein, the inner being the protease-
resistant protein (Fig. 4B). The nature of the outer
protein coat still remains to be determined but appears
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to be very hydrophilic (35, 36). It is possible that the
outer protein coat with ssDNA is the infectious agent
which co-purifies with the SAF/PrP fractions in vari-
ous amounts as fluffy fragments.

Purification of Nucleic Acid

Nucleic acid purified from enriched preparations
of both nemavirus and mitochondria with an infective
titer of 108->/brain, and further subjected to alkaline gel
electrophoresis, showed a striking difference in the mi-
tochondria DNA (mtDNA) from scrapie-infected and
uninfected brains (124, 125). In scrapie-infected brain
tissue, mtDNA was present in multimers of high mo-
lecular weight as well as in normal monomers that did
not differ in size or amount from monomeric mtDNA
of uninfected control tissue. Since removal of mito-
chondrial outer membranes resulted in no detectable
loss of titer, a mitochondrial association with scrapie
infectivity was considered (124, 125). The mtDNA
dimers and higher multimeric forms of mtDNA have
been previously reported, particularly in established
mammalian cell lines, such as HelLa (126) and mouse
fibroblast L cells (127), as well as in certain tumor cells
(128). Complex forms of mtDNA generally appear in
very small amounts in normal cells, but under condi-
tions of stress. The apparent disappearance of the
slower migrating mtDNA band after incubation of the
preparation of scrapie-infected tissue with mung bean
nuclease suggested association of specific a single-
stranded DNA with the monomeric mtDNA (124).

A single-stranded DNA (ssDNA) of 1.2 kb of
about 0.49 x 10° Daltons has been visualized by elec-
tron microscopy in DNA prepared from scrapie-
infected brain. Therefore, the argument that no nucleic
acid has been demonstrated in scrapie-infected tissue
i1s not true (129). It is interesting to note that the
scrapie genome size estimation—obtained by compar-
ing chemical and heat inactivation rate constant of the
scrapie agent directly with the inactivation rate con-
stants of bacteriophages of known nucleic acid size—
was of the order of 0.75 x 10° for single-stranded and
1.6 x 10° for double-stranded virus (91).

Further analysis of nucleic acid purified both from
infected and from the equivalent fraction of uninfected
brain, run on an alkaline agarose gel under alkaline
conditions, revealed an unusual DNA band of about
1.2 kb which stained with ethidium bromide only from
scrapie-infected brain (130). Ethidium bromide was
only added to the resolving gel (first it was added by
mistake in the alkaline gel). Staining of the ssDNA
band with ethidium bromide under denaturing condi-
tions suggested an unusual nature of the ssDNA band,
which might have a very high base pairing property.
ssDNA from scrapie-infected hamster brains and CJD-
and BSE-infected brains has been cloned and partially
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sequenced, revealing an unusual palindromic six base
(TACGTA),, repeat (130). An unusual palindromic six-
base (TACGTA),, repeat sequence was obtained in
BSE-infected brains. In three out of 10 CJD cases,
both C and T were missing from one of the palindrome
reading frame (Fig. 5). These changes in the sequence
could account for the scrapie agent strain variations.
These results demonstrate that each nemavirus
ssDNA molecule consists of multiple copies of
(TACGTA), with intermediate segments (yet to be se-
quenced) spaced along the length of the ssDNA. Pal-
indromic sequence features are common to many rec-
ognition sites for regulator proteins. Because of their
unusual multipalindromic nature, under normal phys-
iological conditions ssDNA molecules would base pair
and coil in a very complicated fashion. Thus, in puri-
fied nucleic acid preparations the molecules of
ssDNA may base pair within the same molecule or
with other molecules forming a long chain (130). It is
difficult to imagine how this nucleic acid exists in vivo,
but once it has been disrupted the molecules would
form a heterogeneous population. This was further ev-
ident from an experiment where NaOH-treated DNA
was diluted to lower the concentration of NaOH to 100
mM NaOH and also from DNA samples treated with
NaOH and formamide, and then run in alkaline con-
ditions, in which the DNA remained stained, though
with reduced intensity.

It is evident from this self-pairing property within
the same molecule and with other molecules why most
of the previous studies have failed to reveal a specific
nucleic acid by subtractive hybridization methods,
such as subtractive hybridization of cDNA libraries
(131-133) or cloning residual DNA and RNA mole-
cules present in highly purified infectious fractions.
Neither of these approaches have identified a scrapie-
specific nucleic acid (77).

A search for a putative scrapie genome using a
refocusing gel electrophoresis method also failed to
produce a specific nucleic acid, but the authors (78)
state that they cannot rule out the existence of a small
nucleic acid or, alternatively, that the molecules exist
as variable lengths. Important differences exist in the
preparation of the nucleic acid in the present study
compared with previous studies (131-135). Since it
was apparent from the ‘‘touch’ technique that the
ssDNA lies wrapped round SAF/PrP protected by a
protein coat (18, 35, 36, 38), no detergents were used
to disrupt the tissue.

