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Mouse bioassay remains the gold standard for determining proof of infectivity, strain type, and infectious
titer estimation in prion disease research. The development of an approach using ex vivo cell-based assays
remains an attractive alternative, both in order to reduce the use of mice and to hasten results. The main
limitation of a cell-based approach is the scarcity of cell lines permissive to infection with natural transmissible
spongiform encephalopathy strains. This study combines two advances in this area, namely, the standard
scrapie cell assay (SSCA) and the Rov9 and MovS6 cell lines, which both express the ovine PrP VRQ allele, to
assess to what extent natural and experimental ovine scrapie can be detected ex vivo. Despite the Rov9 and
MovS6 cell lines being of different biological origin, they were both permissive and resistant to infection with
the same isolates of natural sheep scrapie as detected by SSCA. Rov9 subclones that are 20 times more
sensitive than Rov9 to SSBP/1-like scrapie infection were isolated, but all the subclones maintained their
resistance to isolates that failed to transmit to the parental line. The most sensitive subclone of the Rov9 cell
line was used to estimate the infectious titer of a scrapie brain pool (RBP1) and proved to be more sensitive
than the mouse bioassay using wild-type mice. Increasing the sensitivity of the Rov9 cell line to SSBP/1
infection did not correlate with broadening susceptibility, as the specificity of permissiveness and resistance to
other scrapie isolates was maintained.

Prion diseases are a group of neurodegenerative diseases
affecting humans and animals, including scrapie in sheep and
goats and bovine spongiform encephalopathy (BSE) in cattle.
A feature of prion diseases and, in particular, of scrapie, is the
existence of different strains (6) which influence pathology and
is most probably related to the conformation of the pathogenic
form of the prion protein (PrPSc). The susceptibility of sheep
to scrapie is determined by the PrP genotype; codons 136, 154,
and 171 determine relative resistance and susceptibility, with
amino acids valine (V), arginine (R), and glutamine (Q) at
these positions (known as VRQ) being considered the sheep
PrP allele most susceptible to classical scrapie (3).

An array of diagnostic tests exist for prion diseases, aimed at
the detection of the disease-associated protease-resistant form
of the naturally occurring PrPC protein, termed PrPSc or PrPres

after partial protease digestion. However, the level of detect-
able PrPSc does not quantitatively correlate with prion infec-
tivity (2) and the current biochemical analysis of PrPSc cannot
always determine the strain (6, 7).

Mouse bioassay remains the gold standard for determining
proof of infectivity, strain type, and infectious titer estimate in
ruminant transmissible spongiform encephalopathy (TSE) re-
search. Conventional mouse bioassays using wild-type mice are
generally slow (�150 days, and considerably longer, �600,

days for obtaining infectious titer information) and require
multiple mice to be dosed (typically 6 or more) at each dilution
of infectious material. Therefore, the development of an ap-
proach using ex vivo cell-based assays remains an ethically and
economically desirable alternative. Using cell lines permissive
to mouse-passaged scrapie strains, Klöhn et al. have developed
a cell-based assay for measuring de novo infection and the titer
of mouse-passaged scrapie (18).

The main limitation of adopting a cell-based approach is the
scarcity of cell lines permissive to infection with natural TSE
strains (for a review, see references 31 and 34), as the majority
of permissive cell lines can only be infected with rodent-
adapted strains of scrapie and BSE (4, 9, 16, 20, 23, 24, 29, 33,
36). While there are currently no cell lines reported to be
permissive to bovine BSE or human TSE diseases, there are
cell lines which express ovine PrP that have been shown to be
permissive to natural scrapie infection (1, 35). There is also
one fibroblast-like deer cell line that is able to propagate
chronic wasting disease (27).

Two of the sheep scrapie-susceptible cell lines are the
MovS6 cell line (1), a Schwann cell line derived from the tg301
transgenic mouse, and the Rov9 cell line (35), based on a stably
transfected rabbit kidney epithelial cell line (RK13) that does
not express endogenous PrP. Both express the VRQ allele of
ovine PrP, the latter upon induction with doxycycline (35).
These cell lines were found to be permissive to infection with
a PrP genotype-matched VRQ homozygous scrapie field case,
and de novo PrPSc maintained its phenotype when used as an
inoculum in mouse bioassays (1, 35). Using fluorescence-acti-
vated cell sorting, Falanga et al. isolated Rov9 subclones that
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produce higher levels of PrPC and PrPSc than the parental cell
line when infected (11).

The primary objective of this study was to assess the permis-
siveness of the Rov9 and MovS6 cell lines to a panel of scrapie
isolates from a range of sheep breeds with a range of PrP
genotypes. Second, subcloning of the Rov9 cell line was un-
dertaken in an attempt to identify subclones with greater sen-
sitivity and more diverse permissibility to ovine scrapie isolates.

