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Abstract. The cellular prion protein (PrP c) is a 
sialoglycoprotein anchored to the external surface of 
cells by a glycosyl phosphatidylinositol moiety. During 
scrapie, an abnormal PrP isoform designated PrP s~ ac- 
cumulates, and much evidence argues that it is a ma- 
jor and necessary component of the infectious prion. 
Based on the resistance of native PrP s~ to proteolysis 
and to digestion with phosphatidylinositol-specific 
phospholipase C as well as the enhancement of PrP s~ 
immunoreactivity after denaturation, we devised in 
situ immunoassays for the detection of PrP s~ in cul- 
tured cells. Using these immunoassays, we identified 
the sites of PrP s~ accumulation in scrapie-infected cul- 
tured cells. We also used these immunoassays to iso- 
late prpS~-producing clones from a new hamster brain 
cell line (HaB) and found an excellent correlation be- 

tween their PrP s~ content and prion infectivity titers. 
In scrapie-infected HaB cells as well as in scrapie- 
infected mouse neuroblastoma cells, most PrP sc was 
found to be intracellular and most localized with 
ligands of the Golgi marker wheat germ agglutinin. In 
one scrapie-infected HaB clone, PrP s~ also localized 
extensively with MG-160, a protein resident of the 
medial-Golgi stack whereas this colocalization was not 
observed in another subclone of these cells. Whether 
the sites of intracellular accumulation of PrP s~ are 
limited to a few subcellular organelles or they are 
highly variable remains to be determined. If  the intra- 
cellular accumulation of PrP s~ is found in the cells of 
the central nervous system, then it might be responsi- 
ble for the neuronal dysfunction and degeneration 
which are cardinal features of prion diseases. 

D 
TECTION and quantification of scrapie infectivity 
currently relies on bioassays performed in labora- 
tory rodents (Chandler, 1961; Prusiner et al., 1980, 

1982). Although bioassays using incubation time measure- 
ments are more rapid and economical than end-point titra- 
tions, they still require several months or even years depend- 
ing on the prion isolate (Gajdusek, 1977). 

In contrast to prion research, where the infectious parti- 
cles are replicated and assayed in animals, most viruses can 
be readily propagated and titrated in cultured cells (Dul- 
becco, 1952). Numerous advances in virology can be traced 
to the use of cultured cells (Enders et al., 1949). 

During the past two decades, various tissue culture sys- 
tems have been described in which scrapie or Creutzfeldt- 
Jakob disease (CJD) * prions replicate at low levels (Clarke 
and Haig, 1970; Clarke and Millson, 1976; Markovits et al., 
1981, 1982; Rubenstein et al., 1984; Race et al., 1987; But- 
ler et al., 1988). As no well-defined scrapie-specific effects 
(cytopathic or others) have been consistently observed in 
these cultures, in situ assays analogous to the plaque or focus 

1. Abbreviations used in this paper: CJD, Creutzfeldt-Jakob disease; 
GdnHCI, guanidine hydrochloride; GdnSCN, guanidine thiocyanate; PIPLC, 
phosphatidylinositol-specific phospholipase C; PrP, priori protein; PrP c, 
cellular isoform of the prion protein; PrP s~, scrapie isoform of the prion 
protein; TBST, 0.05% Tween 20, 100 mM NaCI, 10 mM Tris, pH 7.8; 
WGA, wheat germ agglutinin. 

assays used in virology have not been developed. Thus, the 
study of prion replication and transmission in tissue culture 
has remained dependent on animal bioassays which, apart of 
being extremely slow, cannot render the detailed information 
obtained by plaque assays for viruses. The lack of rapid in 
situ methods for the detection of scrapie-infected cells has 
therefore hampered the development of cell culture systems 
for replication of prions and the study of their properties. 

Considerable evidence from biochemical, immunologic, 
pathologic, and genetic studies argues persuasively that 
PrP s~ is a major and necessary component of the infectious 
prion particle (Prusiner, 1987, 1989; Scott et al., 1989; West- 
away et al., 1989). On this basis, we thought that PrP s~ was 
the best candidate to serve as a chemically identifiable mark- 
er for scrapie in cells. The persistent infection of mouse neu- 
roblastoma (N2a) cells with mouse scrapie and CJD, and the 
subsequent isolation of infectious subclones, has been re- 
cently achieved (Butler et al., 1988; Race et al., 1988). In 
our laboratory, a perfect correlation was observed between 
the prion infectivity of the subclones and their PrP s` con- 
tent (Butler et al., 1988). Detection of PrP s~ was performed 
using Western immunoblots after limited proteinase K diges- 
tion. This procedure requires preparation and digestion of an 
extract prepared from '~106 cells, making the screening of 
large numbers of clones for PrP sc extremely cumbersome, 
and illustrating the need for a sensitive in situ method for 
PrP s" detection. 
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PrP s" is known to be an abnormal isoform of a normal 
membrane glycoprotein designated PrP c (Oesch et al., 1985). 
The two prion protein isoforms differ in several respects: (a) 
PrP s" possesses a protease-resistant core designated PrP 
27-30; PrP c does not (Oesch et al., 1985). (b) Upon deter- 
gent extraction, PrP c is solubilized whereas PrP s~ forms ma- 
cromolecular aggregates, and in the case of PrP 27-30, the 
aggregates assume a rod-shaped structure indistinguishable 
from many amyloids (Meyer et al., 1986). (c) PrP c is at- 
tached to membranes by a glycosyl phosphatidylinositol an- 
chor at its carboxy terminus and can be released by digestion 
with phosphatidylinositol-specific phospholipase C (PIPLC) 
(Stahl et al., 1987). Although PrP s~ possesses a similar gly- 
cosyl phosphatidylinositol anchor, it is not releasable by 
PIPLC and its membrane topology is unknown (Stahl et al., 
1990). (d) While both native and denatured PrP c are equally 
recognized by the presently available PrP antibodies, in many 
experimental situations PrP s~ is not immunoreactive unless 
it is first treated with protein-denaturing agents (Serban et 
al., 1990). 

These differences in the properties of the two PrP isoforms 
appear to arise from an as yet unidentified posttranslational 
event (Basler et al., 1986; Borchelt et al., 1990). 

Although PrP c is readily detected on the surface of nor- 
mal and scrapie-infected cultured cells by immunofluores- 
cence (Stahl et al., 1987), PrP s~ has remained intriguingly 
elusive. Selective removal of PrP c with PIPLC failed to re- 
veal a scrapie-specific signal within infected cells. 

All polyclonal and monoclonal antibodies raised, to date, 
against PrP 27-30 or synthetic PrP 27-30 peptides react 
equally well with both PrP isoforms on immunoblots after 
SDS-PAGE. However, we have recently found that these PrP 
antibodies react equally well with native and denatured Pr~ ,  
but relatively poorly with nondenatured PrP s~ after limited 
proteolysis catalyzed by proteinase K. After terminating the 
limited proteinase K digestion with PMSE we found that 
PrP s" immunoreactivity was greatly enhanced by exposure 
to protein denaturants such as chaotrophic salts, NaOH, 
SDS (at 100°C) and formic acid (Serban et al., 1990), all 
of which are known to diminish prion titers (Millson et al., 
1976; Millson and Manning, 1979; Prusiner et al., 1980, 
1981; Bolton et al., 1984). In earlier studies, one of us re- 
ported that formic acid treatment of brain sections enhanced 
the PrP immunoreactivity of amyloid plaques in prion dis- 
eases (Kitamoto et al., 1987), while other investigators 
demonstrated that formic acid enhanced the PrP immuno- 
reactivity of partially purified scrapie prion preparations in 
ELISA (Kascsak et al., 1987). 

We now report the use of enhanced PrP s~ immunoreac- 
tivity after denaturation for the in situ detection of the scra- 
pie prion protein isoform in fixed cells. We describe the iden- 
tification of prps'-producing colonies of cultured cells, and 
for the first time, the localization of PrP s" within single cells. 
We report the isolation of scrapie-producing subclones of a 
novel Syrian hamster brain cell line (HaB). The PrP s~ con- 
tent of these subclones correlates well with their infectivity. 
The ability of the HaB cells to support long-term PrP s~ ac- 
cumulation appears to be temperature-sensitive. 

