Fig.3, Ultrasmall iImmunagold labeling (silver intensified) of PcP and PrP-res
in N2z + 22L cells fightly fixed and then permeabilized in situ for antigen
detection. (Top) A typica] low-power image where many grains are on the
plasma membrane (arrowhead) and dispersed in the cytop lasm. Nuclei (N} and
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abnormal PrP fibrils. A striking feature, most consistent with a
viral structure, was the uniform size of the particles-in these
arrays. This made them easily distinguished from Iysosomes with
heterogeneous inclusions, as well as other aggregates and dense
bodies. The spherical 25-nm particles were variably packed in
arrays and, in less compact regions, appeared connected by more
hucent stalks, The dense viral spheres had no swrounding
vesicular membranes. In compact regions, many of the particles
tined up in orthogonal paracrystalline arrays at 90° to each other
as in Fig. 1C (arrows). Althongh of similar density as adjacent
rbosomes, the 25-nm virus-like particles displayed - a more
distinct outline and less fuzzy structure. The density of the TSE
particles also was comparable with chromatin {2 nuceic acid—
protein structure), but particle arrays were spatially distant from
muclei, indicating their separate origio (Fig. 1.4 and C). Particle
arrays in the membrane-bound bodies overall measured from 0.3
to 1.0 um across. For internal reference, the IAPs seen in N2a
cells are 100 nm in diameter. The C2a subclone of N2a + 221
with a 3- to 4-fold higher PrP-res content also displayed arrays
that were morphologically indistinguishable from those in the
parental line.

Becanse cells with virus-like inclusions had normal organelies
and were healthy (Fig. 1 A and B), these virns-like inclusions
could not be linked to degenerative processes. Their presence
cells without synapses also demonstrates they did not require -
elaboration of synaptic structures for their production. In addi-
tion, the same dense virns-like particle arrays also were present
in GT+FU-CJID ceils (Fig. 1D). Their presence in a different cell
type that was infected by an unrelated TSE agent strain furthered
the realization that these particles probably represent the com-
mon TSE agent structure. Althongh individual 25-nm particles
outside of the membrane-bound arrays were very difficult to
identify with certainty, they were present in some images of both
N2a + 221 and GT+FU-CID cells, Fig. 1D shows a few of these
individual 25-nm particles that accumulated on or near an RER
membrane (arrowhesd). This region may represent either a
nascent or a disintegrating array that is adjacent to 2 stack of
several pathologic GT cell membranes. Virus-like particle arrays
were not found in paratlel mock N2z or GT cells.

To further evaluate the potential relationship of these TSE
arrays to retroviral expression, PrP-res, and infectivity, we tested
several chemical treatments that might alter these components.
Phorbol myristate acetate (FMA) can stimulate transcription of
viruses, including retroviruses and papovaviruses (19), and also
can have other pleomorphic effects, including differentiation.
We therefore added PMA to cells and were able to identi
conditions that lead fo an increase of PrP and PrP-res in infecte.
but mot mock N2a cells. Arrays from N2a cells were morpho-
togically unchanged by treatment with PMA, as representatively
shown in Fig. 1 B and C. Fig. 24 shows a representative
dose-response curve of 22L infected and mock (MK) N2a cells
with and without proteinase K (PK) digestion for PrP-res. There
is a clear increase in PrP-res at 100 ng/ml for § days. No PrP-res
is seen in the parallel MK control. Fig. 2B shows that the
optimized time for this peak response was at 5 days, and the
relative loads for each lane are shown by the 54-kDa tubulin
internal standard. Fig. 2C graphs the quantitative changes in
PrPres in seven independent time course experiments with
75-100 ng/ml PMA (dashed lines). There is a reproducible
=3.5-fold elevation in PrP-res at 5 days compared with drug-free

clusters of IAP retroviruses {arrow) are not {abeled. {(Middie} Grains over PrP
amyloid fibers in characteristic crisscrossing bundles {A) and also over RER
membranes (arrows). Label was not seen over mitochondrial cristas fm} as
representatively depiczed, (Bottom) Pré does not loclize over the 25-nm
virus-like dense particies but can be associated with the outer RER membrane,
(Scaie bars: 100 nm.)
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infected controls. The solid gray line shows the >5 fold increased
PrP-res in the sample used to test whether there was a corre-
sponding increase in titer with this high PrP-res.