MATERIALS AND METHODS

Cell lines. The MovS6 and Rov9 cell lines have been described previously (1,
35). The MovS6 cell line was cultured in 75% Dulbecco’s modified Eagle’s
medium (DMEM; Sigma) and 25% F-12 Ham medium (Sigma) supplemented
with 10% fetal calf serum and antibiotics. Infections in MovS6 cells were per-
formed with Optimem (Gibco) as a replacement for DMEM. Rov9 cells were
routinely cultured in Eagle’s minimal essential medium (EMEM; Gibco) sup-
plemented with 10% fetal calf serum, 2% HEPES, and antibiotics (penicillin,
streptomycin, and mycostatin). All Rov9 infections were performed using Opti-
mem (Gibco) as a replacement for EMEM. Cells were cultured at 37°C in a
humidified 5% CO2 atmosphere in a cell culture incubator.

SSCA. For the standard scrapie cell assay (SSCA), cells were infected follow-
ing the published protocol from Klöhn et al. (18), briefly described here. Ap-
proximately 20,000 cells per well were plated out in 96-well plates, Rov9 cells
were cultured in the presence of 1 �g/ml doxycycline (Sigma) to induce PrPC

expression for 48 h prior to the addition of infectious brain homogenate, and
doxycycline was added to the medium for subsequent culturing of the Rov9 cells
in order to maintain PrPC expression. Cells were cultured for a further 3 days
before being passaged every 3 days at a 1:6 dilution into fresh 96-well plates and
then on the fourth day were transferred to 96-well enzyme-linked immunospot
assay (ELISPOT) plates (Multiscreen-IP filter plates; Millipore). The plates
were dried, and a modified SSCA was performed. Alterations to the published
protocol included increased proteinase K (PK) concentrations (4 and 10 �g/ml
for MovS6 and Rov9 cells, respectively) and the use of 6H4 (Prionics) as a
primary antibody for detection of PrPres in the plates. Following immunodetec-
tion, infected cells were visualized with an alkaline phosphate conjugate sub-
strate kit (Bio-Rad). Positive cells (spots) were counted using a Zeiss KS-ELIS-
POT imaging system running WellScan software (Imaging Associates).

To accurately assess the total cell number per well, duplicate ELISPOT plates
were prepared with a 1:10 dilution of cells and dried in the same way as described
above. Cells were stained with Trypan blue solution and counted using the Zeiss
KS-ELISPOT imaging system. All results are presented as the number of in-
fected cells per 20,000 cells for ease of comparison; however, in most cases the
number of cells assayed per well was �5,000 cells. In some cases, the number of
infected cells detected by the SSCA with the Rov9-2A3 subclone is an underes-
timate: due to the large number of infected cells present, the individual spots
merge and the ELISPOT plate reader is unable to count the individual infected
cells, resulting in undercounting of infected cells (see Fig. 3). However, at lower
concentrations of inocula, the number of infected cells is decreased and differ-
ences between the sensitivities of the subclones become apparent (see Fig. 5a).
In all cases, the wells have been inspected under the microscope to confirm
infected cells; this is especially important for samples that are borderline positive
with regard to the negative controls. In some cases, wells appear positive by spot
numbers but, upon microscopic inspection, the spots detected are drying defects
within the well or the effects of the edge of the well.

To aid comparison of the subclones, the concentration of the inoculum re-
quired to infect 1,000 cells out of 20,000 cells plated has been calculated. This is
an arbitrary value similar to that used by Mahal et al. (21), but whereas Mahal
et al., used 300 infected cells per 20,000, we have chosen 1,000 cells.

Scrapie inocula. Two experimental scrapie isolates, SSBP/1 from a VRQ/VRQ
sheep and CH1641 from an AHQ/AHQ sheep (14); a brain pool (RBP1) (30);
New Zealand-derived uninfected controls; and field case samples of scrapie were
obtained from the Veterinary Laboratories Agency (Table 1). All material was
brain frontal cortex tissue except RBP1, which is a pool of whole brains from 17
sheep of different PrP genotypes. All brain samples were homogenized in sterile
phosphate-buffered saline (PBS) (10% wt/vol) and stored at �80°C; they were
diluted in cell culture medium to appropriate dilutions prior to being added to
cells.

Subcloning by limiting dilution. Rov9 cells were counted and plated out in
96-well plates with an average of one cell per 3 wells. After clonal cells were

established, they were transferred to new plates and tested for permissiveness to
infection using the SSCA.

