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Cultured cell lines infected with prions produce an abnormal isoform of the prion protein (PrPSc). In order
to derive cell lines producing sufficient quantities of PrPSc for most studies, it has been necessary to subclone
infected cultures and select the subclones producing the largest amounts of PrPSc. Since postinfection cloning
can introduce differences between infected and uninfected cell lines, we sought an approach to generate
prion-infected cell lines that would avoid clonal artifacts. Using an improved cell blot technique, which permits
sensitive and rapid comparison of PrPSc levels in multiple independent cell cultures, we discovered marked
heterogeneity with regard to prion susceptibility in tumor cell sublines. We exploited this heterogeneity to
derive sublines which are highly susceptible to prion infection and used these cells to generate prion-infected
lines without further subcloning. These infected sublines can be compared to the cognate uninfected cultures
without interference from cloning artifacts. We also used susceptible cell lines and our modified cell blot
procedure to develop a sensitive and reproducible quantitative cell culture bioassay for prions. We found that
the sublines were at least 100-fold more susceptible to strain RML prions than to strain ME7 prions. Comparisons
between scrapie-susceptible and -resistant cell lines may reveal factors that modulate prion propagation.

Prions are the transmissible pathogens that cause a class of
neurodegenerative diseases in mammals including Creutzfeldt-
Jakob disease in humans and scrapie in sheep. The only known
component of the prion is an abnormal isoform of the prion
protein (PrP) designated PrPSc. The precursor of PrPSc is
PrPC, a glycophosphatidylinositol-anchored membrane protein
of unknown function that is highly expressed in neurons of the
central nervous system. Prion diseases can be transmitted to
hamsters and mice, which are used extensively in laboratory
studies of these conditions. However, the cost and complexity
of prion studies in vivo have prompted many attempts to es-
tablish prion-infected cell lines. For unknown reasons, most
cell lines are resistant to prion infection (4, 21). Stable prop-
agation of prions has been established in only a few lines. The
most successful of these have been derivatives of the C-1300
mouse neuroblastoma line, particularly the neuro-2A (N2a)
subline (4, 20). Prion-infected N2a cells are traditionally re-
ferred to as ScN2a. Recently, a mouse hypothalamic cell line,
GT1, has been infected and produces stable high titers of
prions (ScGT1) (25). Although it is not widely used, the rat
pheochromocytoma-derived line PC12 also has been reported
to be infectible with mouse, but not rat, prions (21, 22).

Typical N2a cultures exposed to prions produce only low
levels of infectious prions, apparently because only a small
percentage of the cells become infected (19, 20). In order to
obtain cultures that produce sufficient quantities of PrPSc for
biochemical analysis, prion-exposed N2a cultures must be sub-
cloned and the most highly infected sublines must be selected
(4, 19). This method reliably produces ScN2a lines that gener-
ate large amounts of PrPSc and prion titers of about 105 50%
infective dose (ID50) units/107 cells (4). About 80 to 90% of
cells in these cloned, infected sublines are prion infected (ref-
erence 19 and data below).

To date, ScN2a has proved the most useful cell line for

studying the cell biology of prion replication. This line has been
used to determine the kinetics of PrPSc and the subcellular
location of PrPSc formation (2, 6, 10, 12, 29, 30). These cells
have also been used to seek inhibitors of scrapie formation,
laying the groundwork for the development of antiprion ther-
apeutic agents (5, 28). Recent studies using ScN2a cells trans-
fected with mutant PrP sequences have mapped out regions of
the PrP polypeptide responsible for dominant negative inhibi-
tion of prion propagation (13).

A number of studies have compared properties of unin-
fected and prion-infected cells to look for prion infection-
specific alterations in cellular metabolism (7, 15, 32, 33). Such
investigations may suffer from the fact that ScN2a cells are
subcloned from a population of cells to which they are then
compared. Tumor cells in culture are known to have hetero-
geneous properties due at least in part to genetic instability
(16). Therefore, the observed differences between infected and
uninfected cell lines do not necessarily arise as a consequence
of prion infection. The observed differences might represent
purely fortuitous artifacts of cloning or might be due to a selection
artifact; i.e., properties specific to ScN2a cells may be those
which render the cells susceptible to prion infection and might
be found in only a minority of cells in the parent population.

We sought to generate prion-infected and uninfected cell
lines in which artifactual differences between the lines would
be eliminated. We first developed a method based on the cell
blot technique for the rapid and sensitive detection of de novo
prion infection in multiple independent cell cultures. Using
this technique, we derived prion-susceptible cell lines from
which we were able to generate prion-infected cultures without
further subcloning. We also used these susceptible sublines
and our modified cell blot method to develop a rapid and
sensitive bioassay for one prion strain and to demonstrate the
resistance of N2a to infection with other strains.