‘We aiso counted the virus-like particle arrays in N2a + 221
cells that were treated with 100 ng/fml PMA for 5 days and then
fixed for electron microscopy. To make sure that any potentially
similar particles were not overlooked in mock cells, we included
any possible similar virus-like arrays in the count, and hence the
percentage of cells with these particies was somewhat overesti-
mated. More than 250 célls each from mock, untreated, and
PMA-treated preparations were counted for suspicious virus-
fike arrays (Fig. 2D). Only a single suspect particle could be
found in >>250 mock cells, and this single photographed inclusion
had 7- to 15-nm-wide strings of dense material with no 20- to
35-nm-diameter spherical particles, Thus, no definitive similar
virus-like arrays could be found in upinfected cells. As shown in
Fie. 2D, there was also vo significant elevation of particle arrays
in the PMA-indoced cells with high PrP-res. These molecular
evalnations of PrP-res and particle counts were in accord with
the gpatial separation of virus-like particles and PrP amyloid
fibrils, i.e., the two strucinres were mutually independent.

Uttrastructural studies of control and infected N2a cells also
gave the impression of an increase in TAP particles with PMA
jreatment, but Western blots for IAP gag proteins by using
[AP-specific antibodies as described in refs. 16 and 20 fajled to
confirm any major increase in retroviral proteins (data pot
shown). The PMA effects on PrP-res also appeared to be ceil
type and/or agent strain specific because GT+FU-CID cells did
not show any PrP-res increase of similar magnitude with 5 days
of PMA at concentrations as high as 200 ng/ml. This high PMA
level also did not educe any retroviral particles in GT+FU-CJD
celis. Thus, the presence of TSE virusdike srrays in these
GT+FU-CJD celis confirmed they were not dependent on, or
derived from, retroviruses.

Aliquots of mock. untreated, and PMA-treated N2a celis were
analyzed for both PrP-res (Fig. 2E} and for infectivity (Fig. 2F).
In the Western blot of PrP and PrP-res, only the 221. infecied
cells showed a large increase in PrP-res with PMA (reatment,
and PMA did not induce either PrP or PrP-res in the uninfected
controls (+PK lanes). The particle counts, but not the PrP-res
data, predicted there would be no increase in infectivity with
PMA stimulation. Thus, aliguots of these cells were inoculated
infracerebrally to test whether the titer was increased with the
PMA induced PrP-res. Fig. 2F shows these bioassays where serial
ditutions of the untreated and the PMA-induced N2a + 22L cells

were compared (white and gray bars, respectively). There was no
~significant shortening of the incubation time that would indicate

higher infectivity in cells with the higher PrP-res. In fact, the
more dilute inocula show that >5-fold increases im PrP-res
accumulation vielded slightly longer incubation times. Addition-
ally, the incubation times shown for the PMA-ireated and
control N2a + 22L cells represent an infectious titer of 1 LDsg
per =3 cells (see Materials and Methods). This is a very high level
of infection and was comparable with the high titers of GT+FU-
CID cells. Significantly lower levels of infectivity are produced
by other TSE cultures, including GT cells infected with 221
scrapie {4, 17). We are aware of no EM images of the 25-pm
virus-like particles in other examined TSE cultures, and high
levels of infectivity may be required to visualize these particies.
Finally, control inoculations with high numbers of mock PMA-
treated cells, as expected, vielded no signs of TSE disease in
inoculated mice monitored for >300 days (Fig. 2F, dotted bar).