The ssDNA molecule found is small. In a gel, it
does not run as a single band. By the nature of single-
stranded nucleic acid molecules, there is no melting
point. From the structure of the ssDNA, one can see
the reasons why many searches for a putative scrapie
genome revealed no specific nucleic acid. The prop-
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erty of such high base pairing as demonstrated by al-
kaline gel electrophoresis might have a direct bearing
on the binding capacity of receptor protein molecules,
which might in turn affect the protection of the nucleic
acid against methylation, or ultraviolet or DNase deg-
radation (136).

The morphological relationship between the PrP,
ssDNA, the outer protein coat, and NVP is obvious,
while the involvement in the disease pathogenesis, or
its relationship to the agent remains to be determined.
In all animal species, normal PrP 33-35-kDa precursor
protein PrP¢ is an essential housekeeping component,
normally found on the cell surface (Fig. 6) (59). Con-
version of PrP° to protease-resistant protein/SAF is a
post-translational process. For a very long time it has
been considered that ‘‘an abnormal form of cellular”
protein PrP*¢ is the only major and necessary compo-
nent of the SEs agent. The interaction of PrP*¢ with the
normal PrP¢ brings the post-translational modification
in the normal isoform of the protein. This has been the
main theme of Prusiner’s hypothesis. Recently,
Prusiner’s group (73), following a number of experi-
ments on transgenic mice, concluded that a macromo-

lecular chaperone, other than PrP*¢, is required in the
post-translational process. The proposed chaperone
interacts with the cellular PrP and modifies it into the
protease-resistant protein PrP*. This is the first inde-
pendent confirmation that ‘‘another’” macromolecule
than PrP*¢ is required in the pathogenesis. There are
two requirement for this process to occur. The first, to
code for another protein macromolecule a DNA is re-
quired. Second, since, all hosts have PrP gene, to code
for another protein macromolecule, DNA has to be
nonhost. In previous studies, it had been demon-
strated that this macromolecules is coded by the
ssDNA of the nemavirus (10, 39).

It has been suggested (39) that in the infected cell
the ssDNA wrapped around SAF/PrP codes for a non-
host peptide, an ‘‘accessory’’ protein which has an
enzyme ‘‘double action’ property, to cleave and
cross-link (bind) precursor PrP into a chain. This
brings a modification and fusion of precursor protein
33-35-kDa, possibly by a similar mechanism as in
Willebrand factor (vWF) peptide, a plasma glycopro-
tein which exists as a single type homomultimeric
units (137). The ‘‘double action’” ‘‘accessory’’ protein
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Figure 6. (a) A model of nemavirus, ssDNA coiled around the SAF as a spring protected by an outer protein coat. (b) A schematic
representation of a cell showing endoplasmic reticulum (RER) Golgi body (GB) showing synthesis of PrP33-35, and Nemo corrupta
(NC) is coded by ssDNA. When molecules of PrP33-35 make contact with the NC molecules, the latter interacts either as an enzyme
or through having very similar receptor site to that of cell membrane. They act against each other and join head to head and tail to
tail position to form a protease-resistant protein, morphologically seen as SAF. The ssDNA is wrapped around to form nemavirus. The
part of the cell membrane that receives a continuous supply of PrP33-35 (left side) and the opposite side (right) because of trapping
of PrP molecules a slow disruption in the infected cell causes gaps and weakening of cell membrane. Weak cell membranes reach
a breakage point, vacuolation follows, and clinical symptoms become evident.

may have a very similar receptor site for PrP as on the
cell membrane where PrP33-35 would lose the leader
segment; thus, it will not reach its target site on the cell
membrane (Fig. 6). After cleavage of the leader seg-
ment, the pro-peptide segment is converted into an
active protease. The active enzyme peptide segments
generated act against each other. This phenomenon
has been well illustrated by chymotrypsinogen, which
is converted by cleavage of a single peptide bond into
active enzyme fragment called w-chymotrypsin then
‘*self-acts’’ against other m-chymotrypsin molecules.
This cleavage would explain the reduction in the size
of precursor protein from 33-35 kDa to 27-30 kDa
scrapie PrP (PrP*®). Because of the ‘*double action,’” it
would be appropriate to designate the term Nemo cor-
rupta for the ‘‘accessory’’ protein. It is also possible
that this newly formed chain of PrP and peptide is not
recognized by the host as nonprotein or, more likely,
that protein, being protease resistant, cannot be de-
graded by macrophages, and therefore no antibodies
are produced.

As the PrP molecules are added into the chain, the
morphological assembly of protease-resistant SAF
takes place while ssDNA wraps around SAF and, after
acquiring a protein coat, forms the tubulofilamentous
particles. As PrP molecules are diverted away from
cell membranes to form SAF, this results in a gradual
weakening of cell membranes (Fig. 6). As the incuba-
tion period progresses, the process of replication of
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ssDNA and the accessory protein accelerates, more
and more of the PrP molecules are diverted to form
SAF, and the weak cell membranes reach breakage
point. Vacuolation occurs and the clinical symptoms
become evident after a long incubation period. In
some hosts infected with the a low dose of SE agent,
the breaking point of cell membranes may not be
achieved in the life span of the host and thus the dis-
ease would remain subclinical. It is concluded that
PrP, a normal protein, plays a role in the pathogenesis
of SE and is closely associated with the ssDNA, which
is securely anchored to SAF/PrP. The genomic infor-
mation is held in this ssDNA; mutations in the ssDNA
would explain the strains variation. The role of SAF/
PrP is that it is being used as a convenient protein for
holding and protection. This explains the true breeding
of the strain of scrapie while the PrP changes in a new
host.