MATERIALS AND METHODS

Cell lines. N2a cells were initially obtained from stocks from the American
Type Cell Collection (ATCC). Lines designated N2a.AI or N2a.AF were taken
from separate vials of cells and expanded for 5 to 10 passages before they were
frozen. GT1-trk cells were procured as previously described (25).
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Cell culture. Cells were cloned by dilution into 96-well plates by standard
techniques (9). Unless indicated otherwise, N2a cells were grown in Dulbecco’s
modified Eagle’s medium containing 4.5 g of glucose per liter and supplemented
with 10% fetal bovine serum and penicillin and streptomycin (high-glucose
DMEM). In some cases, N2a cells were grown in minimal essential medium
(MEM), supplemented as described above, or in DMEM containing 1 g of
glucose per liter and supplemented as described above (low-glucose DMEM).
GT1-trk cells were grown in high-glucose DMEM supplemented with G418 (300
mg/ml) and as described above. Plastic coverslips were obtained from Nunc.

Preparation of inocula. For brain-derived homogenates, the whole brains of
mice with signs of scrapie were suspended in 9 volumes of phosphate-buffered
saline (PBS) and passed four times through successively smaller syringe needles
from 16 to 22 gauge. Homogenates were stored at 20°C until use. For ScN2a-
derived inocula, ScN2a cells were passaged at a 1:10 dilution from a confluent
plate and grown for 4 days in DMEM. Cells were scraped off and suspended in
PBS at a concentration of approximately 107 cells/ml on one 10-cm-diameter
plate/ml. These cells were subjected to five rapid freeze-thaw cycles to kill all
cells. The absence of viable cells was confirmed by plating 50 ml of the suspen-
sion in complete DMEM and observing for 2 weeks. After the freeze-thaw
treatment, the cells were homogenized by passage through syringe needles as
described above and stored at 220°C.

Inoculation of cells. Cultures were split at a 1:10 dilution into 24-well tissue
culture plates. Generally, either a 10% homogenate of brain or a homogenate
with 107 cells/ml was added to the appropriate medium at a 1:30 ratio. In some
cases, serial dilutions of this inoculum were made in the same medium. Approx-
imately 600 ml of the inoculated medium was added to each well. Cells were
grown in the presence of the inoculum for 4 days before splitting at a 1:10 ratio.
Thereafter, cells were grown in uninoculated medium. N2a and GT1-trk cultures
were generally split at a 1:10 ratio every 3 to 4 days. In cases where cell growth
was slow, cultures were split at lower ratios.

Cell blotting. The cell blot technique we used is a modified version of the
previously described technique (27). Plastic coverslips were placed in the wells of
a 24-well plate. Cells were plated at a 1:10 dilution into the wells. After 4 days in
culture, the medium was removed and the wells were washed once in PBS. The
coverslips were removed and placed cell side up on blotting paper. A suitably
sized nitrocellulose membrane was wetted in distilled water and then soaked in
lysis buffer (0.5% deoxycholate, 0.5% Triton X-100, 150 mM NaCl, and Tris HCl
[pH 7.5]). This was backed with lysis buffer-soaked blotting paper, and using a
glass plate, the nitrocellulose membrane was pressed firmly for 30 s onto the
coverslips. The coverslips adhered to the membrane and were carefully removed
with forceps or with an inverted micropipette tip attached to a vacuum. The
membrane was air dried for 1 to 2 h. (At this point, it was sometimes stored in
a plastic bag at 220°C for several days.) Before further processing, the blot was
rewetted in lysis buffer. The blot was incubated in lysis buffer with proteinase K
at 5 mg/ml for 1.5 h at 37°C with constant shaking. The blot was washed twice in
distilled water and then incubated for 20 min with 5 mM phenylmethylsulfonyl
fluoride in distilled water at room temperature. Next, the blot was immersed in
denaturing buffer (3 M guanidine isothiocyanate, 10 mM Tris HCl [pH 8.0]) for
8 to 10 min. Until this step, all washes of the blot were treated as prion contam-
inated. The blot was washed three times in water and then blocked with 5%
nonfat dry milk in TBST for 1 h before incubating with the polyclonal antibody
R073 diluted 1:5,000 overnight in Tris-buffered saline with 0.1% Tween 20
(TBST) and 5% nonfat dry milk. Detection was performed with the ECL (Am-
ersham) chemiluminescence technique per the manufacturer’s instructions for
Western blotting. Maximum sensitivity was achieved with exposure times of
greater than 2 h. Densitometry was performed using NIH Image software on
scanned images of photographic film.