We demonstrate that in both scrapie-infected hamster HaB 
(ScHaB) cells as well as mouse N2a (ScN2a) cells, PrP s~ ac- 
cumulates primarily intracellularly in contrast to PrP c on 
the plasma membrane. By confocal microscopy, most of the 

PrP s~ localized with intracellular WGA ligands, suggesting 
its association with the Golgi apparatus. In one ScHaB clone, 
PrP s~ also extensively localized with the Golgi protein MG- 
160 (Gonatas et al., 1989), while in another clone this colo- 
calization was not observed. The nature of PrP s~ association 
with the Golgi apparatus remains to be studied. Equally im- 
portant will be studies on the intracellular localization of 
PrP s~ (or PrP cJo) in human brains from patients dying of 
CJD and Gerstmann-St~ussler syndrome as well as animals 
with scrapie. The higher resolution achievable by immuno- 
electron microscopy may help resolve some of these issues. 

Materials and Methods  

Materials 

All reagents for cell culture were obtained from the University of California 
San Francisco Cell Culture Facility. PrP antisera and the mAb 13A5 were 
prepared in our laboratory (Barry and Prusiner, 1986; Serban et al., 1990). 
The MG-160 antiserum was a generous girl from Dr. Nicholas Gonatas 
(University of Pennsylvania) (Gonatas et al., 1989). The secondary anti- 
bodies for the ELISA and the immunofluorescence were purchased from 
Boehringer Mannheim Biochemicals (Indianapolis, IN). Avidin coupled to 
Texas Red was bought from Cappel Laboratories (West Chester, PA). Bio- 
tinylated goat anti-rabbit IgG was purchased from Zymed Corp. (South San 
Francisco, CA). Reagents for SDS-PAGE were obtained from Bio-Rad 
Laboratories (Richmond, CA). The Protoblot system for Western immuno- 
detection was purchased from Promega Biotec (Madison, WI). Immobilon P 
was bought from Millipore Corp. (Bedford, MA). Nitrocellulose mem- 
branes for the colony assay were obtained from Schleicher & SchueU (Keene, 
NH). Proteinase K was purchased from Beckman Instruments Co. (Palo 
Alto, CA). The antifading agent n-propyl gallate was purchased from Al- 
drich Chemical Co. (Milwaukee, Wl). All other chemicals were obtained 
from Sigma Chemical Co. (St. Louis, MO). PIPLC was purified from Ba- 
cillus thurigiensis as described (Low et al., 1988). 

Cultured Cells 

The isolation of scrapie-infected subclones of N2a cells has been described 
(Butler et al., 1988). The HaB cells were obtained from a primary culture 
of a scrapie-infected Syrian golden hamster (LVG/LAK; Charles River 
Laboratories, Wilmington, DE) brain as follows: the brain was removed 
65 d after the intracerebral inoculation of 50 #l of a 10-fold dilution of a 
scrapie brain homogenate ('x,107 ID50 units). The organ was minced, tryp- 
sinized, and seeded onto 10 10-cm plates precoated with 0.5% bovine colla- 
gen (Sigma Chemical Co.) in DME-H21 medium supplemented with 10 
#g/ml insulin, 2 mM glutamine, 10% FCS, 5% heat-inactivated horse se- 
rum, 100 U/ml penicillin, and 100 #g/ml streptomycin and incubated at 
37.5°C with 5% CO2. At confluence the cells were split at a ratio of 1:8. 
At the seventh passage, the cell division seemed to stop completely. A few 
plates were kept at 37.5°C for three additional months, at which time two 
continuously dividing cell populations appeared in two separate plates. 
They were designated HaBi and HaB2. PrP c, but no proteinase K-resistant 
PrP sc was found in them. They grow in monolayers and are bipolar and 
sometimes tripolar in appearance. They were further grown at 37.5°C in 
DME-16 plus 10% FCS. The HaBi cells were used in the studies described 
here and have been designated HaB for convenience. 

Infection of HaB Cells 
HaB cells (,',,l&) were seeded in a single well of a 96-well microtiter plate. 
At confluence they were covered with purified hamster rods (,x,106 IDs0 
units) in full medium and transferred to 340C. 48 h later, the cells were 
washed, trypsinized and seeded in a larger plate at !:5 dilution. The cloning 
described here was started after the eighth passage at 34°C. The cells were 
seeded in 96-well plates by limiting dilutions. Wells in which colonies devel- 
oped were trypsinized and seeded in duplicates in new 96-well plates for 
the cell ELISA assay. For this study, all the clones were grown at 34°C. 

The Subclones ScHaB-4 and ScHaB-4-C4 

Most of the work described here was performed with the persistently in- 
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fected clones ScHaB-4 and ScHaB-4-C4 of HaB. One of the PrP sc positive 
clones obtained as described before (under Infection of HaB Cells) was 
designated ScHaB-4 (see Table II). This clonal cell line was passaged at 1:5 
dilution approximately every 10 d at 34°C and examined from time to time 
for PrP sc by immunofluorescence. After about a year in culture, the cells 
appeared to loose their PrP s~ content by this criterion. A prpSc-positive 
subclone of these cells, designated H3, was isolated at 34°C. This clone 
again appeared to loose its PrP sc content after a few months of culture. A 
cloning attempt of these H3 cells, carried out at 37.5°C, yielded a new sub- 
clonal line, designated ScHaB-4-C4, which has been positive for PrP sc for 
several months. This line was grown and passaged at 37.5°C. 

Antibodies 
The rabbit polyclonal antisera R017 and R073 were raised against SDS- 
denatured purified rods and SDS-PAGE-purified PrP 27-30, respectively 
(Barry et al., 1985; Serban et al., 1990). They react with both hamster and 
mouse PrP. 

The monoclonal antibodies 13A5 and 8C5 were obtained after immuni- 
zation of mice with SDS-PAGE-purified hamster PrP 27-30 (Barry and 
Prusiner, 1986). These antibodies do not react with mouse PrP. 8C5 recog- 
nizes an epitope within the P5 region of the PrP gene (residues 140-174) 
and its activity can be adsorbed by preincubation with the synthetic peptide 
(10 ftg/ml). 

The rabbit antiserum R013 was raised against synthetic peptide PrP-P1 
corresponding to PrP codons 90-102, which constitute the NH2-terminal 
segment of PrP 27-30. The synthetic peptide P1 (glygo-gln-gly-gly-gly-thr- 
his-asn-gln-trp-asn-lys-pro-gly-gly-cys) was synthesized on a peptide syn- 
thesizer (model 430A; Applied Biosystems, Inc., Foster City, CA) as previ- 
ously described (Barry et al., 1988). The residues in italics were added to 
facilitate coupling the peptide to carrier proteins when it was used as an im- 
munogen. 

Prion Bioassays 
Inocula from confluent cultures in 10-cm dishes (•107 cells) were pre- 
pared as follows: the cells were rinsed twice in cold PBS, scraped in PBS, 
pelleted, and resuspended in 800/~1 of bioassay buffer (5% BSA in PBS). 
The suspension was frozen and thawed twice and then sonicated for 10 s 
in a bath sonicator. The disrupted cells were inoculated into four Syrian 
hamsters for each sample (50/~1 per hamster) and the prion tilers were cal- 
culated as previously described (Prusiner et al., 1982). 

PIPLC Digestion of CeUs 
In some instances cell monolayers were incubated with 3 U/ml PIPLC (Low 
and Finean, 1977; Stahl et al., 1987) in DME-16 plus 2% FCS at 37°C for 
5h .  

Preparation of Cell Lysates for Gel Electrophoresis 
Cells in 10-cm culture dishes were lysed with 1 ml of ice-cold lysis buffer 
(0.5% NP-40, 0.5% Na-deoxycholate, 100 mM NaCI, 10 mM EDTA, 10 
mM Tris, pH 7.8). Insoluble material was removed with a low-speed spin. 
When needed, the lysates were then incubated with 15 pg/ml proteinase K 
for 1 h at 37°C. The reaction was stopped by the addition of PMSF to 3 
mM. After a 30-rain incubation on ice, 1 vol o f 2 x  SDS-sample buffer was 
added and the lysate was boiled for 5 min before its loading on the gel. 