During sequencing of the ssDNA, about 280 bp of
the amyloid B-protein (APP),5;, mRNA gene se-
quenced (139) suggested that the gene might be inter-
linked with the ssDNA. Post-transcription modifica-
tion of the PrP or amyloid proteins might be achieved
by interlinking of the ssDNA with the host PrP or amy-
loid gene. Interlinking of the ssDNA with the host PrP
or APP gene might lead to the overexpression of these
proteins. This would also explain a built-in mechanism
of post-translation modification of the PrP and APP
with plaque formation in TSEs in the late stage of in-



cubation period. The integration of ssSDNA with host
DNA would also explain familial inheritance of the
natural scrapie in sheep, GSSS, and familial CJD
cases.

I am indebted to many colleagues for advice on techniques,

particularly, Drs. Anthony Sampson and Robert Ng, and to Miss Lisa
Dowie for secretarial assistance.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

. Chandler RL. Encephalopathy in mice produced by inocula-

tion with scrapie-brain material. Lancet 1:1378-1379, 1961.

. Hadlow WIJ. Scrapie and kuru. Lancet 2:289-290, 1959.
. Narang HK. Origin and implications of bovine spongiform en-

cephalopathy. Proc Soc Exp Biol Med 211:306-322, 1996.

. Sigurdsson B. Rida, a chronic encephalitis of sheep. With gen-

eral remarks on infections which develop slowly and some of
their special characteristics. Brit Vet J 110:341-354, 1954,

. Brown P, Goldfarb L, Gajdusek DC. The new biology of

spongiform encephalopathy infectious amyloidoses with ge-
netic twist. Lancet 337:1019-1022, 1991.

. Gajdusek DC. Unconventional viruses causing subacute

spongiform encephalopathies. In: Field BN, Melnick L, Cha-
nock R, Shope RF, Roizman B, Eds. Human Viral Infections.
New York: Raven, ppl1519-1557, 1985.

. Narang HK. Scrapie, an unconventional virus: The current

views. Proc Soc Exp Biol Med 184:375-388, 1987.

. Taylor DM. Deactivation of BSE and scrapie agents: Render-

ing and other UK studies. In: Bradley R, Marchant B, Eds.
EEC Meeting 1993. Brussels, Proc Consultation BSE Scien-
tific Vet Committee Commision European Communities.
pp205-224, 1994.

. Field EJ. Slow virus infection of the nervous system. In: Rich-

ter GW, Epstein MA, Eds. International Rev of Expt Path.
New York: Academic Press, pp129-239, 1969.

. Narang HK. The molecular pathogenesis of the tubulofilamen-

tous particles: Evidence of a homologous single-stranded DNA
in scrapie, Creutzfeldt-Jakob disease and bovine spongiform
encephalopathy. In: Bradley R, Marchant B, Eds. EEC Meet-
ing 1993. Brussels, Proc Consultation BSE Scientific Vet Com-
mittee Commision European Communities. pp385-419, 1994.
Porter DD, Porter HG, Cox NA. Failure to demonstrate a
humoral immune response to scrapie in mice. J Immunol 111:
1407-1410, 1973.

Gibson RA, Hunter GD. Nature of the scrapie agent. Nature
215:1041-1043, 1967.

Cho HJ. Requirement of a protein component for scrapie in-
fectivity. Intervirology 14:213-216, 1980.

Merz PA, Somerville RA, Wisniewski HM, Igbal K. Abnormal
fibril from scrapie infected brains. Acta Neuropathol 54:63-74,
1981.

Merz PA, Rohwer RG, Kascsak R, Wisniewski HM, Somer-
ville RA, Gibbs CJ Jr., Gajdusek DC. Infectious-specific par-
ticles from the unconventional slow virus diseases. Science
225:437-440, 1984.

Somerville RA. Ultrastructural links between scrapie and Alz-
heimers disease. Lancet 2:504-506, 1985.

Narang HK, Perry RH. Diagnosis of Creutzfeldt-Jakob disease
by electron microscopy. Lancet 335:663-664, 1990.

Narang HK. Scrapie-associated tubulofilamentous particles in
human Creutzfeldt-Jakob disease. Res Virol 143:387-395,
1992.

Diringer H, Gelderblom H, Hilmert H, Ozel M, Edelbluth D,
Kimberlin RH. Scrapie infectivity, fibrils and low molecular
weight protein. Nature 306:476-478, 1983.

Bode L, Pocchiari M, Gelderblom H, Diringer H. Characteri-
sation of antisera against scrapie-associated fibrils (SAF) from
affected hamster and cross-reactivity with SAF from scrapie
affected mice and from patients with Creutzfeldt-Jakob dis-
ease. ] Gen Vir 66:2471-2478, 1985.