Western blotting. Confluent 6-cm-diameter plates (approximately 4 3 106

cells) were washed in PBS and then lysed by the addition of 300 ml of lysis buffer.
The nuclear pellet was removed, and the protein concentration was determined
by bicinchoninic acid assay as recommended by the manufacturer (Pierce). Pro-
teinase K was added at a ratio of 1:50 to total protein, and the lysate was
incubated at 37°C for 1 h. Insoluble material was precipitated by ultracentrifu-
gation at 80,000 3 g for 1 h. The pellet was solubilized in loading buffer, and
Western blotting was performed according to standard procedures (24). Blots
were probed with R073 antibody and detected with the ECL system.

RESULTS

Sensitivity of cell blotting. We sought to develop a means to
rapidly detect the earliest stages of de novo prion infection of
cultured cells. We compared the sensitivity of the cell blot
technique with that of Western blotting by mixing ScN2a cells
with N2a cells at various ratios and assaying after coculture for
4 days. Cell blotting detected proteinase K-resistant PrP
ScN2a/N2a ratios of 1:100. Western blotting performed on the
entire lysate from plates with a 60-mm diameter could detect
protease-resistant PrP at a 1:10 ratio (data not shown). Thus,
cell blotting is sensitive to a smaller proportion of prion-in-

fected cells and requires fewer cells be infected than Western
blotting. This sensitivity facilitated rapid comparison of multi-
ple independent cultures grown and processed in parallel.

Sublines vary in their susceptibility to prion infection. Since
uncloned cultures of N2a cells inoculated with prions produce
only low levels of PrPSc but clonal sublines derived from these

FIG. 1. Sublines vary in susceptibility to scrapie infection. Sublines derived as
described in Materials and Methods were inoculated with 30 ml of a homogenate
(107 cells/ml) of ScN2a cells. (A) Eight N2a sublines inoculated in duplicate and
then passaged for 25 days. Each circular blot in the figure is from a single
independently inoculated and passaged population, with pairs of blots from the
same subline shown side by side. Sublines 4 and 7 are susceptible, sublines 1, 6,
and 8 are of intermediate susceptibility, and sublines 2, 3, and 5 are resistant. (B)
GT1-trk sublines inoculated and passaged in quadruplicate for 24 days prior to
blotting. Sublines 1 and 4 are susceptible, subline 2 is of intermediate suscepti-
bility, and subline 3 is resistant. Note that the level of PrPSc is consistent in each
inoculated culture derived from the same subline. (Cells were confluent on each
coverslip prior to blotting except for one coverslip for GT1-trk subline 4, which
had a low cell density.)
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cultures produce high levels of PrPSc, we reasoned that un-
cloned populations of N2a cells might be composed of cells
with different susceptibilities to prion infection. Therefore, we
subcloned uninfected N2a into sublines and investigated the
susceptibility of each subline to infection.

Typically, we isolated 10 to 20 sublines from a stock line.
From each subline, a population of cells was inoculated with
RML strain scrapie prions, while another population remained
uninoculated. These subcultures were passaged in parallel to
minimize differences due to culture conditions. After 18 to 30
days in culture, the sublines were assayed by cell blotting.
Different sublines produced amounts of PrPSc varying from
substantial to undetectable (Fig. 1). We refer to those sublines
producing large amounts of PrPSc after exposure to prions as
prion susceptible and to those sublines producing no detect-
able PrPSc after inoculation as prion resistant. In a typical
experiment, we found about 20% of the sublines susceptible,
about 20% resistant, and the remainder producing intermedi-
ate amounts of PrPSc. For each subline, the amount of PrPSc

produced is consistent when inoculations are repeated in par-
allel or serially over a period of several months. After 4 to 6
months in continuous culture, there is some reduction in the
amount of PrPSc produced by de novo inoculation of suscep-
tible sublines with prions (data not shown). Susceptible and
resistant sublines retained these properties after storage in
liquid nitrogen for several months. Susceptible infected sub-
lines have continued to produce large amounts of PrPSc for at
least 6 months in continuous culture. Heterogeneity in suscep-
tibility to prion infection is not solely a property of neuroblas-
toma cells, as we found similar variation in susceptibility to
infection in GT1-trk cells (Fig. 1).