SDS-PAGE and Western Blotting 
Electrophoresis of proteins on 12 % polyacrylamide gels was performed ac- 
cording to the method of Laemmli (1970). For Western analysis the proteins 
were electrotransferred (Towbin et al., 1979) to Immobilon paper. The 
membrane was blocked in 5% nonfat dry milk in TBST (0.05% Tween 20, 
100 mM NaCI, l0 mM Tris, pH 7.8), incubated for 18 h with the primary 
antibody, and then stained with the Protoblot alkaline phosphatase system 
according to the manufacturer's instructions. 

Cell ELISA 
The cells were grown in 96-well plates. At confluence they were washed 
twice with PBS, fixed for 30 min either in 4% formaldehyde (when the rab- 
bit antisera were used as primary antibodies) or in 1.3 % formaldehyde (for 
the mAbs) in PBS, then incubated with 0.1 M glycine in PBS for l rain, 
and finally permeabilized with 0.4% Triton X-100 in PBS for 3 min at room 

temperature. For proteinase K digestion the cells were incubated with 200 
~1 of 20/~g/ml proteinas¢ K in PBS for 1 h at 37°C. The cells were then 
washed and treated with PMSF (3 mM in PBS for 30 rain). For guanidine 
hydrochloride (GdnHCI) denaturation, 150/zl of 6 M GdnHCI, 50 mM Tris- 
HCI, pH 7.4 was added to each well (10 rain, room temperature); the cells 
were then rinsed twice with PBS. 

Before antibody incubation, the cells were blocked in 5 % nonfat dry milk 
in PBS plus 5% nonfat milk. R013, R017, and R073 were used at dilutions 
1:1,000, 1:1,000, and 1:2,000 in TBST, respectively, whereas the hybridoma 
media were used undiluted. The primary antibodies were incubated with 
the cells for 12-18 h at room temperature.,The secondary antibody was usu- 
ally peroxidase linked and o-phenylenediamine was used as the chromogen. 

Indirect Immunofluorescence 
For immunofluorescent assays the cells were grown on eight-well slides. 
They were treated as described for the cell ELISA. Fluorescein-linked goat 
anti-rabbit IgG or goat anti-mouse IgG plus IgM were used at 1:50 dilution 
in PBS plus 5 % nonfat milk (4 h, room temperature) and then the cells were 
extensively rinsed with PBS. For MG-160 detection, the cells were in- 
cubated for 12-18 h with the MG-160 antiserum diluted at 1:500 in PBS 
nonfat milk. They were then sequentially incubated with a biotinylated goat 
anti-rabbit IgG antibody (used undiluted as provided by the manufacturer) 
and with Texas Red-conjugated avidin (50/zg/ml in PBS and 1% BSA). The 
two final incubations were for 3 h each at room temperature. For WGA 
labeling, the cells were incubated with Texas Red-conjugated WGA (100 
/zg/ml in PBS and 1% BSA) for 10 min at room temperature. After mounting 
in 5% n-propyl gallate in 70% glycerol, pH 9.0 (Giloh and Sedat, 1982), 
the cells were examined by epifluorescence in a Leitz Orthomat microscope 
and photographed with Kodak 124 ASA film. For confocal microscopy, the 
samples were examined with a Lasersharp MRCSO0 system (Bio-Rad 
Laboratories). 

PrP sc Colony Assay 

Cells grown in 10-cm plates were rinsed twice with PBS and were then 
transferred onto nitrocellulose membranes supported by a circular filter pa- 
per. The membranes and filter papers were soaked in lysis buffer (100 mM 
NaCI, 10 mM Tris HCI 7.8, 10 mM EDTA, 0.5% NP-40, 0.5% Na dooxy- 
cholate) before their application on the cells. Several minutes after placing 
the nitrocellulose membrane backed by filter paper on the plate of cells, a 
dry filter paper was applied onto the wet filter to blot the excess liquid. The 
nitrocellulose membrane was then removed, thoroughly air dried, and 
rinsed in TBST. For proteinase K digestion, the membranes were incubated 
in 50-150/~g/ml proteinase K in TBST for up to 18 h at 37°C with constant 
rocking (Serban et al., 1990). The optimal proteinase K concentration is 
critical and batch dependent. For maximal sensitivity of the assay, the con- 
centration should be adjusted so that no signal appears in normal cells upon 
immunoprobing. However, a detectable signal was obtained from scrapie- 
infected colonies even when the membranes were incubated with as much 
as five times the optimal proteinase K concentration. During the course of 
these studies, we found later that the 0.05% Tween 20 in TBST may be ad- 
vantageously replaced by 0.1% Brij 35 in the protease buffer resulting in a 
reduction of background. After removal of the proteinase K, the nitrocellu- 
lose membrane was incubated in 3 mM PMSF at room temperature for 30 
min followed, when needed, by a treatment with Tris-buffered 3 M guani- 
dine thiocyanate (GdnSCN) (Serban et al., 1990) for 8 rain at room temper- 
ature. The membranes were subsequently processed as described above for 
Western blots. 

Results 

Having found that antibodies raised against denatured PrP 
27-30 react weakly with proteinase K-digested PrP sc im- 
mobilized on solid support, but react well with PrP s~ after 
protein denaturation (Serban et al., 1990), we evaluated this 
phenomenon in formaldehyde-fixed cells using both cell 
ELISA and immunofluorescence examination. N2a, ScN2a, 
HaB and two clones of ScHaB: ScHaB-4 and ScHaB-4-C4, 
were used for this purpose. ScN2a are a persistently in- 
fected subclone of the mouse neuroblastoma line N2a (But- 
ler et al., 1988). These cells are flatter and appear larger than 
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Figure 1. PIPLC releases PrP c but not PrP s~ from ceils. (A) N2a and ScN2a cells were incubated for 5 h in the presence (lanes 5-7 and 
10-13) or absence (lanes 1-4, 8, and 9) of PIPLC (3 U/ml). They were then lysed, digested with proteinase K (lanes 2, 4, 7, 9, and 11-13), 
and their PrP content analyzed by SDS-PAGE and Western blotting using R073 (1:5,000) (lanes 1-11) or the hamster-specific mAb 13A5 
(supernatant 1:40) (lanes 12 and 13) as primary antibodies. In lanes 8-11 and 13, N2a cells were incubated with purified hamster prions 
(MOI = ,o500 IDs0/cell) for 24 h before PIPLC digestion and fixation. Notice that both endogenous PrP s~ (lanes 4, 6, and 7) and exoge- 
nous PrP s~ (lanes 9-11 and 13) are resistant to proteinase K and PIPLC digestions. In ScN2a cells most PrP s" is endogenously degraded 
to PrP 27-30, possibly by cellular proteases (lane 6). In lane 13 the PIPLC- and proteinase K-resistant PrP reacted with the hamster-specific 
mAb 13A5 and thus originated from the exogenous hamster prions. No similar signal was detected by 13A5 in N2a cells not incubated 
with hamster prions (lane 12). (B) In a, PrP immunofluorescence on unfixed, living HaB cells. In b, HaB cells were treated with PIPLC 
(3 U/ml) for 5 h before immunofluorescence. The cells were then rinsed and assayed for membrane-bound PrP by indirect immunofluores- 
cence on living cells using R017 as primary antibody. The antigen aggregates under these conditions (Stahl et al., 1987). 

the original N2a cells (Butler et al., 1988; Fig. 2). ScHaB-4 
and ScHaB-4-C4 are persistently infected subclones of the 
new hamster brain line HaB. Both the scrapie-infected N2a 
and HaB lines produce readily detectable amounts of both 
PrP isoforms (Butler et al., 1988; Figs. 1 and 9). 