Western blotting. For PrPC analysis, Rov9 cells and subclones were grown in
25-cm2 flasks in the presence of 1 �g/ml doxycycline for 48 h. For infected cells,
cells were grown in 24-well plates and inoculated with scrapie-infected brain;
after 3 days the cells were passaged 1:6 into a fresh 24-well plate. At 3-day
intervals, cells were passaged 1:1 into 6-well plates, transferred to 25-cm2 flasks,
and finally transferred to 75-cm2 flasks before collection once confluent. Prior to
collection, 20,000 cells from each infection were plated out for SSCA analysis to
confirm infection. Cells were lysed in 1 ml radioimmunoprecipitation buffer (50
mM Tris, pH 8.0, 150 mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1%
NP-40, 1 mM EDTA). Lysates were treated with benzonase (25 U/ml of lysates;
Sigma) to digest DNA. Cell lysates were clarified by centrifugation, and protein
concentration determined by bicinchoninic acid (BCA) protein assay (Pierce).
For PrPC analysis, 100 �g of protein was precipitated in 1 ml cold methanol at
�20°C for 1 h before being washed and resuspended in 50 �l loading buffer and
boiled for 5 min. Five microliters (equivalent to 10 �g of total protein) was
loaded onto each lane of a gel. For detecting PrPres in infected cell lysates, 500
�g of total protein was digested with PK (20 �g/ml for 60 min at 37°C, Roche)
before centrifugation at 47,000 � g for 30 min, and the pellet was resuspended
in 25 �l loading dye (Prionics) and loaded onto a polyacrylamide gel (Novex 12%
Bis–Tris gels). After separation by electrophoresis, proteins were transferred to
polyvinylidene difluoride (PVDF) membrane (Millipore) and detected by anti-
bodies against PrP (6H4; Prionics) or tubulin (Santa Cruz Biotechnology, Inc.).
Proteins were visualized by using CDP-Star.

For Western blotting of scrapie inoculum samples, 20 �l of 10% brain ho-
mogenate was mixed with an equal volume of homogenization buffer (Prionics).
The homogenate was digested with 37.5 �g/ml PK for 1 h at 37°C before the
addition of 2 mM phenylmethylsulfonyl fluoride (PMSF; Sigma), to stop diges-
tion, and 40 �l loading buffer. Samples were boiled, 25-�l amounts run on 12%
Bis–Tris gels (Novex), and Western blots performed as described above for cell
lysates.

Deglycosylation of PrPC. For deglycosylating PrPC, lysates were digested with
peptide-N-glycosidase F (PNGase). Proteins in 10 �l of cell lysate were precip-
itated with 7 volumes of ice-cold methanol for 2 h at �20°C and collected by
centrifugation at 13,000 rpm for 20 min. The protein pellet was resuspended in
2 �l of denaturing buffer (New England Biolabs) and 18 �l water and heated to
100°C for 10 min. Two microliters Nonidet P40, 2 �l G7 buffer, and 0.8 �l
PNGase (all reagents from New England Biolabs) were added to the resus-
pended pellet. Samples were briefly vortexed for mixing and incubated at 37°C
overnight. Digested proteins were reprecipitated with 7 volumes of ice-cold
methanol for 2 h at �20°C and collected by centrifugation at 13,000 rpm for 20
min. Precipitates were resuspended in loading dye and separated by electro-
phoresis as described above. Densitometry measurements were performed using
Labworks software (UVP Bioimaging Systems).

Immunofluorescence confocal microscopy. Uninfected Rov9 cells were grown
on coverslips in 24-well plates in the presence or absence of doxycycline for 48 h
and then fixed in 4% formaldehyde solution in PBS. Cells were permeabilized
with 0.1% Triton X-100 in PBS for 2 min before immunofluorescent staining with
an antibody targeted against PrP (6H4; Prionics) and an IgG secondary anti-
mouse antibody to which Alexa 488 was conjugated (Molecular Probes). Nuclei
were counterstained with Hoechst 33342 (Molecular Probes). Coverslips were
mounted in ProLong Gold (Molecular Probes), and images were captured using
a Leica TCS SP2 confocal microscope.

Flow cytometry. Rov9 cells and subclones were grown in 25-cm2 flasks in the
presence or absence of 1 �g/ml doxycycline for 48 h. Cells were detached by
incubation with 3 ml Versene (Gibco) for 30 min at 37°C. Detached cells were
washed in PBS and labeled with SAF32 anti-PrP antibody (Spi-Bio) (1 �g/106

cells for 1 h). Cells were washed twice in wash buffer (PBS, 0.5% bovine serum
albumin, 0.1% sodium azide, 0.002% EDTA) and incubated for an hour at room
temperature with a phycoerythrin-conjugated secondary antibody (BD Phar-
minogen). Cells were washed twice and resuspended in 0.5 ml PBS. Cells were
analyzed using a Beckman Coulter Epics XL Flow Cytometer. Ten thousand
events were recorded for each sample and analyzed using Expo32 ADC software.

Titer estimation with SCEPA. Thirty-two wells for each of 7 dilutions of
homogenate and 32 wells of New Zealand-derived negative control were plated,
and the scrapie cell endpoint assay (SCEPA) performed (22). This differs from
the standard scrapie cell assay in that after the initial 3-day incubation period
with the inoculum, 50% of the medium is changed and the cells are cultured for
a further 3 days. The cells are then passaged three times at a 1:3 dilution every
2 days, followed by three passages at a 1:6 dilution every 3 days before the
ELISPOT assay is performed as described for the SSCA. Titers were estimated
using the Reed and Muench 50% endpoint calculation method (28). A well is
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deemed to be positively infected if the number of spots detected by SCEPA is
greater than the average of the results for the 32 wells of New Zealand-derived
scrapie-negative isolate plus 3 times the standard deviation.