Infected susceptible sublines produce as much PrPSc as
cloned ScN2a cells. Thirty to 40 days after inoculation, cell
blots of infected susceptible sublines seemed to show as much
PrPSc as did blots of traditionally cloned ScN2a, which sug-
gested to us that infected susceptible lines could be used in
place of traditionally cloned ScN2a cells. Western blotting con-

firmed that equivalent amounts of PrPSc were produced in
prion-infected susceptible sublines and cloned ScN2a cells
(Fig. 2). We then compared the proportions of cells infected in
susceptible sublines to the proportion infected in a tradition-
ally cloned ScN2a line. Seven of nine lines cloned from an
infected susceptible line produced PrPSc. All four sublines de-
rived from an infected GT1-trk subline produced PrPSc (Fig.
3). In comparison, 18 of 23 sublines derived from the tradi-
tionally cloned ScN2a line produced PrPSc. We concluded that
susceptible cells infected without further subcloning are in-
fected to the same degree as cloned ScN2a cells.

Comparisons between infected and uninfected cultures.
Having established prion-infected lines without cloning after
infection, we used cognate pairs of infected and uninfected
prion-susceptible sublines to determine whether scrapie infec-
tion affected properties of the cells other than the production
of PrPSc. Because one of us (S.B.P.) has remarked on a ten-
dency for ScN2a cell to assume a flatter, more epithelioid
shape than N2a cells, we examined cell morphologies (30).
Although every subline contained cells with a variety of shapes,
different morphologies predominated in different sublines.
Nevertheless, no consistent morphologic differences were seen
between infected and uninfected cells of the same subline. Nor
did we find that certain cell morphologies were associated with
susceptibility to prion infection. We also compared the growth
rates of infected and uninfected cells, looking for slowing of
growth that might indicate a pathological effect of prion prop-
agation in the infected cells. Although growth rate differed
between sublines, it appeared to be unaffected by prion infec-
tion (Fig. 4).

Kinetics of PrPSc production. We sought to exploit the high
sensitivity and reproducibility of our modified cell blot proce-
dure and the increased susceptibility to prion infection of some
of our sublines to develop a rapid bioassay for prions. First, we
determined the time course of de novo PrPSc production in
inoculated susceptible sublines (Fig. 5). Cells were cultured in
the presence of 20 ml of a ScN2a homogenate, RML prion-

FIG. 2. Susceptible subclones produce as much PrPSc after infection as cloned ScN2a does. N2a cells are cells from ATCC stock, not subcloned. ScN2a are
scrapie-infected cells derived by subcloning from an inoculated population of N2a. Lines N2a.3Sc and N2a.22Sc were inoculated with prions and then passaged without
subcloning for 40 days prior to lysis. Previous cell blots (not shown) demonstrated N2a.3Sc to be prion susceptible, while N2a.22Sc was resistant. (A) Lysates not treated
with protease. A total of 75 mg of protein is in each lane. The lower-molecular-weight forms of PrP typically seen in prion-infected N2a lines even without the addition
of protease are present in ScN2a and N2a.3Sc lysates. (B) Proteinase K-treated lysates. The product of digestion of 500 mg of total protein is loaded in each lane. ScN2a
and N2a.3Sc produce approximately equal amounts of protease-resistant PrP, while no protease-resistant PrP is detectable in N2a.22Sc.
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infected mouse brain homogenate, or uninfected brain homog-
enate for 4 days. At 3- or 4-day intervals thereafter, cells were
assayed and an aliquot was prepared for cell blotting. Cell blots
performed 4 and 7 days after inoculation showed decreasing
amounts of PrPSc, which we interpret to be residue of the
inoculum. At 11 days, little or no proteinase K-resistant PrP is
detected. Beginning 15 days postinoculation and increasing
thereafter, some susceptible subclones produce detectable
PrPSc. In repeated experiments using susceptible sublines, pro-
tease-resistant PrP could reliably be detected by 20 days after
inoculation. Although the level of PrPSc increased with longer
culture times, sensitivity did not increase; i.e., cultures negative

at 20 days remained negative. Therefore, in subsequent exper-
iments, cultures were assayed 20 or more days after inoculation.

Effect of medium. We next explored the effects of various
culture media on PrPSc production in inoculated cells. Scrapie-
susceptible N2a cells were grown in high-glucose DMEM, low-
glucose DMEM, or MEM. The high- and low-glucose DMEM
we used were standard formulations (Gibco-BRL) and are
identical except for the glucose concentration and the presence
of pyruvate in the low- but not high-glucose medium. MEM
contains 1 g of glucose per liter and generally lower concen-
trations of amino acids and other nutrients than DMEM does.
N2a cells grown in low-glucose media were morphologically

FIG. 3. Proportion of cells producing PrPSc is similar in inoculated susceptible sublines and ScN2a cells. N2a and GT1 sublines producing large amounts of PrPSc

after inoculation with scrapie were further subcloned, and the subsublines were analyzed by cell blotting. (A) Each circular blot represents a separate subsubline derived
from N2a.AI.15Sc; 7 of 9 sublines produced readily detectable amounts of proteinase K-resistant PrP. (B) Blots done in duplicate. All four GT1-trk.4Sc sublines were
positive. (C) Subclones of clonally established ScN2a lines produced similar results, with 18 of 23 subclones producing detectable proteinase K-resistant PrP (each blot
represents a separate subsubline).