Because some abnormal PrP molecules might be in nonamy-
loid configurations, and normal PrP molecules are probably
recepiors for the infectious TSE agents (21}, we used a third way
to resolve whether there was an association of any PrP molecules
with the 25-nm particles. Cells were lightly fixed, permeabilized,
and then exposed in sitn to PrP antibodies that detect both the

Maruelidis et ai.

normal and abnormal (N-truncated PrP-res) forms. After sec-
ondary ultrasmall gold-labeled detection and silver intensifica-
tion, many silver grains were present over the plasma membrane
(Fig. 3 Top, arrowheads) and dispersed through the cytoplasm,
but were not over nuclei (N), mitochondzia, or IAP clusters (at
arrow). This pattemn of PrP labeling was entirely consistent with
the known residence of normal PrP. Densely packed amyloid
fibers also were labeled as shown at A (Fig. 3 Middle), indicating
good penetration of antibody and detector molecules. This
higher magnification also shows that the cytoplasmic PrP label
was over RER membranes, as would be expected from the
known syothetic routes for a GPl-anchored protein such as PrP.
No silver grains were scen gver any of the 25-nm virus-like
particles, but were sometimes found on the outer RER mem-
brane that encircled the particle arrays (Fig. 3 Botom). The
above data contradict the notion that PrP, in any form, is an
intrinsic component of the TSE 25-nm virus-like particles.

Discussion

The intraceliular 25-nm virus-like dense partitles identified here
were entirely consistent with a virion shape, size, and viral
components as predicted from previous field flow sedimenta-
tion, HPLC, and molecular analyses of infectious particles that
had been stripped of almost all PrP (16). Unlike host-encoded
PrP, they were not detected in uninfected mock controls and,
thus, were even more TSE-specific than PrP. They were aiso not
part of the abpormal PrP amyloid, which is believed to be
infectious. Furthermore, in situ labeling of intact cells, mot
sabject to disruptive and artificial treatments of subceliular
fractionation, also showed no association of particle arrays with
PrP. Rather, individual 25-nm particles probably associate with
PrP in the RER during their assembly, an observation that may
explain why a small amount of PrP can remain associated with
particles during fractionation. This particle-RER, interaction
also may initiate the pathological and self-propagating patho-
logical amyloid of TSE disease, as proposed in ref. 21. Because
IAP retroviral cores that attach to RER have the same density
as the TSE agent {1.28 g/ml) and, therefore, copurify with the
TSE agent, residual PrP in more purified infectious 25-pm
particle preparations may derive from this source as well.

A rtecent field flow fractionation smudy of less pure scrapie
brain preparations has reconfirmed the association of compa-
rable ~25-nm particles with infectivity. This study, however,
concluded that these particles were constituted by aggregates of
14-28 PrP molecules, even though there were many other
heterogeneous and uncharacterized molecules by silver staining
in this peak infectious fraction (22). In contrast, the 25-nm
spherical particles from our more purified brain preparations did
not bind PrP antibodies (1). Thus, the interpretation of these
particles as prions seems tenuous. The failure of PrP antibodies
to label the 25-nm particles in cultured cells ir sifu, as well as the
PMA-enhanced PrP-res experiments here, also support their
nonprion nature. Because images of the particle arrays in our
cultures were so virion-like, we researched the largely ignored
nonprion liferature, and realized (1), as Libersiki (12) had
emphasized, how common and specific these particles are for
TSE-infected brains. Furthermore, as in the above PrP-labeling
studies, TSE-infected brain also showed no detectable PrP
antibody binding to the 25-nm virus-like particles in situ (23).
The strong uranyl positive density of these 25-nm particles in
brain samples, their size and arrangement into similar orthog-
onal arrays connected by stalks, the RER membranes surround-
ing particles arrays, and the specificity of arrays for infected
samples all underscored their similarity to the nonprion particles
we independently identified here in two different infected cell
{ines that are free of degenerative morphology.

In the brain, the synaptic location of the TSE virus-like amrays
afso was consistent with the synaptic concentration of the TSE
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infections agent in synapiosomal fractions {24). Additionaily,
there is one published image of a comparabie virus-like array in
the perikaryon rather than in postsynaptic boutons (10), further
indicating (he similarities of the 23-nm particle arrays in brain
and cultured cells. Although we did pot observe tubular and
electron lucent tubuiar-vesicular/membrane-like components of
variable widths in our arrays, as sometimes described in the brain
{12), tubular vesicular variants may be due o the elaboration of
different components in mature neurons, different stages of
particle development, or structures that are not integral to the
much denser virus-like particles.