RESULTS

Transmission of sheep scrapie to Rov9 and MovS6 cells. To
compare the susceptibilities of the Rov9 and MovS6 cell lines
to natural cases of scrapie, both cell lines were challenged with
a panel of 30 field isolates of scrapie and de novo infection
assessed with the standard scrapie cell assay (SSCA) (18). As
the Rov9 and MovS6 cell lines express high levels of PrPC, the
proteinase K (PK) concentration was optimized to ensure com-
plete digestion of PrPC, ensuring that only PK-resistant PrP
(PrPSc)-expressing cells were detected in the SSCA and pre-
venting false-positive results (data not shown).

Rov9 and MovS6 cells were challenged with brain homoge-
nates from 30 field cases of scrapie, 2 experimental scrapie
isolates (SSBP/1 and CH1641) (10, 12), and a New Zealand-
derived scrapie-negative case, described in Table 1.

The average numbers of infected cells per 20,000 cells
determined by SSCA are plotted in Fig. 1. The Rov9 and
MovS6 cells are permissive to the same 7 natural scrapie
samples (PG97/99, PG989/02, PG1558/96, PG1458/96,

PG1597/98, PG2413/98, and PG0322/97) and the SSBP/1 ex-
perimental isolate (Fig. 1). A greater number of infected cells
was seen in the Rov9 cell line than in the MovS6 cell line.

Five of the 7 field case samples and the SSBP/1 isolate that
produced de novo infection are from VRQ homozygous sheep,
and the other two samples are from ARR/VRQ heterozygous
animals. Among the PrP genotypes of the 23 natural scrapie
isolates that failed to infect the cell lines as determined by
SSCA, 7 were ARQ/ARQ, 10 ARQ/VRQ, 1 AHQ/ARQ, 1
ARR/VRQ, and 4 VRQ/VRQ (Fig. 1). The CH1641 experi-
mental isolate, from an AHQ/AHQ sheep, also failed to trans-
mit infectivity to the cell lines.

Subcloning of Rov9 cells and screening for increased per-
missiveness to infection. Using cell lines permissive to murine
prion strains, it has been shown that sensitivity to scrapie in-
fection can be altered through subcloning (18, 21). To further
explore this finding, the Rov9 cell line was subcloned by lim-
iting dilution and 50 first-generation subclones were obtained.
These 50 subclones were screened for permissiveness to infec-
tion using SSBP/1 and CH1641 scrapie isolates as inocula.
Using the SSCA, 11 subclones were found to be more permis-
sive to infection with SSBP/1 than the parental Rov9 cells. No
subclone was found to be permissive to infection with CH1641.

TABLE 1. Characteristics of sheep from which scrapie field samples, experimental scrapie, and negative-control samples
were obtained for use as inoculaa

Inoculum Sex Age Breed or source PrP genotype(s)

PG0097/99 F 6 y British Friesland VRQ/VRQ
PG0417/99 F 5 y Swaledale ARQ/VRQ
PG0369/99 F 4 y Mule ARQ/ARQ
PG0382/99 F 3 y 1 mo Suffolk cross ARQ/VRQ
PG2385/98 F 3 y 11 mo Charollais ARQ/VRQ
PG0633/02 F 4 y Charollais � Suffolk ARQ/VRQ
PG0989/02 F 8 y Easicare ARR/VRQ
PG1206/02 F 3 y Brecknock Hill Cheviot ARQ/VRQ
PG0988/02 F 7 y Easicare ARR/VRQ
PG0456/03 F 3 y Swaledale ARQ/VRQ
PG1563/02 M 2 y 8 mo Bleu de Maine VRQ/VRQ
PG0226/03 F 5 y Swaledale ARQ/VRQ
PG1764/02 F 3 y 8 mo British Friesland ARQ/VRQ
PG0135/96 F 5 y Finn Dorset cross ARQ/ARQ
PG0116/96 F 3 y 1 mo Finn Dorset AHQ/ARQ
PG0181/96 F 2 y 9 mo Swaledale ARQ/VRQ
PG1558/96 F 4 y 6 mo Welsh Mountain ARR/VRQ
PG0430/96 F 2 y 2 mo Swaledale VRQ/VRQ
PG0470/96 F 3 y Suffolk ARQ/ARQ
PG0112/97 F 6 y Mule ARQ/ARQ
PG0300/97 F 3 y 10 mo Mule ARQ/VRQ
PG1458/96 F 2 y 5 mo Welsh Mountain � Wiltshire VRQ/VRQ
PG0330/97 F 3 y Bleu de Maine VRQ/VRQ
PG0241/97 F 3 y Swaledale VRQ/VRQ
PG0211/99 F 5 y Mule ARQ/ARQ
PG1597/98 F 2 y 7 mo Crossbreed VRQ/VRQ
PG1362/97 M 3 y Suffolk ARQ/ARQ
PG2413/98 F 2 y 2 mo Polled Dorset VRQ/VRQ
PG0322/97 F 2 y Welsh Mountain cross VRQ/VRQ
PG2049/97 F 8 y Suffolk cross ARQ/ARQ
PG1475/04 (SSBP/1) M 1 y 4 mo Cheviot VRQ/VRQ
PG1271/05 (CH1641) M 2 y 3 mo Cheviot AHQ/AHQ
PG1531/01 (NZ negative) M 4 y Bleu de Maine ARR/VRQ
RBP1 Pool from of 17 scrapie-infected