A Serapie-specific PrP Epitope Revealed 
by Denaturation 

Cells grown in microtiter wells were fixed with formalde- 
hyde and permeabilized with Triton X-100; in some cases, 
this treatment was followed by in situ digestion with pro- 
teinase K as well as exposure to 6 M GdnHCI. ELISA for 
PrP was then performed on the cells using R017 (a polyclonal 
immune serum raised in rabbit against SDS-denatured ham- 
ster prion rods), R073 (a rabbit antiserum raised against 
SDS-PAGE-purified hamster PrP 27-30), or their preim- 
mune sera as primary antibodies followed by a peroxidase- 
linked secondary antibody (Table I, experiment A). 

The ELISA protocol (column 1) gives values for fixed cells 
that were neither proteinase K digested nor GdnHCI dena- 
tured. All of the cells reacted strongly with the immune sera 

under these conditions, but not with the preimmune sera. Af- 
ter limited proteinase K digestion, the PrP signal was much 
reduced regardless of the scrapie status of the cells (Table I, 
column 2); thus, this signal reflects the presence of protease- 
sensitive PrP. GdnHCI denaturation of the proteinase K-di- 
gested cells restored the immunoreactivity in the scrapie- 
infected cells but not in uninfected cells (column 3). This 
phenomenon was not detected with the preimmune sera (Ta- 
ble I, experiment A). The reappearance of the PrP im- 
munoreactivity after protein denaturation in the proteinase 
K-treated scrapie cells mimicked our previous results with 
purified prion fractions and crude brain extracts (Serban et 
al., 1990) and we interpreted it as an indication for the pres- 
ence of PrP s~ in the cells. 

We observed that extensive proteinase K digestion of the 
fixed cells resulted in the loss of many cells from the plate. 
The phase-contrast micrographs of proteolyzed cells illustrate 
the structural damage caused by the proteolysis (compare 
Fig. 3 A with Fig. 2). Consequently, the absorbance signals 
obtained after the proteolysis originate from considerably 
fewer cells than were present in the original monolayer. For 
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Table I. Cell ELISA Detection of the Cellular and Scrapie PrP Isoforms 

Exp. Cell line Antibody n 

No PIPLC + PIPLC 

Proteinase K - + + - - + + - 
GdnHCI - - + + - - + + 

1 2 3 4 5 6 7 8 

ELISA (A492 × 103) 

A N2a PreR017 2 100 5:2 60 5:10 -20  5:20 70 5:2 ND 
R017 2 1,350 5:40 10 5:3 -10  5:14 1,340 5:70 ND 

PreR073 2 280 5:10 260 5:20 140 5:10 160 5:10 280 5:40 210 5:30 130 + 10 190 + 10 
R073 6 1,930 5:90 270 + 2 280 5:5 1,830 5:20 920 + 2 0  300 5:10 300 5:10 780 5:20 

ScN2a PreR017 2 90 5:7 60 5:10 0 5:10 60 5:1 ND 
R017 2 700 5:40 20 5:20 440 5:4 590 5:40 ND 

PreR073 2 270 + 40 270 5:10 230 5:10 170 + 40 300 5:20 240 5:10 190 5:10 180 5:1 
R073 6 1,680 5:110 280 5:4 420 5:20 1,770 5:70 510 5:20 260 5:4 430 5:10 1,190 5:50 

HaB PreR073 2 270 5:30 260 5:50 230 5:10 150 5:1 230 5:40 290 5:20 250 5:1 180 5:10 
R073 4 1,220 5:20 130 5:10 150 5:10 1,370 5:30 520 5:60 90 5:10 120 5:50 410 5:40 

ScHaB-4-C4 PreR073 2 230 5:20 210 5:0 200 5:10 150 5:20 240 5:20 280 5:10 220 5:3 210 5:10 
R073 4 1,230 5:100 290 5:20 900 5:60 1,020 5:200 550 5:50 230 5:2 700 + 30 830 5:80 

B ScN2a 11013 2 1,300 5:30 90 5:20 360 5:20 ND ND 
R013 + P1 2 170 5:10 4 5:30 150 5:20 ND ND 

C N2a + Rods R017 2 >2,000 30 5:10 700 5:10 >2,000 ND 

Mouse anti-hamster PrP monoclonal antibodies 
13A5 4 80 + 30 NA NA 620 -1- 20 60 + 20 NA NA 560 + 40 
8C5 4 60 -I- 20 NA NA 250 -I- 10 50 + 10 NA NA 240 -I- 20 

8C5 + P5 4 60 + 30 NA NA 110 + 10 60 + 20 NA NA 90 + 6 

Normal (N2a and HaB) or scrapie-infected (ScN2a and ScHaB-4-C4) cells were seeded in 96-well microtiter plates. At confluence they were fixed, and in some 
cases, they were then sequentially incubated with proteinase K and GdnHCI as indicated. An ELISA was then performed on the cells using the indicated primary 
antibodies. In lanes 5-8, the cells were digested with PIPLC before their fixation. Experiment A: Protein denaturation exposes a scrapie-specific PrP epitope that 
is resistant to PIPLC and proteinase K digestions. The immune ELISA readings strongly decreased following proteinase K digestion of the cells or their incubation 
with PIPLC (lanes 2, 5, and 6) regardless of their scrapie status, but was partially restored in the scrapie-infected cells after the protein-denaturing step (lanes 
3, 7 and 8). Rabbit antisera R017 and 11073 were raised against denatured hamster prion rods and SDS-purified PrP 27-30, respectively; preR017 and preR073 
are their respective preimmune sera. Experiment B: The gnanidine-dependent signal in ScN2a cells is PrP specific. Preincubation of the PrP peptide P1 antiserum 
11013 with the synthetic oligopeptide P1 inhibited the GdnHCl-dependent signal (lane 3). Experiment C: GdnHCI exposes a PrP-specific epitope present on ex- 
ogenous hamster PrP s~ internalized by N:a cells. Confluent N2a cells were incubated in situ with hamster rods (•5 × 102 IDso units/cell) for 24 h, then rinsed 
thoroughly, fixed and processed as above. 13A5 and 8C5 are hamster PrP-specific mAbs. Incubation of 8C5 with the PrP peptide P5 inhibits its binding (see Materi- 
als and Methods). The numerical values represent the intensity of the color reaction in optical density units at 492 nm. NA, not applicable. For the mAb, the 
cells were less well fixed (1.3% formaldehyde, 30 rain) and could not withstand the protelnase K digestion, n, the number of wells used to generate the data. 

this reason, the signal obtained after the proteinase K diges- 
tion followed by GdnHCI denaturation should be considered 
as a qualitative indicator of PrP s" but not as a quantitative 
measure of PrP s~ concentration. 

The enzyme PIPLC has been shown to release PrP c, but 
not PrP s" from cultured cells (Stahl et al., 1987, 1990). 
Thus, PIPLC provides a tool to verify that the proteinase K, 
GdnHCI signals detected by ELISA are specific for PrP s'. 
We confirmed the action of PIPLC on N2a and ScN2a cells 
by analyzing their PrP content with and without PIPLC di- 
gestion. The cells were digested with the enzyme for 5 h and 
lysed; their PrP was analyzed by Western blotting. As seen 
in Fig. 1 A, the enzymatic digestion reduced strongly the 
PrP c signal in both cell lines but not the proteinase K-re- 
sistant PrP s" signal in ScN2a cells, as expected (compare 
lanes 1 and 5 [N2a] and 3 and 6 [ScN2a]). The action of 
PIPLC was also visualized by immunofluorescence performed 
on living HaB cells (Fig. 1 B). 

When the cells were digested with PIPLC before fixation 
for the ELISA assay, the PrP c signal was strongly reduced 
(compare columns 5 and 1 of Table I, experiment A), 

whereas no significant change was noted in the guanidine- 
dependent signal of the proteinase K-digested, scrapie- 
infected cells, as expected for PrP s~ (Table I, columns 3 and 
7). The vast reduction of the PrP c background by the 
PIPLC digestion alone, without further proteolysis, allowed 
us to uncouple the effects of the guanidine from those of the 
proteinase K. As seen in Table I, experiment A, lanes 5 and 
8, a guanidine incubation of the fixed cells again strongly in- 
creased the ELISA signals in the infected cells, but did not 
have this effect in the uninfected cells. 