4380 BOSQUE AND PRUSINER J. VIROL.



indistinguishable from cells grown in high-glucose DMEM,
although they grew more slowly, requiring 4 rather than 3 days
to reach confluence from a 1:10 split. PrPSc was detected in all
cultures exposed to high-titer inocula 20 days after inoculation,
but the amount of PrPSc was consistently higher in the cells
grown in high-glucose DMEM. Moreover, cultures grown in
high-glucose DMEM were more sensitive to low titers of in-
oculum than those grown in MEM (Fig. 6). When cells grown
and inoculated in MEM were switched to high-glucose DMEM
for 4 days before blotting, they produced less PrPSc than cells
grown in the high-glucose medium for the entire incubation
period, which indicates that the lower PrPSc levels in these cells
were not simply a reflection of their slower growth in low-
glucose medium for the 4 days prior to blotting. Nor does the
increased sensitivity seen with the high-glucose medium seem
to be a conditioning effect of prolonged growth in the medium,
as cultures switched from MEM to DMEM with 4.5 g of glu-
cose per liter at the time of inoculation are as sensitive to low
titers of inoculum as cells grown continuously in the high-
glucose medium. Cells inoculated and grown continuously in
DMEM with 1 g of glucose per liter behaved similarly to those
inoculated and grown in MEM, suggesting that the concentra-
tion of glucose is a critical factor (data not shown). High-
glucose DMEM consistently gave more than 1-log-unit greater
sensitivity to inoculated prions than did the low-glucose media
(Fig. 7). Consequently, we used high-glucose DMEM in cell
culture bioassay experiments.

Cell culture bioassay for prions. In order to obtain a quan-
titative estimate of susceptibility of sublines to prions from
different sources, we inoculated cultures with serial 10-fold
dilutions of either brain homogenate from a CD-1 mouse in-
fected with the RML strain of scrapie or homogenates of
ScN2a cells infected with RML prions (4). Inoculation with
dilutions to 1022 of 10% RML mouse brain homogenate con-

sistently produced detectable PrPSc on cell blots. ScN2a ho-
mogenate consistently produced PrPSc at 1022 dilution and
sometimes at 1023 dilutions. A 10% RML brain homogenate
contains about 106 ID50/ml, as determined by endpoint titra-
tion studies in intracerebrally inoculated CD-1 mice (8).
Therefore, 1022 dilution of this homogenate contains approx-
imately 104 ID50 prions (Table 1). ScN2a homogenate, pre-
pared as in this study, contains about 104 ID50 of prions per ml
as determined by bioassay in mice, so a 1022 dilution of a 30-ml
inoculum contains on the order of 10 ID50 units of prions (4).
Thus, this cell culture bioassay system is nearly as sensitive to
ScN2a-derived prions as is bioassay by intracerebral inocula-
tion of mice. However, when mouse brain homogenate is the
inoculum, the cell culture assay is several orders of magnitude
less sensitive than the mouse assay.

Attempts to infect sublines with various prion strains. En-
couraged by the high susceptibilities of some of our sublines to
infection with RML prions, we attempted to establish N2a and
GT-1 cells infected with other strains. However, RML-suscep-
tible and -resistant sublines, derived from either GT1-trk or
N2a cells, all failed to produce PrPSc after inoculation with
brain homogenates from Prnpa/a mice infected with prion
strain 139A, 301V, or ME7 (data not shown). The ME7 strain
has a short incubation time in CD-1 mice, indistinguishable
from that of the RML strain. For this reason, we made further
attempts to establish cultures infected with this strain. We used
phosphotungstic acid precipitation to concentrate PrPSc from
mice infected with the ME7 and RML strains (23). We then
inoculated susceptible N2a cells with the precipitated PrPSc

from 0.25 g of brain, an approximately 100-fold increase over
the usual undiluted inoculum. Again, only the RML inoculum
resulted in detectable PrPSc in cells assayed 24 days after in-
oculation (Fig. 8). In order to exclude the possibility that ME7
inoculation resulted in a more protease-sensitive form of