sheep
5 � ARQ/VRQ, 1 � ARR/VRQ,

4 � ARQ/ARQ, 1 � ARQ/
AHQ, 6 � VRQ/VRQ

a Scrapie samples from those animals whose data are highlighted in bold font were able to infect all the cell lines and subclones thereof that were tested.
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The Rov9-B4 subclone was the most sensitive to SSBP/1 in-
fection, and therefore, Rov9-B4 was subjected to a second
round of subcloning by limiting dilution. Ninety-nine Rov9
second-generation subclones were obtained from the Rov9-B4
subclone and challenged with the SSBP/1 isolate. Thirty-five of
the 99 Rov9 second-generation subclones were more permis-
sive to SSBP/1 than the Rov9-B4 subclone (Fig. 2). The Rov9-
1G10 second-generation subclone was found to be the most
sensitive (highest number of infected cells per 20,000 cells) by
SSCA; however, this clone did not grow consistently in culture
and therefore the next most SSBP/1-sensitive subclone, Rov9-
2A3, was chosen for further investigation in this study.

Comparison of Rov9 subclones with the parental cell line.
The most SSBP/1-sensitive first- and second-generation sub-
clones, Rov9-B4 and Rov9-2A3, were challenged with the 30
natural and 2 experimental (SSBP/1 and CH1641) scrapie iso-
lates. In addition, the cells were challenged with the scrapie

brain pool, RBP1 (30). The data presented in Fig. 3 show that
although the number of infected cells detected by the SSCA is
increased, in some cases by more than 10-fold, in the second-
generation subclone compared to the number in the parental
Rov9 cells, the range of samples that resulted in de novo
infection remains unchanged.

To confirm the presence of de novo PrPres in the infected cell
lines, Western blotting was performed on PK-digested lysates
of Rov9-2A3 cells challenged with 19 of the field case isolates
that were assessed by SSCA (Fig. 4a). The presence of PrPres

in the cell lysate correlates with the de novo infection results
obtained for the same scrapie inocula (PG97/99, PG1558/96,
PG989/02, PG1458/86, PG1597/98, PG2413/98, PG0322/97,
SSBP/1, and RBP1) in the SSCA (Fig. 3).

The amount of detectable PrPSc present in the inocula does
not seem to be a determining factor in successful de novo
infection, as there is no correlation between PrPres levels and

FIG. 1. Permissibility of Rov9 and MovS6 cell lines to infection with natural and experimental sheep scrapie isolates. The average number of
de novo infected cells (spots) detected by SSCA in 4 duplicate wells of Rov9 (upper panel, black) and MovS6 (lower panel, gray) cell lines after
exposure to a 10�3 dilution of each scrapie inoculum is shown, and the PrP genotype is given for each isolate. The New Zealand-derived negative
control represents a scrapie-negative isolate used to calculate the background level of nonspecific spots. The dashed lines represent the average
number of spots detected in the negative control plus 3 times the standard deviation; below this line, the samples are considered uninfected. Error
bars show standard errors of the means. Note the difference in y axis scale for the two cell lines.

FIG. 2. Permissibility of second-generation Rov9 subclones to a 10�4 dilution of SSBP/1 detected by SSCA. Each gray bar represents the
average number of de novo infected cells (spots) detected by SSCA for an individual subclone; the white bar represents the Rov9-B4 first-
generation subclone; and the black bar represents the parental Rov9 cells. The dashed black line represents the number of spots detected with the
first-generation subclone Rov9-B4. *, Rov9-1G10 subclone; #, Rov9-2A3 subclone.
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success of infection (compare Fig. 4a and b). For example, field
cases PG330/97 and PG2413/98 are both from VRQ/VRQ
sheep and have similar levels of PrPres on the Western blot
(Fig. 4b); however, only PG2413/98 is able to produce de novo
infection in the cell lines.