To confirm the PrP specificity of the cell ELISA results, 
we repeated the experiments with R013, a monospecific an- 
tiserum raised in rabbit against the PrP peptide P1 (Barry et 
al., 1988). Results similar to those obtained with the poly- 
specific antisera R017 and R073 were observed (Table I, ex- 
periment B). Furthermore, the synthetic peptide P1 was 
found to be effective in absorbing the immunoreactivity, 
demonstrating the PrP specificity of the signals (Table I, ex- 
periment B). 

To verify further that the GdnHCl-dependent signal indeed 
correlates with the scrapie isoform PrP s', we assessed the 
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Figure 2. Guanidine treatment is essen- 
tial for the immunofluorescent detection 
of PrP sc in ScHaB-4-C4 and ScNza 
cells. HaB (a and c), ScHaB-4-C4 (b 
and d), Nza (e and g) and ScNza (land 
h) cells growing on glass slides were 
fixed with 4% formaldehyde for 30 min 
and permeabilized with 0.4% Triton 
X-100. In some panels, the cells were then 
treated with 6 M GdnHCI (c, d, g, and 
h). An immunofluorescent assay for PrP 
was then performed with R073 as the 
primary antiserum (1:2,000). Note the 
appearance of a speckled intracellular 
signal in the GdnHCl-treated, scrapie- 
producing ScHaB-4 (d) and ScN2a (h). 
This signal could not be revealed when 
the guanidine step was omitted (a, b, e, 
and f )  even if harsher permeabilization 
procedures were used (10% Triton X-100 
or 2 % Sarkosyl [data not shownl). These 
results indicate that protein denaturation 
is needed to expose the epitopes of the 
intraceilular, speckled PrP accumula- 
tions. Phase-contrast micrographs are 
presented together with the correspond- 
ing fluorescence pictures. Extreme care 
was exercised to keep all photographic 
exposures and processing times equal in 
each set of fluorescent micrographs (HaB 
cells, a-d; N2a cells, e-h). 

ability of the ELISA to detect exogenous prions internalized 
in cells. When N2a or HaB cells are incubated with purified 
hamster prion rods, some PrP s~ is internalized. This was 
confirmed by a Western blot analysis of N2a cells (Fig. 1 A, 
lanes 8-13). The cells were incubated for 24 h in the presence 
of hamster prion rods (multiplicity of infection [MOI] = 
,,0500 I D ~  cell), rinsed twice with PBS, and then incubated 
for 5 h in medium with or without PIPLC. The ceils were 
then lysed and their PrP content was analyzed by SDS-PAGE 
followed by Western blotting. The presence of proteinase K-re- 
sistant PrP 27-30 species in those cells is demonstrated in 
lanes 9-11 and 13. These species were resistant to PIPLC 
(lanes 10, 11, and 13). Their detection with the hamster- 
specific mAb 13A5 confirms their exogenous origin (lane 
13). These N2a cell-associated rods could also be visualized 
by immunofluorescence and similar results were obtained for 
HaB cells incubated with prion rods (see Fig. 3 B). 

N2a and HaB cells were thus incubated with prion rods as 
described above, washed, and in some cases, treated with 
PIPLC. The cells were then rinsed and subjected to the PrP 

cell ELISA (Table I, experiment C). As shown, GdnHCI 
denaturation increased the PrP immunoreactivity in the pro- 
teinase K-treated cells as well as in the cells digested with 
PIPLC, similar to the phenomenon found with scrapie- 
infected cells. We again checked that this GdnHCl-depen- 
dent PrP signal can be detected with the hamster-specific 
mAbs 8C5 and 13A5. 8C5 recognizes an epitope within the 
region of the PrP sequence bounded by residues 140-174. 
The immunoreactivity of 8C5 can be adsorbed by the syn- 
thetic peptide P5 that corresponds to these residues. As the 
epitopes recognized by these antibodies are very sensitive to 
formaldehyde fixation, their use required a weaker fixation 
(1.3% formaldehyde, 30 min). We found that the cells fixed 
under those conditions do not withstand the proteinase K di- 
gestion. We thus omitted the proteolysis when using 13A5 
and 8C5 and relied on the PIPLC to reduce the amount of 
cellular PrP. As shown in Table I, experiment C, both mAbs 
recognized GdnHCl-dependent, PIPLC insensitive hamster 
PrP epitopes in fixed N2a cells preincubated with hamster 
prions, but not in uninoculated cells (data not shown). More- 
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Figure 3. The guanidine-dependent PrP signal in ScHaB-4-C4 cells is resistant to sequential PIPLC and proteinase K digestions. (A) ScHaB- 
4-C4 cells were digested with PIPLC (3 U/ml for 5 h at 37°C), then fixed with 4% formaldehyde (room temperature, 30 min) and digested 
with proteinase K (20 pg/ml, 37°C, 1 h). They were then processed for PrP immunofluorescence with (c) or without (a) GdnHCI treatment, 
using R073 (1:2,000), as primary antibody, b and d are the corresponding phase-contrast micrographs. Note the extensive damage to the 
cells caused by the proteolysis. (B) Internalization of hamster prions by N2a and HaB cells revealed by guanidine-PrP immunofluores- 
cence. N2a (a, b, c, and d) and HaB cells (e and f )  were incubated with purified hamster prion rods (MOI = '~500 IDs0/cell) for 24 h. 
They were then washed, digested with PIPLC (3 U/ml for 5 h at 370C), fixed with 1.3% formaldehyde, treated with GdnHCI (b, d, and 
f )  and assayed for PrP using the hamster-specific mAb 8C5. In c and d, preincubation of the antibody with the synthetic PrP-peptide P5 
adsorbed its activity and abolished the guanidine-dependent signal in d. 

over, the Gdn-dependent signal obtained with 8C5 was strongly 
reduced when the antibody was preincubated with the syn- 
thetic peptide P5. We conclude that this hamster-specific PrP 
epitope is a consequence of the exogenous PrP s~ internal- 
ized by the cells. 

The cell ELISA described above thus appears to detect 
both the cellular and scrapie PrP isoforms in fixed cells and 
to differentiate between them. 

Immunofluorescent Detection of Prl ~ 
Requires Denaturation 

Although plasma membrane-bound PrP c was detected by 
immunofluorescence (Stahl et al., 1987), attempts to detect 
PrP s~ by immunofluorescence in cultured cells were unsuc- 
cessful before the results reported here. Based on results 
from immunoblot studies (Serban et al., 1990) and the 
ELISA data in Table I, we reasoned that immunofluorescent 
detection of PrP s~ may require denaturation of PrP s~ mole- 
cules to enhance the binding of PrP antibodies. To explore 
this possibility, normal and scrapie-infected cells were seeded 
on slides, fixed, permeabilized, treated in some cases with 
GdnHCI, and assayed for PrP by indirect immunofluores- 
cence, using R073 as the primary antibody. 

An intense, intraceUular signal appeared in GdnHCl-treat- 

ed scrapie-infected ScHaB-4-C4 cells (Fig. 2 d) and ScN2a 
(h); no such signal was detected in either scrapie-infected 
cells untreated with GdnHCI (b and f )  or in uninfected cells 
(a, c, e, and g). Similar results were obtained in both ScN2a 
and ScHaB cells when R017 (not shown) and the P1 peptide 
antiserum R013 (see Fig. 5) were used as the primary anti- 
sera, and in ScHaB cells with the mAbs 13A5 (see Figs. 5, 7, 
and 8) and 8C5 (not shown). The guanidine-dependent intra- 
cellular fluorescent signal in the infected cells was not de- 
tected with (a) preimmune sera, (b) omission of the primary 
antisera, or (c) omission of the secondary antisera (data not 
shown). The intracellular PrP signal was preserved when the 
cells were digested with PIPLC, fixed with formaldehyde, 
and then digested with proteinase K before immunofluor- 
escence using the conditions developed for the cell ELISA 
(Table I; Fig. 3 A). As shown in the corresponding phase- 
contrast micrographs (Fig. 3 A, b and d), the extensive pro- 
teolysis compromised the structural integrity of the cells and 
therefore it was not routinely used. The guanidine-dependent 
PrP signal in the scrapie-infected cells was thus resistant to 
both PIPLC and proteinase K digestions, as expected for 
prp s~. 