FIG. 4. Comparison of growth rates of scrapie-infected and uninfected cell lines. The graphs depict the results of two similar experiments. Cells were grown in
96-well plates. The number of viable cells were measured at each time point by the thiazolyl blue (MTT) assay. Each point represents the ratio of the mean absorbance
(abs.) of 12 wells of scrapie-infected cells to the mean absorbance of 12 wells of the cognate uninfected cells. Measurements were taken at 1, 3, and 5 days. Each error
bar represents the total relative standard deviation for the ratio. (A) A single prion-infected population from two different susceptible sublines is compared to its
uninfected cognate line. (B) Two separately infected populations were derived from two different susceptible sublines (the two lines indicated by open symbols and solid
symbols) are compared to the cognate uninfected population. A positively sloping line in either figure would indicate relatively faster growth in the scrapie-infected
cells. The cell density increases each day in both scrapie-infected and uninfected populations (data not shown), but no consistent difference in the growth rates is seen
between infected and uninfected sublines. The MTT assay was performed per the supplier’s instructions (Sigma).
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PrPSc, which might not be seen on our cell blots, we performed
Western blotting on the insoluble fraction from lysates of in-
oculated cell cultures (31). Insoluble PrP was present only in
RML-exposed cells (data not shown).

DISCUSSION

Valid comparisons of infected and uninfected cell cultures.
Comparative studies between prion-infected and uninfected
cells have the potential to demonstrate scrapie-specific alter-
ations in cellular metabolism, alterations that may represent
pathological consequences of prion propagation or compensa-
tory mechanisms of the cell. However, the traditional method
of deriving scrapie-infected cell lines results in selection or
cloning artifacts that invalidate comparisons between the
scrapie-infected line and its uninfected parent or sibling lines.
We were able to derive highly susceptible sublines by subclon-
ing uninfected N2a cells. We used these susceptible sublines to
establish cultures in which virtually every cell was infected
without further subcloning. Cognate pairs of uninfected and
infected cell cultures from the same subline can be compared
without danger of cloning or selection artifacts (Fig. 9).

Our concerns about cloning artifacts are not merely hypo-
thetical. Using the cell lines described here, we found that
artifactual differences in cell metabolism are responsible for
some previously reported differences between scrapie-infected
and uninfected cells. First, based on a comparison of prion-
infected and uninfected cell lines, one of us (S.B.P.) concluded
that prion infection alters the expression of the 70- and 28-kDa
heat shock proteins (32). Infected and uninfected pairs of
sublines derived as in this study demonstrate no differences in
heat shock protein expression (P. Bosque, S. Prusiner, et al.,
unpublished data). Thus, the previously reported differences
appear to be due to a cloning artifact. Second, earlier studies
had suggested that a redacted form of PrP, composed of only
106 amino acids, existed in a soluble, proteinase K-resistant
form only in ScN2a cells (17). However, transfected cognate
pairs of scrapie-infected and uninfected cells from the same
subline express equal amounts of protease-resistant, redacted
PrP (26). The previously perceived differences were due to
artifactual differences in transfection efficiency between the
ScN2a and N2a cells used in the original studies.

We used the cognate pairs of cell cultures to investigate
two other properties we thought might be specifically asso-
ciated with prion infection. Since prion propagation causes
neuronal loss in animals, we reasoned that prion-infected
cultures might grow more slowly than uninfected ones. How-
ever, we found no measurable difference in growth rates. In
prion disease, neuronal cell death may be mediated by ap-
optosis (10a, 16a). Perhaps tumor cells in culture are more
resistant to apoptotic cell death mediated by prion accumu-
lation than are neurons in vivo. Alternatively, cell division
may protect cultured cells from accumulating lethal quanti-
ties of PrPSc. We also compared the morphology of prion-
infected and uninfected cells, because we had previously
noticed a tendency for infected cells to assume a flatter,
more epithelioid shape than uninfected cells. However, we
saw no consistent differences in cell shape between infected
and uninfected cognate pairs of cultures.

A rapid bioassay for prions. The cell blot technique is
more sensitive than the Western blot technique for the
detection of PrPSc. We found that Western blotting could
detect PrPSc when 10% of the cells confluent on a 6-cm-
diameter dish were infected with prions, whereas cell blot-
ting could detect PrPSc when 1% of the cells in a single well
of a 24-well plate were infected. With respect to the number
of infected cells, this represents an approximately 150-fold
increase in sensitivity. The high sensitivity of this system
made it possible for us to detect the early stages of prion
propagation in de novo infected cells. We found that our
modified version of cell blotting applied to susceptible sub-