The estimated infectious titers of SSBP/1 in the Rov9 pa-
rental cells and two of the subclones, Rov9-B4 and Rov9-2A3,
were calculated using the scrapie cell endpoint assay (SCEPA).
The SCEPA is a modification of the original SSCA that allows
for more sensitive detection than the standard assay (22). Cells
were challenged with increasingly dilute SSBP/1 inocula (10�2

to 10�8 dilution), and the SCEPA performed. From the data
shown in Fig. 5a, the dilutions of SSBP/1 required to produce
1,000 (1 in 20) infected cells were calculated as 5.5 � 10�4, 5 �
10�5, and 2.5 � 10�5 for Rov9, Rov9-B4, and Rov9-2A3 cells,
respectively. Therefore, more than 20 times the amount of
SSBP/1 was required to infect the same number of cells in the
Rov9 cell line as in the Rov9-2A3 cells. The infectious titers
(50% infectious dose [ID50]) of SSBP/1 calculated using the
method of Reed and Muench (28) ranged from 105.18 in the
Rov9 parental cell line to 106.49 ID50/ml in the most sensitive
subclone, Rov9-2A3. The difference in sensitivity of these cells

FIG. 3. Permissibility of Rov9, Rov9-B4, and Rov9-2A3 cell lines to a range of ovine scrapie isolates (a 10�3 dilution). The number of infected
cells (spots) was determined using the SSCA. The cutoff values for determining samples to be positive or negative for infection, calculated from
the average number of spots detected in the New Zealand-derived negative controls plus 3 times the standard deviation, are 107, 223, and 105 spots
per 20,000 cells plated in the Rov9, Rov9-B4, and Rov9-2A3 cells, respectively. In some cases, the number of infected cells detected for the most
sensitive subclones is an underestimate that is due to the ELISPOT plate reader being unable to separate the large numbers of individual spots.
Error bars show standard errors of the means.

FIG. 4. Western blot analysis of PrPres in cell lysates of scrapie-challenged Rov9-2A3 cells (a) and ovine inocula (b). Molecular masses of size
markers are shown in kDa.
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is reflected in the infectious titer estimates, where a higher
infectious titer is given for the subclones.

To elucidate potential reasons why the Rov9 subclones were
more sensitive to some scrapie isolates than the parental Rov9
cells, various aspects of their PrPC expression were studied.

First, PrPC expression levels were assessed by Western blot,
where the more sensitive subclones were seen to have in-
creased PrPC levels (Fig. 5b). Densitometry measurements of
the PNGase-digested full-length PrPC (27-kDa band) show 37
and 54% increases in expression in the Rov9-B4 and Rov9-2A3
subclones, respectively, compared to the expression level in the
Rov9 cells. The 17-kDa band, which is possibly the C1 degrada-
tion product of the full-length PrPC (8), shows 62 and 16% in-

creases in expression in the Rov9-B4 and Rov9-2A3 subclones,
respectively, compared to its expression level in the Rov9 cells.

Second, the subcellular location of PrPC was assessed by
immunofluorescent staining and confocal microscopy. In the
parental Rov9 cells and the Rov9-B4 and Rov9-2A3 subclones,
the PrPC staining is predominantly localized on the plasma
membrane, as shown by the strong staining at the boundaries
between cells (Fig. 5c). The only difference observed appears
to be the number of cells staining positively for PrPC, with a
greater number of PrPC-expressing cells found in the subclones
than in the Rov9 cells. This increased number of cells with
positive expression may account for the increased total PrPC

levels seen in the Western blots (Fig. 5b).

FIG. 5. Comparison of parental Rov9 cells and the most SSBP/1-permissive first- and second-generation subclones. (a) Dose-response graph
showing the average number of infected cells (spots) detected by the SSCA when cells were challenged with increasingly dilute SSBP/1. x axis is
a logarithmic scale. The dashed red line represents 1,000 infected cells. Error bars show standard errors of the means. (b) Western blot of PrPC

expression levels in Rov9 cells and the Rov9-B4 and -2A3 subclones. Amounts of 10 �g of total protein from induced (� doxycycline) and
uninduced (� doxycycline) cells were used. Lysates were PNGase treated to deglycosylate the PrPC so that the total amount of PrPC could be
compared without the interference of glycosylated PrP. Molecular masses of size markers are shown on the left in kDa. (c) Immunofluorescent
staining of PrPC in Rov9 and the two subclones Rov9-B4 and Rov9-2A3. Cells were either induced or uninduced for 48 h prior to staining for PrPC,
which is colored green. Nuclei are falsely colored red.
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To quantify whether there are indeed more PrPC-expressing
cells in the subclones than in the parental cells, the cell surface
PrPC was fluorescently labeled and cells subjected to flow cy-
tometry. Approximately 76% of the Rov9 cells stained posi-
tively for cell surface PrPC, slightly less than for Rov9-B4, at
81%, and Rov9-2A3 cells, at 88% (data not shown). These
results confirm the findings seen with the immunofluorescent
staining and confocal microscopy.