We assessed the need for a guanidine denaturation to re- 
veal exogenous prions internalized by N2a and HaB cells. 
The cells were incubated with purified hamster prion rods 
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Figure 4. Immunofluorescent detection of 
PrP s~ in GdnHCl-treated SeHaB-4 and 
ScN2a cells by confocal microscopy. 
ScHaB-4 (a) and ScN2a (b) cells grown on 
glass slides were assayed for PrP im- 
munofluorescence as indicated in the legend 
to Fig. 2. They were then examined by con- 
focal microscopy. Bar, 10 t~m. 

for 24 h, rinsed, treated with PIPLC for 5 h, and then pre- 
pared for PrP indirect immunofluorescence using 8C5, an 
mAb raised in mouse against SDS-PAGE-purified hamster 
PrP 27-30 (Barry et al., 1988). We used this hamster- 
specific mAb here because its activity can be adsorbed by the 
synthetic peptide P5. As shown in Fig. 3 B b, a series of 
bright internal dots appeared in the "infected" mouse N:a 
cells after guanidine denaturation, and this signal was abol- 
ished by preincubating the antibody with the synthetic pep- 
tide P5 (d). No similar signal appeared in guanidine-treated 
N2a cells not previously incubated with prion rods (not 
shown). The exogenous rods could not be detected if the cells 
were not treated with guanidine (Fig. 3 B, a and c). We again 
conclude that guanidine denaturation is essential to permit 
the immunofluorescent detection of exogenous PrP s~ using 
this antibody. Similar results were obtained for prions inter- 
nalized in HaB cells using the mAb 13A5 (Fig. 3 B, e and 
f ) ,  and with the polyclonal antibodies R017 and R073 (not 
shown). 

The need for GdnHCI denaturation for detection of PrP s~ 
is illustrated for both ScHaB cells and ScN2a cells (Figs. 2 
and 3). Omission of the GdnHCI denaturation step prevented 
immunostaining of PrP s~ within the cell, although 0.4% 
Triton X-100 was routinely used to permeabilize the cells 

and thus permit entry of the antibody. Identical results were 
obtained when a higher concentration of detergent was used 
in the permeabilization (up to 10% Triton X-100 or 2% Sar- 
kosyl [sodium lauryl sarcosinate]), arguing that the absence 
of intracellular signals in non-GdnHCl-treated cells was not 
due to membrane impermeability (data not shown). 

Cellular and Scrapie PrP Isoforms 

The foregoing results show that the guanidine-dependent in- 
tracellular signal appearing in denatured ScHaB-4 and ScN~a 
ceils represents a proteinase K- and PIPLC-resistant PrP 
species, appearing only in scrapie-infected cells. Based on 
the known biochemical properties of the PrP isoforms, we 
argue that these PrP accumulations are composed mainly, if 
not solely, of PrP s~. 

In the cell ELISA, removal of PrP c was mandatory for 
the specific detection of PrP s'. This was accomplished by 
either limited proteinase K or PIPLC digestion (Table I). In 
early studies (Stahl et al., 1987) intense, patchy surface 
fluorescence of cultured cells was demonstrated by addition 
of PrP antibodies to living cells. These antibodies induced 
the patching of PrP c, a phenomenon recorded for many 
other cell surface proteins (Fig. 1 B). In contrast, fixation 
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of the cells before immunostaining prevented patching of 
PrP c (Fig. 2). Because the immunofluorescence method de- 
veloped for PrP s~ detection requires fixation of the cells be- 
fore immunostaining, signals due to PrP c were minimal. 
Under these conditions, PrP c is detected as a diffuse fluor- 
escence on the cell membrane and hence does not interfere 
with the intracellular PrP s~ signal (Fig. 2, d and h). Thus, 
in contrast with the cell ELISA assay, PrP s~ can be specific- 
ally detected by immunofluorescence without prior removal 
of PrP c by proteinase K or PIPLC. 

Confocal Microscopy 

The subcellular distribution of PrP s~ was more precisely 
observed by confocal microscopy (White et al., 1987) of 
ceils labeled by immunofluorescence after GdnHC1 treat- 
ment (Fig. 4). As expected, PrP s~ was found primarily 
within the intracellular space although weak fluorescent sig- 
nals were observed on the plasma membrane. 

The scrapie-specific intracellular signal was also detect- 
able in ScHaB-4 cells with the hamster-specific mAb 13A5 
(Fig. 5, b and e) and in both ScHaB-4 and ScN2a cells with 
a monospecific antiserum (R013) raised in a rabbit against 
the NH2-terminal peptide of PrP 27-30 designated P1 (a 
and c). In the latter case, the GdnHCl-dependent intracellu- 
lar signal could be prevented completely by preincubating 
the antibody with the synthetic oligopeptide P1 (Fig. 5, d and 
f )  thereby demonstrating its PrP-specificity. In additional ex- 
periments an identical guanidine-dependent intracellular 
signal was observed in ScHaB-4 cells using 8C5. Again, the 
signal obtained with this antibody could be completely abol- 

ished by preincubating the antibody with the free peptide P5 
(data not shown). These results further confirm the PrP 
specificity of the intracellular antigen detected in the scrapie- 
infected cells. 

SubceUular Localization o f  P r P  s~ 

When the PrP s~ immunostaining was compared to the intra- 
cellular pattern of WGA binding considerable overlap was 
observed (Fig. 6). The WGA signal was diminished when 0.4 
M N-acetylglucosamine was included during the lectin incu- 
bation with the cells, confirming its specificity (not shown). 
WGA binds to clustered terminal N-acetylneurarninic acid 
residues as well as N-acetylglucosamine-containing oligo- 
saccharides on proteins (Bhavanandan and Katlic, 1979) and 
labels cisternae along the distal face of Golgi, the trans-Golgi 
network, and the cell surface (Virtanen et al., 1980; Tar- 
takoff and Vassali, 1983). 

To extend these studies, a rabbit polyclonal antiserum 
raised against the rat brain mid-Golgi protein MG-160 
(Gonatas et al., 1989) was compared with PrP s~ immuno- 
staining in ScHaB-4 cells. As shown in Fig. 7, the MG-160 
antiserum and the PrP mAb stained many of the same struc- 
tures. A similar partial colocalization was observed in every 
ScHaB-4 cell examined. More than 30 cells were examined 
for PrP s~ localization. However, we repeated the double 
staining experiment with the ScHaB-4-C4 subclone when it 
became available, and found that in these cells PrP s~ and 
MG-160 did not completely colocalize (Fig. 8). More pre- 
cise subcellular localization of PrP s~ will require immuno- 
electron microscopic studies. 

Figure 5. The guanidine-dependent intracellular signal in ScHaB-4 and ScN2a cells is PrP specific. The PrP content of fixed, GdnHCi- 
treated ScHaB-4 (a, b, d, and e) or ScN2a (c and f )  cells was analyzed by indirect immunofluorescence as indicated in the legend to Fig. 
2, using the mAb 13A5 (undiluted supernatant) (b and e) or the monospecific anti PrP-PI antibody R013 (1:1,000) (a, c, d, and f )  as primary 
antibodies. In d, e, andfthe antibodies were incubated with the synthetic oligopeptide PI (10 #g/ml) before their use. The complete disap- 
pearance of the intracellular signal in d and fconfirms its PrP identity. 
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Figure 6. PrP s¢ and WGA partially colocalize in ScN2a and ScHaB-4 cells. ScHaB-4 (a and b), HaB (e and f) ,  ScN2a (c and d) and N2a 
(g and h) cells grown on glass slides were processed for PrP s~ immunodetection using R073 (1:2,000) as primary antibody and a 
fluorescein-conjugated secondary antibody and then incubated with Texas Red-conjugated WGA (100 #g/ml). The fluorescent patterns 
in the fluorescein channel (PrP, a, c, e, and g) and the Texas Red channel (WGA, b, d, f, and h) were observed by confocal microscopy. 
ScN2a cells are flatter and appear larger than the noninfected N2a ceils (see also Fig. 2, e and f; and Butler et al., 1988). Bar, 10/~m. 