FIG. 5. Time course of accumulation of PrPSc in inoculated susceptible cells.
A susceptible subline, N2a.AI.17, was inoculated with 20 ml of a 10% brain
homogenate from an RML-infected CD-1 mouse (left column) or with 20 ml of
ScN2a cells (107 cells/ml) (right column). At intervals after inoculation, cells
were passaged and aliquots were plated for cell blotting. After 7 days (the first
passage), a strong signal, thought to represent residual inoculum, was seen (not
shown). The signal at day 11 may represent residual inoculum or de novo PrPSc

formation. Increasing amounts of PrPSc after day 11 indicate de novo formation
of PrPSc. By day 34, the amount of PrPSc in the culture inoculated with ScN2a
homogenate approaches that of cloned ScN2a cells.
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lines of N2a cells was a remarkably sensitive bioassay for
infectious prions. Using ScN2a cell homogenate as an inoc-
ulum, on the order of ;10 ID50 units could be detected in 20
days. This is more sensitive than any other in vitro assay for
ScN2a-derived prions. Even the most rapid and sensitive in

vivo assay, intracerebral inoculation of transgenic mice
overexpressing PrP requires incubation times of about 75
days for such a low titer and would be significantly more
expensive to perform (unpublished observations). The cell
blot assay is less sensitive to brain-derived prions, with a
detection limit of 104 ID50 units with RML prions. Why the
cells are less susceptible to brain-derived prions is not clear.
Possible explanations follow. (i) Prions have cell type-spe-
cific affinities so N2a cells would be more susceptible to
homogeneous ScN2a prions than brain-derived prions,
which are presumably derived from a mixture of cell types.
(ii) ScN2a-derived prions are actually present at higher ti-
ters than are brain-derived prions but are cleared in vivo
more efficiently than are brain-derived prions, effectively
lowering the in vivo titer. (iii) Brain homogenate has some
prion inhibitory factor, which is more effective with cultured
cells than in vivo. (iv) Prions in the crude brain homogenates
used in this study are more effectively mobilized by factors
in the brain parenchymal milieu than by tumor cells in
culture.

Strain specificity. It is unclear why N2a and GT1-trk cells
are susceptible to only the RML strain of prions. We consid-
ered the possibility that the insensitivity of these cells to some
strains might be related to the longer incubation times of these
strains in mice compared to that of the RML strain. In this
case, the resistance of N2a and GT1-trk cells to longer-incu-
bation strains might reflect a tendency of cells in culture to
dilute out propagating prions by repeated cell division. For this
reason, we focused our efforts on infecting N2a cells with the
ME7 strain, which has an incubation time in Prnpa/a mice
indistinguishable from that of the RML strain. (N2a cells are
derived from a spontaneous tumor arising in A/J mice, a
Prnpa/a mouse strain [14].) Nevertheless, ME7 failed to cause
PrPSc production in RML-susceptible N2a cells, even with
PrPSc concentrations in the ME7 inoculum at least 100 times
higher than that necessary to cause infection with RML. Al-
though we did not make a direct comparison with higher di-
lutions, this may reflect as much as a 104-fold or greater dif-
ference in susceptibility, since we successfully infected N2a
with 100-fold dilutions of unconcentrated, RML-infected brain
homogenate (Table 1). A caveat is that although the quantities

FIG. 6. Effect of growth medium on susceptibility to scrapie infection. Cultures of a prion-susceptible N2a subline were inoculated with dilutions of a homogenate
of ScN2a cells (107 cell/ml) and passaged in the indicated medium for 22 to 30 days before blotting. (A) Cultures inoculated and grown in high-glucose DMEM (DME)
or MEM. PrPSc is detectable in cells grown in DMEM at a 2-log-unit dilution of the inoculum, but in cells grown in MEM, PrPSc is detected only in the undiluted
inoculum. (B) Cultures inoculated and grown in high-glucose DMEM or MEM and then grown in high-glucose DMEM for 4 days prior to blotting. (C) Cultures grown
for several weeks in either MEM or high-glucose DMEM and then switched to the other medium prior to inoculation. Uninoc., uninoculated.