SCEPA titer estimation of a well-characterized scrapie sam-
ple and comparison to mouse bioassay. The Ripley brain pool
1 (RBP1) is a scrapie pool produced from 17 scrapie-infected
brains from sheep with a range of PrP genotypes. By mouse
bioassay in RIII mice, the infectious titer of the RBP1 was
calculated to be 103.96 ID50/gram of tissue (30). The infectious
titer of RBP1 in Rov9-2A3 cells, calculated using the 50%
endpoint estimation of Reed and Muench (28), was 104.99

ID50/gram of tissue, more than 1 log higher than the wild-type
mouse bioassay titer estimate.

DISCUSSION

In this study, we have adapted the SSCA protocol for use
with Rov9 and MovS6 cell lines and subclones thereof, and the
assay has been successfully used for the detection of de novo
infectivity and infectious titer estimation of ovine scrapie.

Using this method, the range of sheep scrapie samples able
to infect the cell lines examined in this study was found to be
limited. Out of the 30 natural scrapie and 2 experimental
scrapie isolates used to challenge the MovS6 and Rov9 cells,
the same 7 natural scrapie isolates and SSBP/1 resulted in de
novo PrPres in all the cell lines, while the remaining 23 natural
isolates and CH1641 did not transmit to any of the cell lines.

There is evidence that different cell lines are able to prop-
agate different strains of mouse-adapted scrapie (21). Further-
more, Mahal et al., have shown that for mouse-passaged TSE
strains, cell lines of different origin have different levels of
sensitivity (21). For example, all four of the cell lines they used
(2 subclones of neuroblastoma [N2a-PK1 and R33], a fibro-
blast cell line [L929], and a central nervous system-derived cell
line [CAD]) were permissive to infection with 22L, but only
three cell lines were permissive to infection with RML, 2 were
permissive to infection with ME7, and one cell line was per-
missive to infection with the 301C strain. In our study, in spite
of using cell lines from different origins, namely, Rov9 cells,
derived from a rabbit kidney epithelial cell line, and the MovS6
cell line, which is a murine Schwann cell line, no differences in
permissibility to the different isolates were seen. However, the
Rov9 cell line was consistently more sensitive to all the trans-
missible ovine scrapie isolates than the MovS6 cell line.

The amount of PrPres present in the scrapie inocula did not
correlate with de novo infection results. Western blotting of the
original inocula used to challenge the cell lines shows a range
of PrPres levels; in fact, the isolate with the highest levels of
PrPres is an ARQ/VRQ heterozygous sheep (PG181/96) (Fig.
4b) which is unable to infect the cell lines. Of the VRQ/VRQ
isolates tested, those that are able to infect the cell lines do not
have higher levels of PrPres than those isolates that are unable
to infect the cells, and the glycoform profiles are the same (Fig.
4a and b).

All of the 7 natural scrapie isolates that were able to infect

the cells (5 VRQ/VRQ and 2 VRQ/ARR) plus the SSBP/1
isolate (VRQ/VRQ) were from sheep that carry at least one
copy of the VRQ PrP allele, the same allele expressed by the
cell lines. However, not all scrapie isolates from VRQ het-
erozygous or homozygous sheep were able to infect the cells.
Therefore, although some PrP homology between inoculum
and cell line may be required, it is not sufficient to ensure de
novo infection.

There was no discernible difference in the ages of the sheep
that had the transmissible and nontransmissible VRQ/VRQ iso-
lates (Table 1); however, the four nontransmissible VRQ/VRQ
isolates are, notably, from the Swaledale and Bleu de Maine
breeds. The significance of this observation cannot be determined
due to the low numbers of samples analyzed. It is possible that the
nontransmitting isolates, particularly the VRQ/VRQ isolates, are
a different scrapie strain than the transmitting isolates of the
same PrP genotype. It is well known that different strains of
natural sheep scrapie exist, as determined by lesion profiles
(13) and incubation periods in mice. There are very limited
amounts of ovine scrapie material of known strains available
for testing; however, 17 of the scrapie isolates assayed here are
currently being strain typed by mouse bioassay. Once known,
the strain information will be used to elucidate whether the
permissiveness to infection of the cells tested here is deter-
mined by strain.

Studies of mice have shown that scrapie strain can affect
whether an isolate is transmissible to a cell line. In a study by
Mahal et al. (22), the 4 cell lines used in a cell panel assay and
the 4 mouse-adapted scrapie strains used were all from Prnpa

mice, and therefore, permissiveness or resistance to infection
was thought to be due to strain. The authors considered that
strains of prions with the same PrP protein could be differen-
tiated by glycosylation, the requirement for different cell-spe-
cific factors (i.e., small RNAs), structure-specific chaperones,
or a cell-specific fibril cleavage activity.

Subcloning of the Rov9 cell line was undertaken to try to
improve the sensitivity of the parental line to infection and in
an attempt to increase the range of scrapie isolates that re-
sulted in de novo PrPres detection. While the first undertaking
was successful, the second was not. All 50 first-generation and
99 second-generation sibling clones were screened with 2
experimental scrapie isolates (CH1641 and SSBP/1) which
differ in terms of PrP genotypes of inocula, biochemical
characteristics of PrPSc, and known transmissibility to sheep
(12, 15, 17, 32).