Optimal Conditions for PrP s~ Accumulation in HaB 
Cells Defined by a Colony Assay for PrP sc 

We took advantage of the convenience and sensitivity of the 
cell ELISA to screen for prps~-containing subclones of 
ScHaB cells. HaB arose as a spontaneously immortalized 
cell population in a culture of a dissociated scrapie-infected 
hamster brain (see Materials and Methods). Lysates of the 
original population contained PrP c but not PrP s~ (Fig. 9, 
lanes 1 and 2) and no scrapie infectivity by bioassay (Table 
I, B). We attempted to infect the HaB cells by incubating 
them with purified hamster scrapie prion rods (see Materials 
and Methods). The cells were then cloned by limiting dilu- 
tion and the clones assayed for PrP s~ by cell ELISA. 

In early attempts to infect HaB cells, they were held at 
37.5°C and no prps'-producing clones were detected (data 
not shown). In contrast, when the cells were maintained at 
34°C after their infection, '~15% of the clones produced 
PrP s~ and scrapie infectivity, as discussed below. The suc- 
cess of the infection appears to depend upon the temperature 
at which the cells are grown. This temperature dependence 
was observed on many occasions during the course of our 
study. To define optimal conditions for PrP s~ accumulation, 
we devised a colony assay for PrP s~. Cells grown in a cell 

culture dish were lysed and transferred in situ onto a nitrocel- 
lulose membrane. The PrP s~ was then measured after lim- 
ited protease digestion and GdnSCN denaturation. 

The colony assay for PrP s~ is illustrated in Fig. 10, a-c 
where normal or scrapie-infected N2a or HaB cells seeded 
in recognizable patterns on a dish were assessed for PrP s~. 
The subclone of ScHaB cells designated ScHaB-4 was used 
as a positive control; its isolation is described below. After 
proteinase K digestion and GdnHCI treatment, only the 
ScN2a and ScHaB-4 cells were recognized by the poly- 
clonal antibody R073 (Fig. 10 b), whereas the hamster- 
specific mAb 13A5 bound solely to the ScHaB-4 cells, as ex- 
pected (Fig. 10 c). Noninfected cells did not react with the 
PrP antibodies after proteolysis and protein denaturation 
(Fig. 10, b and c). 

To analyze the temperature sensitivity of PrP s` synthesis 
in HaB cells, de novo infected ScHaB cells (see Materials 
and Methods) were seeded at low density in 10-cm dishes, 
grown at either 37.5°C (Fig. 2, d-f)  or 34°C (Fig. 10, g-i) 
and analyzed for PrP s~ after the appearance of sizable colo- 
nies. Whereas a few hundred colonies grew at both tempera- 
tures, only 3 of them grown at 37.5°C proved to contain 
PrP s~ (f) in contrast to almost 100 grown at the lower tem- 
perature (i). 
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Figure 7. PrP s~ and the mid-Golgi protein 
MG-160 partially colocalize in ScHaB-4 cells. 
ScHaB-4 cells were fixed, permeabilized, and 
treated with GdnHCi. They were then simul- 
taneously labeled with the PrP mAb 13A5 (un- 
diluted supernatant) (fluorescein channel, a 
and c) and MG-160 (1:500) antiserum (Texas 
Red channel, b and d). Bar, 10/~m. 

The reason for the apparent temperature sensitivity of 
PrP s" production in ScHaB cells is still unknown. One pos- 
sibility is that at the higher temperature, the cell division rate 
exceeds the rate of PrP s~ synthesis, so that PrP s' is diluted 
out and eventually disappears from the culture. This para- 
digm assumes that PrP s~ is in some way involved in the ap- 
pearance of new PrP sc molecules. 

Isolation of ScHaB Clones 

Based on the foregoing results, we performed the infection 
of the HaB cells and the subsequent cloning at 34°C. Eight 
passages after infection, the cells were cloned by limiting di- 
lution. Of 96 clones analyzed for PrP s~ by ELISA, 14 dis- 
played a marked increase in their immunoreactivity with the 
PrP 27-30 antiserum R017 after GdnHCI denaturation of 
proteinase K-digested cells (not shown), indicating that they 
contained PrP s~. After three further passages, the positive 

clones (1-14) and nine negative clones (15-23) were exam- 
ined again by ELISA. All the positive clones retained PrP s~ 
except number 7 (Table II). There was an excellent correla- 
tion between the PrP ~ signal and the infectivity of subclones. 
The de novo infected cells were passaged eight times at a 1:5 
dilution before their cloning. The clones were subsequently 
expanded by a factor of ~108 (to 10 10-cm dishes) before 
their infectivity was assayed. The overall expansion of these 
cells between the time of their infection and the bioassays 
was thus >10 ~t, ruling out the possibility that their measured 
infectivity was left from the inoculum used in the infection. 
We also confirmed the presence of PrP s~ in the ELISA posi- 
tive HaB clones by Western blotting as illustrated in Fig. 9, 
lanes 3-7. No cytopathology within the scrapie-infected cells 
was observed by phase-contrast microscopy (see Fig. 2). 

The excellent correlation between PrP s~ and infectivity in 
the ScHaB-4 subclones was similar to that observed for 
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Figure 8. PrP s~ and MG-160 do not colocalize in the subclone ScHaB-4-C4. The cells were treated for PrP s~ (fluorescein channel, a and 
c) and MG-160 (Texas red channel, b and d) immunolabeling as indicated in the legend to Fig. 7. 

ScN2a cells (Butler et al., 1988). These correlations argue 
persuasively that as in animals and humans (Prusiner, 1989; 
Serban et al., 1990) PrP s~ production accompanies prion 
infection in cultured cells. 

Figure 9. The infectious ScHaB-4 cells produce both PrP c and 
PrP s~. Extracts from noninfected HaB (lanes 1 and 2) or persis- 
tently infected ScHaB-4 (lanes 3-7) cells were analyzed by SDS- 
PAGE. In lanes 2 and 4-7 the extracts were digested with 10 #g/ml 
proteinase K for 30 min at 37°C before the electrophoresis. A pro- 
teinase K-digested hamster scrapie-brain extract was added as a 
marker in lane 8. After transfer to an Immobilon membrane the 
proteins were probed with R073 (1:5,000) (lanes 1-4 and 8), the 
mAb 13A5 (supernatant 1:40) (lane 5), the anti PrP-P1 antibody 
R013 (1:1,000) (lane 6), or with R013 preincubated with 25 #g/ml 
PI (lane 7). Note the disappearance of the PrP 27-30 immunoreac- 
tive bands in lane 7. 

As the colony assay indicated that stable infection of HaB 
cells at 37.5°C is possible, albeit rare (see Fig. 10f) ,  we sub- 
sequently subcloned the ScHaB-4 line at that temperature 
and isolated one subclone positive for PrP s` (see Materials 
and Methods). This subelone was designated SeHaB-4-C4 and 
some of  its unique properties were described above (Fig. 8). 

D i s c u s s i o n  

We have achieved for the first time the in situ immunodetec- 
tion of  PrP s~ in scrapie-infected cells. Our results, coupled 
with those of earlier studies (Stahl et al., 1987), demonstrate 
that PrP s~ and PrP c are found in different subcellular com- 
partments. PrP s~ accumulates mainly within the cytoplas- 
mic space of  cells, whereas PrP c is bound primarily to the 
external surface of the plasma membrane. These observa- 
tions extend the list of  differences which distinguish PrP s~ 
from PrP c. Our results also provide novel tools for the in- 
vestigation of  scrapie at the cellular level. 