Diringer H, Hilmert H, Simon D, Werner E, Ehlers B. Toward

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

purification of the scrapie agent. Eur J Biochem 134:555-560,
1983.

Carp RI, Merz PA, Kascsak RJ, Merz G, Wisniewski HM.
Biological properties of scrapie, an unconventional slow virus.
Gen Virol 53:596-606, 1985.

Somerville RA, Merz PA, Carp RI. Partial copurification of
scrapie-associated fibrils and scrapie infectivity. Intervirology
25:48-55, 1986.

Somerville RA, Carp RI. Altered scrapie infectivity estimates
by titration and incubation period in the presence of deter-
gents. J Gen Virology 64:2045-2050, 1983.

Bolton DC, McKinley MP, Prusiner SB. Identification of a
protein that purifies with the scrapie prion. Science 218:1309-
1311, 1982.

Oesch B, Westaway D, Walchli M, McKinley MP, Kent SBH,
Aebersold R, Barry RA, Tenpst P, Teplow DB, Hood LE,
Prusiner SB, Weissmann C. A cellular gene encodes scrapie
PrP 27-30 protein. Cell 40:735-746, 1985.

Prusiner SB, Bolton DC, Groth DF, Bowman KA, Cochran
SP, McKinley MP. Further identification and characterisation
of scrapie prions. Biochemistry 21:6942-6950, 1982.
Bendheim PE, Berry RA, DeArmond SJ, Stites DP, Prusiner
SB. Antibodies to a scrapie prion protein. Nature 310:418-421,
1984.

DeArmond SJ, McKinley MP, Barry RA, Braunfeld MB,
McColloch JR, Prusiner SB. Identification of prion amyloid
filaments in scrapie-infected brains. Cell 41:221-235, 1985.
Diringer H, Rahn HC, Bode L. Antibodies to protein of
scrapie-associated fibrils. Lancet 2:661-662, 1985.

Prusiner SB. Prions. Sci Am 251:50-59, 1984.

Prusiner SB. Novel proteinaceous infectious particles cause
scrapie. Science 216:136-144, 1982.

Basler K, Oesch B, Scott M, Westaway D, Walchli M, Groth
DF, McKinley MP, Prusiner SB, Weissmann C. Scrapie and
cellular PrP isoforms are encoded by the same chromosomal
gene. Cell 46:417-428, 1986.

Prusiner SB, McKinley M, Bowman KA, Bolton DC, Bend-
heim PE, Groth DF, Glenner GG. Scrapie prions aggregate to
form amyloid-like birefringent rods. Cell 35:349-358, 1983.
Narang HK, Asher DM, Gajdusek DC. Tubulofilaments in
negatively stained scrapie-infected brains: Relationship to
scrapie-associated fibrils. Proc Natl Acad Sci U S A 84:7730-
7734, 1987.

Narang HK, Asher DM, Gajdusek DC. Evidence that DNA is
present in abnormal tubulofilamentous structures found in
scrapie. Proc Natl Acad Sci U S A 85:3575-3579, 1988.
Narang HK. Evidence of ssDNA in tubulofilamentous parti-
cles: Their relationship to scrapie-associated fibrils. Intervirol-
ogy 32:185-192, 1991.

Narang HK. Scrapie-associated tubulofilamentous particles in
scrapie hamsters. Intervirology 34:105-111, 1992.

Narang HK. Relationship of protease-resistant protein, scra-
pie-associated fibrils and tubulofilamentous particles to the
agent of spongiform encephalopathies. Res Virol 143:381-386,
1992.

Roberts GW, Lofthouse R, Allsop D, Landon M, Kidd M,
Prusiner SB, Crow JT. CNS amyloid proteins in neurodegen-
erative diseases. Neurology 38:1534-1540, 1988.

Kitamoto T, Tateishi J, Sato Y. Immunohistochemical verifi-
cation of senile and kuru plaques in Creutzfeldt-Jakob disease
and the allied disease. Ann Neurol 24:537-542, 1988.

Snow AD, Kisilevsky R, Willmer J, Prusiner SB, DeArmond
SJ. Sulpated glycosaminoglycans in amyloid plaques of prion
diseases. Acta Neuropathol 77:337-343, 1989.

Goldgaber D, Lerman MI, McBride OW, Saffiotti U, Gajdusek
DC. Characterization and chromosomal localization of a
¢DNA encoding brain amyloid of Alzheimer’s disease. Science
235:877-880, 1987.

Lovett M, Goldgaber D, Ashley P, Cox DR, Gajdusek DC,
Epstein J. The mouse homology of human amyloid B protein
(AD-AP) gene is located on the distal end of mouse chromo-
some 16: Further extension of homology between human chro-
mosome 21 and mouse chromosome 16. Biochem Biophys Res
Commun 144:1069-1075, 1987.

SCRAPIE AGENT 221



45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

S8.

59.

60.

61.

62.

63.

65.

222

Robakis NK. Sawh PR, Wolfe GC, Rubenstein R. Isolation of
cDNA clone encoding the leader peptide of prion protein and
expression of the homologous gene in various tissues. Proc
Natl Acad Sci U S A 83:6377-6381, 1986.