FIG. 7. Comparison of the cell blot densities of a susceptible N2a line grown
in high-glucose DMEM or MEM. Cultures were inoculated with ScN2a cell
homogenate. The amount inoculated is expressed as an estimate of the mouse
ID50 titer, based on previous studies of ScN2a cells (4). Cell blotting was per-
formed 25 days after inoculation. Density measurements were made using NIH
Image software on scanned images of cell blots. Measurements were normalized
by determining the ratio of the density of the blot to the mean density of blots of
uninoculated cells on the same membrane. Each data point represents the
average measurements of four separate cell blots and is expressed as a mean
percent above background density [(normalized density 2 1) 3 100]. Error bars
show the total relative standard deviation for the normalized density calculation.
For cells grown in DMEM (solid squares), Student’s t-test gives P values of 0.01
or lower for comparisons between any of the three inoculation titers and mean.
However, for cells grown in MEM (open diamonds), P values are less than 0.05
only for the group receiving the highest inoculum titer. Thus, cell blot sensitivity
is 1 to 2 log ID50 units greater for cells grown in DMEM than for cells grown in
MEM.
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of PrPSc in the concentrated RML and ME7 homogenates
used in this study were approximately equal, the infectious
titers were not directly compared by limiting dilution in
intracerebrally inoculated mice. It is conceivable that de-
spite the similar incubation times in CD-1 mice, the infec-
tious titer is actually lower in the ME7 homogenate. Nev-
ertheless, this demonstration that N2a cells are more
sensitive to some prion strains than others is congruent with
the observation that certain regions of the brain accumulate
more PrPSc with some strains than others, presumably re-
flecting preferential replication of certain strains in certain
subpopulations of brain neurons (3, 11). The apparent strain
specificity of the present system restricts its usefulness as a
rapid bioassay.

Scrapie-resistant sublines. In addition to highly suscepti-
ble sublines, we also derived sublines that appear to be
resistant to scrapie infection. Studies of resistant and sus-
ceptible sublines of tumor cells have proved useful in other
fields, e.g., in analyzing the metabolism of anti-neoplastic
agents (1, 18). An analogous approach using these scrapie-
susceptible and -resistant subclones may detect cellular fac-
tors inhibiting or promoting prion propagation. In our initial
analysis, we found that resistance of some sublines to

scrapie infection may be attributable to a relatively low level
of PrPC production (unpublished observations). However,
we see a marked difference in susceptibility to scrapie in-
fection even among sublines with moderate and high levels
of PrP production. This suggests that factors other than
PrPC levels, which vary from subline to subline, may be
responsible for the different susceptibilities to scrapie. We
are currently engaged in a search for these factors that
confer susceptibility or resistance to prion infection.

In summary, we have developed a new approach to the study
of prion-infected cells in culture. This approach systematically
minimizes the possibility of clonal artifacts and permits the
valid comparison of infected and uninfected cells. The tech-
niques we apply here should be employed in future compara-
tive studies of infected and uninfected cells. Using this ap-
proach, we were able to derive highly susceptible, uninfected
cells, from which we developed a rapid and inexpensive quan-
titative bioassay for RML prions. Unfortunately, this cultured
cell bioassay is highly dependent on the prion strain. Our
observations may also lead to a new means for elucidating the
cellular physiology of prion replication through the compari-
son of prion-susceptible and -resistant cell lines.

FIG. 8. N2a and GT1-trk cells are resistant to infection with the ME7 strain of prions. (A) PrPSc was concentrated from RML- or ME7-infected mouse brains using
phosphotungstic acid (PTA), as described in Materials and Methods. The Western blot compares 5 ml of 5% brain homogenate (H) to 5 ml of a 60-ml resuspension
of the PTA-precipitated pellet (P) for both RML and ME7. Note that only PTA-precipitated samples were treated with proteinase K. The precipitation markedly
increases the concentration of PrPSc. (B) Cell blots of GT1-trk and N2a.F13.18 cells exposed to PTA-concentrated RML 22 days before blotting. (C) GT1-trk and
N2a.F13.18 cells exposed to PTA-concentrated ME7 22 days before blotting. No proteinase K-resistant PrP is seen in any ME7-inoculated culture, while all
RML-inoculated N2a.F13.18 cultures and 50- and 5-ml RML-inoculated GT1-trk cultures are infected. Background staining is higher with GT1-trk cells than with N2a
cells (compare the blots of uninoculated cultures).

TABLE 1. Effects of medium, source of inoculum, and prion strain on efficiency of de novo prion infection in susceptible N2a sublines

Cell line
(susceptible

sublines)
Medium Inoculuma

Maximum dilution of
inoculum cell blot
positive (log units)

Estimated minimum
detectable titer

(log units)

N2a High-glucose DMEM ScN2a homog. (RML) 22 1
N2a Low-glucose MEM ScN2a homog. (RML) 21 2
N2a Low-glucose DMEM ScN2a homog. (RML) 21 2
GT1-trk High-glucose DMEM ScN2a homog. (RML) 22 1
N2a High-glucose DMEM RML brain homog. 22 4
N2a High-glucose DMEM ME7 brain homog. NAb .6

a homog., homogenate.
b NA, not applicable. No infected cultures even when inoculum is concentrated 100-fold.
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