As previously described, SSBP/1 infected the Rov9 and
MovS6 cell lines and the Rov9 subclones to various degrees.
The CH1641 scrapie isolate did not infect any of the cell lines
examined in this study. The CH1641 isolate has a lower ap-
parent PrPres molecular mass than other sheep scrapie isolates
and, in this respect, is more similar to ovine BSE. Like ovine
BSE, CH1641 is not easily transmitted to VRQ/VRQ sheep
(12); therefore, it is perhaps not surprising that the VRQ-
expressing cell lines used in this study were not permissive to
infection with this isolate. However, although rare, natural
cases of CH1641-like scrapie detected in VRQ/VRQ sheep
have been reported (19).

The process of selecting the Rov9 subclones evaluated in
this study may have biased the results such that only subclones
which are highly permissive to SSBP/1 and SSBP/1-like scrapie
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samples were selected. Screening of all the Rov9 subclones
with other natural scrapie cases, in particular the VRQ/VRQ
nontransmitting isolates, may result in identifying additional
permissive subclones.

The finding in our study that sibling Rov9 clones have dif-
ferent sensitivities to SSBP/1-like scrapie isolates is not unex-
pected, as a similar effect has been noted in other cell lines (4,
18, 22). The fraction of cells expressing PrPC may be a con-
tributory factor in the increased sensitivity in the subclones,
and the PrPC levels in the most sensitive subclones are elevated
compared to the levels in the parental Rov9 cell line. However,
previous studies have shown that cells expressing increased
levels of PrPC are not necessarily the most sensitive to infec-
tion (23), so this may not completely account for the increased
sensitivity seen in the subclones.

The distribution of PrPC throughout the cell does not appear
to vary greatly between the subclones and the parental cells,
with the gross subcellular location revealed by confocal micros-
copy being indistinguishable between the parental cells and the
subclones. The majority of PrPC staining is located on the
plasma membrane, and a small fraction in intracellular or-
ganelles, most likely the Golgi body. Using flow cytometry, we
have shown that the number of cells expressing cell surface
PrPC increased from 76% in the Rov9 cells to 88% in the
Rov9-2A3 clone, and this may have an influence on infection,
as more cells would be available for infection. A study by
Paquet et al. (25) has shown that Rov9 cells need to be ex-
pressing PrPC at the time of exposure to prions for infection to
be successful.

Furthermore, PrPC expression is required for efficient cell-
to-cell transmission of prions (26). The subclone cell popula-
tions in our study are clearly not homogenous in this respect, as
not all cells were expressing PrPC upon induction. The homo-
geneity may have been lost during the subsequent culturing
through some degree of genetic drift. Alternatively, the phase
of the cell cycle may affect inducible expression, resulting in
not all cells expressing detectable PrPC at the same time, as has
been shown for the cytomegalovirus promoter (5).

Improving the sensitivity of cell lines to scrapie infection is
an essential requirement since, if they are to be used to esti-
mate infectious titer, the cell-based bioassay needs to be at
least as sensitive as the mouse bioassay. The titer estimation of
the RBP1 isolate using Rov9-2A3 cells and the SCEPA ap-
proach determined in this study demonstrated that the Rov9-
2A3 bioassay was 1 log more sensitive than the mouse bioassay
using a wild-type mouse line.

In conclusion, this study has shown that the SSCA sensitively
detects de novo infection in a subset of natural scrapie cases,
including a 10�6 dilution of high-titer brain tissue (estimated
to contain 106.49 ID50/gram of tissue). The SSCA efficiently
detected de novo infection in two cell lines and proved to be
more sensitive in its titer estimation than the mouse bioassay.
Subcloning of cell lines was successfully applied to the Rov9
cells, and subclones more sensitive to natural scrapie infection
were isolated. However, increasing the sensitivity of the Rov9
cell line to SSBP/1 infection did not correlate with broadening
susceptibility, as the specificity of permissiveness and resis-
tance to other scrapie isolates was maintained. Furthermore,
neither high levels of detectable PrPSc nor PrP protein homol-
ogy between inoculum and cell line were sufficient to ensure

successful transmission of infectivity, suggesting that other fac-
tors contributing to the diversity of isolates, such as the scrapie
strain, influence transmission ex vivo. With further develop-
ment of existing cell lines and identification of new cell lines
permissive to infection with scrapie, a cell-based approach
could allow for a cheaper, faster, and more ethical way to
assess infectivity, estimate titer, and determine the strain of
ovine scrapie isolates.

ACKNOWLEDGMENTS

This work was supported by Defra, UK, project no. SE2003.
We are grateful to R. Lockey, S. Bellworthy, S. Ryder, and H.

Simmons for the RBP1 tissue and titer estimation by mouse bioassay
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