Liao KJ, Lebo RV, Clawson GA, Smuckler EA. Human prion
protein cDNA: Molecular cloning. chromosomal mapping and
biological implications. Science 233:364-367. 1986.

Sparkes RS, Simon M, Cohn VH. Rournier REK. Assignment
of the human and mouse prion protein gene to homologous
chromosomes Proc Natl Acad Sci U S A 83:7358-7362, 1986.
Hay B, Barry RA, Lieberburg I, Prusiner SB, Lingappa VR.
Biogenesis and transmembrane orientation of the cellular iso-
form of the scrapie prion protein. Mol Cell Biol 7:914-920.
1987.

Goldmann W, Hunter N, Martin T, Dawson M. Hope J. Dif-
ferent forms of the bovine PrP gene have five or six copies of
a short g-c-rich element with the protein-coding exon. J Gen
Virol 72:2411-2417. 1991.

Kretzschmar HA, Stowring LE, Westaway D. Stubblebine
WH, Prusiner SB, DeArmond SJ. Molecular cloning of a hu-
man prion protein cDNA. DNA 5:315-324. 1986.

. Blalock JE, Smith EM. Hydropathic anti-complementary of

amino acids based on the genetic code. Biochem Biophys Res
Commun 121:203-207, 1984.

Brown P. The molecular biology of the transmissible spongi-
form encephalopathies (scrapie. kuru and Creutzfeldt-Jakob
disease). Discussions in Neurosciences 5:57-69. 1988.

Hsiao KK, Baker HF, Crow TJ. Poulter M. Owen F. Terwil-
liger JD, Westaway D, Ott J. Prusiner SB. Linkage of prion
protein missense variant to Gerstmann-Striussler syndrome.
Nature 338:342-345, 1989.

Owen F, Lofthouse R. Crow TJ, Baker HF, Poulter M, Col-
linge J, Risby D. Ridley RM. Hsiao K. Prusiner SB. Insertion
in prion protein gene in familial Creutzfeldt-Jakob disease.
Lancet i:51-52, 1989.

Goldfarb LG. Brown P. Cervenakova L. Gajdusek CD. Mo-
lecular genetic studies of Creutzfeldt-Jakob disease. Mol Neu-
robiol 8:89-97. 1994.

Brown P. The “"Brave New world™" of transmissible spongi-
form encephalopathy (Infectious cerebral amyloidosis) Mol
Neurobiol 8:79-87, 1994.

Baker HF, Poulter M, Crow TJ, Frith CD, Lofthouse R, Ridley
RM, Collinge J. Aminoacid polymorphism in human prion pro-
tein and age at death in inherited prion disease. Lancet 337:
1286, 1991.

Owen F, Poulter M, Shah T. Collinge J. Lofthouse R. Baker H.
Ridley RM, McVey J, Crow TS. An in-frame insertion in the
prion protein gene in famihal Creutzfeldt-Jakob disease. Brain
Res Mol Brain Res 7:273-276. 1990.

Prusiner SB. Molecular biology of prion diseases. Science
252:1515-1522, 1991.

Hsiao K, Meiner Z. Kahana E. Cass C. Kahana 1. Avrahami
D, Scarlato G, Abramsky O, Prusiner SB. Gabizon R. Muta-
tion of the prion protein in Libyan Jews with Creutzfeldt-Jakob
disease. N Engl J] Med 324:1091-1097, 1991.

Brown P, Goldfarb LG. McCombie WR, Nieto A. Squillactoe
D, Sheremata W, Little BW. Godec MS. Gibbs CJ Jr.. Gaj-
dusek DC. A typical Creutzfeldt-Jakob disease in an American
family with an insert mutation in the PRNP amyloid precursor
gene. Neurology 42:422-427, 1992.

Medori R, Montagna P. Tritschler HJ. LebBanc A. Cortelli P.
Tinuper P, Lugaresi E. Gambetti P. Fatal familial insomnia: A
second kindred with mutation of prion protein gene at codon
178. Neurology 42:669-670, 1992.

Chesebro B, Race R, Wehrly K, Nishio J. Bloom M, Lechner
D, Bergstrom S, Robbins K. Maye L. Keith JM. Garon C.
Haase A. Identification of scrapie prion protein-specific
mRNA in scrapie-infected and uninfected brains. Nature 315:
331-333, 1985.

. Gajdusek DC. Subacute spongiform encephalopathies: Trans-

missible cerebral amyloidoses caused by unconventional vi-
ruses. In: Field BN, Knipe DM, et al., Eds. Virology (2nd ed.)
New York: Raven Press, pp2289-2324, 1990.

Hsiao KK, Scott M, Foster D, Growth DF, DeArmond SJ,

SCRAPIE AGENT

66.
67.

68.

69.

7t.

71.

73.

74.

75.

76.

77.

78.

79.

80.

81.

83.

84.

85.