In summation, all of this data provides a clear, consistent,
substantive, and logical alternative to the accepted prion hy-
pothesis. The causative TSE agent is most consistent with an
exogenous 25-nm virion without intyinsic host PrP. The stimu-
lation of host imuate immune responses by these agents, a
complex set of molecular reactions that precedes the elaboration
of pathologic PP (9) and ore that is not provoked by PrP-res
itseff (25), also point to a foreign pathogen rather than some
unpredictably spontaneous mutation in the host’s PrP without
cause. The presence of these particles in many different species
infected with a wide variety of TSE strains is in accord with
Koch’s first requirement (I). It is also improbable that an
identical virus-like structure would be a contaminant or a
secondaty coincidental feature of all these different TSE mod-
els. Nevertheless, a more detailed molecular analysis of these
particles will be required to substantiaie their causal namre.
Purification of these ~25-nm particles from productive tissue
cultures should be informative i the essential infectivity assays
are performed systematically with parallel ultrastructural and
molecular analyses. Animal titrations of infectivity are expensive
and profonged. However, sustained and reproducible infection
of indicator GT cells by a variety of TSE agents already has
shown that they can rapidly authenticate the presence of agent
in disrupted samples as well as in living cells (4, 17). GT celis also
may be used for testing infectivity of viral nucleic acids as welt
as PrP conformers. Rapid assays of infectivity in culture should
facilitate the isolation of infectious particles from host compa-
nents, and treatments that modify the production of these
particles in culture may resolve further the infectious structure
from the pathological disease processes it initiates.

Materials and Methods
Neurohlastoma N2a58 cells infected with the 221, scrapie agent
(26) at passage 230 were a gift of N. Nishida (Nagasaki Univer-
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sity, Nagasaki, Japan) and were propagated for 50-150 addi-
tional passages at Yale, whereas mock N2aS8 confrols exposed
to uninfected brain {4, 17} were passaged in parsliel. The C2a

subclone of 22L-infected N2a58 cells was also selected for its -

=4-fold higher PrP-res levels; this subclone yielded the same
25-pm particles and, thus, was not further discriminated here.
The hypothalamic neuronal GTL.7 celf line that was infected
with the FU-CJD ageni consistently produced 1-10 LD per cell
by mouse bioassays (4) and repeatedly showed infectivity in a
new rapid cocalture assay (17). PMA (Sigma, St, Louis, MO) was
applied to enhance PrP and PrP-res production in N2a + 22L
cells as experimentally determined (see Fig. 2). For infectivity
assays, cells were counted, distupted, diluted, and inoculated
intracerebrally into indicator mice as in ref. 4, and titers were
calculated from standard incubation time to endpoint dilutions
as described in ref. 21 by using 22L-infected brain homogenates
inoculated in the same mouse genotype as the standard. Mice
were assessed for strain-specific clinical signs and neuropathol-
ogy-by using a panel of standard antibodies (27). For Western
blots, whole-cell lysates were analyzed with the M20 PrP anti-
body (4), and tubulin detection was used to confirm relative lape
loads; calibrated chemifominescent detections were done with an
Alpha Innotech imager.

For EM, cells were fixed in situ in 2.5% giutaraldehyde in 0( §

M cacodylate buffer, pH 7.4 (CB), for 1 h, harvatedbyscrapmg
m CB with 1% fish gelatin, pelleted at 500 X g for 5 min and then
at 3,000 X g for 10 min, washed in CB three times for 5 min, and
exposed to 1% 0s0, in CB for 1 h. They then were dehydrated
and embedded in Epon 812. For immunolabeling, cells were
fixed in 2% paraformaldehyde with 0.25% glutaraldehyde for
1 h, washed with CB, and permeabilized for 30 min at 25°C in CB
with 2% normal rabbit serum and 0.2% saponin {Sigma}. Cells
were then exposed to goat M20 antibody (1:500) against the PrP
C terminus {4) for 48 h at 4°C and 2 h at 25°C, After CB washes,
cells were incubated at 25°C with 1:500 rabbit anti-goat IgG,
washed, exposed to strepavidin ultrasmali gold (1:200; Electron
Microscopy Sciences, Hatfield, FA), washed in CB and then
H>0, and enhanced with their silver kit for 15 min. After H,0O
washes, cells were osmified and embedded as above. Thin
sectjons were stained with uranyl acetate and lead citrate;
photographic negatives were scanned for reproduction.
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