Prusiner SB. Spontaneous neurodegeneration in transgenic
mice with mutant prion protein. Science 250:1587-1590, 1990.
Chesebro B. PrP and the scrapie agent. Nature 356:560, 1992.
Scott M, Foster D, Mirenda C, Serban D, Coufal F, Wilchli M,
Torchia M, Groth D, Carlson G, DeArmond SJ, Westaway D,
Prusiner SB. Transgenic mice expressing hamster prion pro-
tein produce species-specific scrapie infectivity and amyloid
plaques. Cell 59:847-857, 1989.

Epstein CJ, Foster DB, DeArmond SJ, Prusiner SB. Acceler-
ation of scrapie in Trisomy 16—Diploid aggregation Chimeras.
Ann Neurol 29:95-97, 1991.

Biieler H, Fischer M, Lang Y, Bluethmann H, Lipp HP, DeAr-
mond SJ. Prusiner SB, Aguet M, Weissmann C. Normal de-
velopment and behaviour of mice lacking the neuronal cell-
surface PrP protein. Nature 356:577-582, 1992.

Biieler H. Aguzzi A. Sailer A, Greiner R-A, Autenried P,
Aguet M, Weissmann C. Mice devoid of PrP are resistant to
scrapie. Cell 73:1339-1347, 1993.

Narang HK. Bovine spongiform encephalopathy (BSE). Re-
port and Proc The Agri committee. Memorandum HMSO,
House of Commons. Appendix 22. pp237-240. 1990.

. Scott M, Groth D, Foster D, Torchia M, Yang S-L, DeArmond

SJ. Prusiner SB. Propagation of prions with artificial properties
in transgenic mice expressing chimeric PrP gene. Cell 73:979-
988. 1993.

Telling GC. Scott M. Mastrianni J, Gabizon R, Torchia M,
Cohen F. DeArmond J. Prusiner SB. Prion propagation in mice
expressing human and chimeric PrP transgenes implicates the
interaction of cellular PrP with another protein. Cell 83:79-90,
1995.

Narang HK. Evidence that Homologous ssDNA is present in
scrapie, Creutzfeldt-Jakob disease. and bovine spongiform en-
cephalopathy. Slow virus of the central nervous system. Ann
N Y Acad Sci 724:314-326. 1994.

Carp RI. Ye X. Kascsak RJ. Rubenstein R. The nature of the
scrapie agent: Biological characteristics of scrapie in different
scrapie strain-host combinations. Ann N Y Acad Sci 724:221-
234, 1994.

Bolton DC. McKinley MP, Prusiner SB. Molecular character-
istics of the major scrapie prion protein. Biochem 23:5898-
5905, 1984.

Oesch B, Groth DF, Prusiner SB, Weissmann C. Search for a
nucleic acid: A progress report. In: Bock G, Marsh J, Eds.
Novel Infectious Agents and the Central Nervous System,
Ciba Foundation Symposium. John Wiley. Vol 135:pp209-223,
1988.

Meyer N. Rosenbaum V. Schmidt B, Gilles K, Mirenda C,
Groth D, Prusiner SB. Riesner D. Search for a putative scrapie
genome in purified prion fractions revealed a paucity of nucleic
acids. J Gen Virol 72:37-49, 1991.

Kellings K. Meyer N. Mirenda C. Prusiner SB, Riesner D.
Further analysis of nucleic acids in purified scrapie prion prep-
arations by improved return refocussing gel electrophoresis. J
Gen Virol 73:1025-1029. 1992.

Carlson GA, Kingsbury DT, Goodman PA, Coleman S, Mar-
shall ST, DeArmond SJ, Westaway D, Prusiner SB. Linkage of
prion protein and scrapie incubation time genes. Cell 46:503-
S11, 1986.

Hunter N, Hope J. McConnell I, Dickinson AG. Linkage of the
scrapie-associated fibril protein (PrP) gene and Sinc using con-
genic mice and restriction fragment length polymorphism anal-
ysis. J Gen Virol 68:2711-2716, 1987.

. Kimberlin RH. Scrapie agent: Prions or virinos? Nature 297:

107-108. 1982.

Hunter N, Goldmann W, Benson G, Foster JD, Hope J. PrP
genotype studies. In: Bradley R, Marchant B, Eds. EEC Meet-
ing 1993. Brussels, Proc Consultation BSE Scientific Vet Com-
mittee Commision European Communities. pp125-139, 1994.
Laplanche JL. Chatelain J, Westaway D, Thomas S, Dussaucy
M, Brugere-Picoux J, Launay JM. PrP polymorphisms associ-
ated with natural scrapie discovered by denaturing gradient gel
electrophoresis. Genomics 15:30-37, 1993.

Ryan AM, Womack JE. Somatic cell mapping of the bovine



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

105.

106.

107.

108.

prion protein gene and restriction fragment length polymor-
phism studies in cattle and sheep. Anim Genet 24:23-26, 1993.
Dickinson AG, Fraser H. Genetic control of the concentration
of ME7 scrapie agent in mouse spleen. J Comp Pathol 79:363—
366, 1969.

Fraser H. Neuropathology of scrapie, the precision of the le-
sions and their diversity. In: Prusiner SB, Hadlow WIJ, Eds.
Slow Transmissible Disease of the Nervous System. New
York: Academic Press, Vol 1:pp387-406, 1979.

Kim YS, Carp RI, Callahan SM, Wisniewski HM. Clinical
course of three strains in mice injected stereotaxically in dif-
ferent brain regions. J Gen Virol 68:695-702, 1987.

Dickinson AG, Meikle VH, Fraser H. Identification of a gene
which controls the incubation period of some strains of scrapie
in mice. J Comp Pathol 78:293-299, 1968.

Akowitz A, Sklaviadis T, Manuelidis EE, Manuelidis L. Nu-
clease-resistant polyadenylated RNAs of significant size are
detected by PCR in highly purified Creutzfeldt-Jakob disease
preparations. Microb Pathog 9:33-45, 1990.

Rohwer RG. Scrapie infectious agent is virus-like in size and
susceptibility to inactivation. Nature 308:658-662, 1984.
Latarjet R. Inactivation of the agents of scrapie, Creutzfeldt-
Jakob disease, and kuru by radiations. In: Prusiner SB, Had-
low W], Eds. Slow Transmissible Disease of the Nervous Sys-
tem. New York: Academic Press, Vol 2:pp387-407, 1979.
Sambrook J, Fritsch EF, Maniatis T. Molecular Cloning. A
Laboratory Manual (2nd ed). New York: Cold Spring Harbor
Laboratory Press, 1989.

Shibata D, Martin WJ, Arnheim N. Analysis of DNA se-
quences in forty-year-old paraffin-embedded thin tissue sec-
tions: A bridge between molecular biology and classical histol-
ogy. Cancer Res 48:4564—4566, 1988.

Shin YA, Eichhorn GL. Interaction of metal ions with poly-
nucleotides and related compounds. XI. The reversible un-
winding and rewinding of Deoxyribonucleic acid by zinc (1I)
ions through temperature manipulation. Biochemistry 7:1026—
1032, 1968.

Butzow JJ, Eichhorn GL. Different susceptibility of DNA and
RNA to cleavage by metal ions. Nature 254:358-359, 1975.
Kellings K, Meyer N, Mirenda C, Prusiner SB, Riesner D.
Further analysis of nucleic acids in purified scrapie prion prep-
arations by improved return refocussing gel electrophoresis. J
Gen Virol 73:1025-1029, 1992.

Hanson CV, Riggs JL, Lennette EH. Photochemical inactiva-
tion of DNA and RNA viruses by psoralen derivatives. J Gen
Virol 40:345-358, 1978.

Schuster H, Wittmann RG. The inactivating and mutagenic
action of hydroxylamine on tobacco mosaic virus ribonucleic
acid. Virology 19:421-430, 1963.

Tessman 1. Mutagenic treatment of double and single-stranded
DNA phage T4 and S13 with hydroxylamine. Virology 35:330-
333, 1968.

McKinley MP, Masinrz FR, Prusiner SB. Reversible chemical
modification of scrapie agent. Science 214:1259-1260, 1981.
Pattison 1H. The relative susceptibility of sheep, goat and mice
to two types of the goat scrapie agent. Res Vet Sci 7:207-212,
1966.

Dickinson AG, Fraser H. An assessment of the genetics of
scrapie in sheep and mice. In: Prusiner SB, Hadlow W, Eds.
Slow Transmissible Disease of the Nervous System. New
York: Academic Press, Vol 1:pp367-385, 1979.

. Bruce ME, Dickinson AG. Biological evidence that scrapie

agent has an independent genome. J Gen Virol 68:79-89, 1987.
Kimberlin RH, Cole S, Walker CA. Temporary and permanent
modifications to a single strain of mouse scrapie on transmis-
sion to rats and hamsters. J Gen Virol 68:1875-1881, 1987.
Gibbs CJ Jr., Gajdusek DC, Amyx H. Strain variation in the
viruses of Creutzfeldt-Jakob disease and kuru. In: Prusiner SB,
Hadlow WJ, Eds. Slow Transmissible Disease of the Nervous
System. New York: Academic Press, Vol 1:pp87-110, 1979.
Weissmann C. Unified theory of prion propagation. Nature
352:679-683, 1991.

Sklaviadis TK, Manuelidis L, Manuelidis EE. Physical prop-

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

erties of the Creutzfeldt-Jakob disease agent. J Virol 63:1212—
1222, 1989.

Meyer RK, McKinley MP, Bowman KA, Braunfeld M, Berry
RA, Prusiner SB. Separation and properties of cellular and
scrapie prion proteins. Proc Natl Acad Sci U S A 83:2310-
2314, 1986.

Czub M, Braig HR, Blode H, Diringer H. The major protein of
SAF is absent from spleen and thus not an essential part of the
scrapie agent. Arch Virol 91:383-386, 1986.

Xi YG, Ingrosso L, Ladogana A, Masullo C, Pocchiari M.
Ampbhotericin B treatment dissociates in vivo replication of the
scrapie agent from PrP accumulation. Nature 356:598-601,
1992.

Hsiao KK, Scott M, Foster D, Groth DF, DeArmond SJ,
Prusiner SB. Spontaneous neurodegeneration in transgenic
mice with mutation. Science 250: 1587-1590, 1990.

Narang HK. Ruthenium red and lanthanum nitrate—A possi-
ble trancer and negative stain for scrapie particles. Acta Neu-
ropathol 29:37-43, 1974.

Narang HK, Shenton B, Giorgi PP, Field EJ. Scrapie agent and
neurons. Nature 24:106-107, 1972.

Narang HK. An electron microscopic study of natural scrapie
sheep brain: further observations on virus-like particles and
paramyxovirus like tubules. Acta Neuropathol 28:317-329,
1974.

Narang HK, Asher DM, Pomeroy KL, Gajdusek DC. Abnor-
mal tubulovesicular particles in brains of hamsters with scra-
pie. Proc Soc Exp Biol Med 184:504-509, 1987.

Liberski PP, Yanagihara R, Gibbs CJ Jr., Gajdusek DC. Tu-
bulovesicular structures in experimental spongiform encepha-
lopathy Creutzfeldt-Jakob disease and scrapie. Intervirology
29:115-119, 1988.

Liberski PP, Yanagihara R, Gibbs CJ Jr., Gajdusek DC. Ap-
pearance of tubulovesicular structures in experimental Creutz-
feldt-Jakob disease and scrapie proceeds the onset of clinical
disease. Acta Neuropatho! 79:349-354, 1990.

Liberski PP. Ultrastructural neuropathological features of bo-
vine spongiform encephalopathy. J Am Vet Med Assoc 196:
1682, 1990.

Gibson PH, Doughty LA. An electron microscopic study of
inclusion bodies in synaptic terminals of scrapie-infected ani-
mals. Acta Neuropathol 77:420-425, 1989.

Baringer JR, Prusiner SB, Wong JS. Scrapie associated parti-
cles in post-synaptic processes: Further ultrastructural studies.
J Neuropathol Exp Neurol 40:281-288, 1981.

Narang HK. A chronological study of experimental scrapie in
mice. Virus Res 9:293-306, 1988.

Come JH, Fraser PE, Lansbury PT. A kinetic model for amy-
loid formation in the prion diseases: Importance of seeding.
Proc Natl Acad Sci U S A 90:5959-5963, 1993.

Narang HK, Millar NS, Asher DM, Gajdusek DC. Increased
multimeric mitochondrial DNA in the brain of scrapie-infected
hamsters. Intervirology 32:316-324, 1991.

Aiken JM, Williamson JL, Borchardt M, Marsh RF. Presence
of mitochondrial D-loop DNA in scrape-infected brain prepa-
rations enriched for the prion protein. J Virol 64:1684-1694,
1990.

Hudson B, Vinograd J. Catenated circular DNA molecules in
HeLa cell mitochondria. Nature 216:647-652, 1967.

Nass MMK. Reversible generation of circular dimmer and
higher multiple forms of mitochondrial DNA. Nature 223:
1124-1129, 1969.

Smith CA, Vinograd J. Complex mitochondrial DNA in human
tumors. Cancer Res 33:1065-1070, 1973.

Narang HK. Detection of single-stranded DNA in scrapie-
infected brain by electron microscopy. J Mol Biol 216:469-473,
1990.

Narang HK. Molecular cloning of single-stranded DNA puri-
fied from scrapie-infected hamster brain. Res Virol 144:375-
387, 1993.

Wietgrefe S, Zupancic M, Haase A, Chesebro B, Race R, Frey
W, Rustan T, Freedman RL. Cloning of a gene whose expres-
sion is increased in scrapie and in senile plaques in human
brains. Science 230:1177-1181, 1985.

SCRAPIE AGENT 223



132.

133.

134.

135.

224

Diedrich J, Wietgrefe S, Zupancic M, Staskus K, Retzel E,
Haase AT, Race R. The molecular pathogenesis of astrogliosis
in scrapie and Alzheimer’s disease. Microb Pathog 2:435-442,
1987.

Duguid JR, Rohwer RG, Seed B. Isolation of cDNAs of scra-
pie-modulated RN As by subtractive hybridisation of a cDNA
library. Proc Natl Acad Sci U S A 85:5738-5742, 1988.
Bellinger-Kawahara C, Diener TO, McKinley MP, Groth DF,
Smith DR, Prusiner SB. Purified scrapie prion resist inactiva-
tion by procedures that hydrolyze. modify. or shear nucleic
acids. Virology 160:271-274, 1987.

Gabizon R, McKinley MP, Prusiner SB. Purified prion protein

SCRAPIE AGENT

136.

137.

138.

139.

and scrapie infectivity copartition into liposomes. Proc Natl
Acad Sci U S A 84:4017-4021, 1987.

Lewin B. Genes (3rd ed). New York: John Wiley & Sons,
1988.

Verweij CL, Hart M, Pannekoek H. Proteolytic cleavage of
precursor of von Willebrand factor (vWF) is not essential for
multimeric formation. J Biol Chem 263:7921-7924, 1988.
Stryer L. Control of enzymatic activity. In: Biochemistry.
New York: W. H. Freeman, pp233-260, 1988.

Narang HK. The Structure and Transmission of BSE and CJD.
In: Collinge P, Ed. The BSE Business. Birmingham: The Pub-
lic Health Trust, pp30-44. 1995.