In Situ Immunodetect ion o f  PrP c 

We base the immunodetection of PrP s" on three previously 
recognized differences between the PrP isoforms: (a) the rel- 
ative resistance of  PrP s~ to proteolysis (Oesch et al., 1985); 
(b) the differential releasability of  the PrP isoforms from 
membranes by PIPLC (Stahl et al., 1990); and (c) the con- 
trasting immunoreactivity patterns of these two proteins (Ser- 
ban et al., 1990). The immunoreactivity phenomenon was 
first discovered for PrP immobilized on solid supports: PrP 
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Figure 10. Apparent temperature sensitivity 
of PrP s~ production in HaB cells analyzed 
by a "colony-assay" for PrP s~. Scrapie-in- 
fected and normal HaB and N2a cells were 
seeded on plastic plates in recognizable spot 
patterns as indicated (a). After 24 h incuba- 
tion at 37°C, the cells were lysed and blot- 
ted onto circular nitrocellulose membranes 
(each plate yields one filter). One filter was 
stained with Amido black (a). The two 
others were treated with proteinase K (50 
#g/ml in TBST, 37°C, 18 h), then incu- 
bated in PMSF and finally treated with 3 M 
GdnSCN. The filters were then immunoas- 
sayed for PrP by the regular Western blot 
procedure. The noninfected HaB and N2a 
cells do not react with the PrP 27-30 poly- 
clonal antiserum R073 (1:5,000) in these 
conditions (b). 13A5 detects only hamster 
PrP s~ and does not recognize the ScN2a 
cells (c). 

HaB cells kept at 37°C (d-f) or 34°C 
(g-i) were incubated with purified hamster 
prions at an MOI of ,~100 IDs0/cell for 
48 h. They were then washed and grown at 
the above temperatures. After three pas- 
sages, the cells were seeded on 10-cm plates 
at low density and incubated until colonies 
grew to '~1 mm diameter. The cells were 
then lysed in situ onto nitrocellulose mem- 
branes (one membrane per plate) as de- 
scribed in Materials and Methods. The 
membranes were incubated with proteinase 
K (e, f, h, and i) followed by a GdnSCN 
treatment ( f  and i) to promote selective 
immunodetection of PrP s~ by R073 anti- 
body. Membranes d and g were stained with 
Amido black to show the colony density. 
Note that "~100 prpSc-positive colonies ap- 
peared at 34°C (i), whereas only 3 such 
colonies were apparent at 37.5°C (f). 

antibodies raised against SDS-denatured hamster PrP 27-30 
recognized equally well both native and denatured PrP c, 
but they did not react with the proteinase K-resistant PrP s~. 
Extensive denaturation of  PrP s~ was necessary to promote 
the binding of antibodies to it (Kascsak et al., 1987; Kita- 
moto et al., 1987; Serban et al., 1990). 

Four lines of  evidence argue that the guanidine-dependent 
PrP signal detected in the three immunoassays described 
here (the cell ELISA, the immunofluorescent assay, and the 
colony assay) is mainly prps~: (a) it is resistant to pro- 
teinase K-catalyzed proteolysis (Table I; Figs. I A, 3 A, and 
10); (b) it is not removed from the cells by PIPLC (Table I, 
columns 3 and 7; Figs. 1 and 3 A); (c) its detection depends 
strictly on protein denaturation (Table I, columns 3 and 7; 
Figs. 2, 3, and 10); and (d) it occurs only in PrP s~- 
producing cells or in cells loaded with hamster prion rods. 
For the cells loaded with rods, the identity of  the signal as 
PrP s~ was confirmed by the use of  mAbs specific for ham- 
ster PrP (Fig. 1, lane 13; Fig. 3 B; Table I, experiment C). 

Although the foregoing properties are all hallmarks of  
prps% we cannot rule out the possibility that some intracel- 
lular PrP c also participates in the generation of the guani- 

dine-dependent signal. However, this aberrant PrP c would 
have many of the biochemical properties of PrP s~ and ap- 
pear only in scrapie-infected cells. 

The PrP specificity of  the signals in our immunoassays was 
established by the use of  (a) rabbit PrP 27-30 antisera R017, 
R073, and their preimmune sera, (b) mouse mAbs 13A5 and 
8C5, and (c) anti-P1 monospecific antiserum R013. Both the 
ELISA (Table I, experiment B) and immunofluorescence sig- 
nals (Fig. 5) were abolished by adsorbing the P1 monospe- 
cific antiserum with the synthetic oligopeptide P1, whereas 
the 8C5 signals were adsorbed by the synthetic oligopeptide 
P5 (Table I, experiment C; Fig. 3 B). 

The immunofluorescence assay for PrP s" demonstrates 
that at least a portion of the PrP s" molecules in scrapie- 
infected cells is inaccessible to immunological detection be- 
fore denaturation (Fig. 2). This observation explains why 
PrP s~ has not previously been detected in scrapie-infected 
cells using immunofluorescence. Furthermore, it indicates 
that PrP sc in cells assumes a conformation or an aggrega- 
tion state that precludes its recognition by antibodies raised 
against the denatured PrP 27-30. 
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Table II. Correlation of PrP sc Content with Scrapie 
Infectivity in ScHaB-4 Cell Subclones 

1 2 3 4 
Clones Cell ELISA 
exposed (proteinase K Scrapie prion titers PrP s~ 
to prions + GdnHCI) for 106 cells immunofluorescence 

No. (A~ x 103) log (ID~o units d: SE) 

1 310 4.5 + 0.3 + 
2 190 3.3 + 0.2 + 
3 770 ND + 
4 1,090 5.7 + 0.2 + 
5 960 5.0 + 0.3 + 
6 680 5.2 + 0.3 + 
7 110 3.7 + 0.1 + 
8 960 5.3 ± 0.6 + 
9 260 4.5 + 0.3 + 

10 430 4.7 + 0.4 + 
11 410 5.3 ± 0.3 + 
12 440 5.5 + 0.2 + 
13 610 5.8 + 0.2 + 
14 400 4.9 + 0.2 + 
15 70 < l  - 
16 110 <1 - 
17 60 1.5 + 0.9 - 
18 80 <1 - 
19 10 < l  - 
20 30 <1 - 
21 50 <1 - 
22 20 <1 - 
23 50 <1 - 
Uninfected 30 <1 - 

HaB cells 

23 subclones of a de novo infected ScHaB-4 cell population were assayed for 
PrP s~ by the cell ELISA assay (column 2) and bioassayed for scrapie infec- 
tivity (column 3). Column 4 indicates the presence of a Gdnl-ICl-dependent PrP 
intracellular signal as detected by immunofluorescence; clone 1 contained both 
negative and positive cells by this test (+). 

Cytoplasmic Accumulation of PrP sc 

The colocalization of PrP s~ and WGA ligands in ScN2a and 
ScHaB-4 as well as localization with the mid-Golgi protein 
MG-160 in ScHaB-4 cells argues that PrP s~ accumulates in 
the periauclear Golgi region (Figs. 6 and 7). However, 
PrP s~ did not localize with MG-160 in the ScHaB-4-C4 
subclone (Fig. 8). Although confocal microscopy (White et 
al., 1987) allowed better subcellular localization, determina- 
tion of the precise relationship between PrP s~ and the Goigi 
complex or other organeiles will require immunoelectron 
microscopy and subcellular fractionations. 

The intracellular accumulation of PrP s~ raises interesting 
possibilities as to the mechanisms of its biosynthesis. Molec- 
ular cloning of the Syrian hamster PrP demonstrated that the 
entire open reading frame is contained within a single exon; 
this finding argues that the difference between PrP c and 
PrP s~ is not due to alternative splicing but instead arises 
from a posttranslational event (Basler et al., 1986). To date, 
no recognizable differences in the posttranslational modifica- 
tions of these proteins have been discerned (Prusiner, 1989). 
The most convincing evidence for posttranslational process- 
ing of PrP s~ comes from pulse-chase experiments in scra- 
pie-infected cultured cells. In N2a and several other cell 
types, a fully modified PrP c appears on the plasma mem- 
brane within 20-30 min of its synthesis, and has a half-life 

of"~5 h (Caughey et al., 1989; Borchelt et al., 1990). In con- 
trast, PrP s~ acquires its characteristic resistance to pro- 
teinase K only several hours after translation (Borchelt et al., 
1990). As most PrP s~ is then sialylated (Endo et al., 1989) 
this conversion probably takes place either in the trans-Golgi 
network (Kornfeld and Kornfeld, 1985; Grifliths and Si- 
mons, 1986) or in a post-Golgi compartment. At which stage 
of its biosynthesis does a PrP molecule become committed 
to be PrP s~ is unknown. If pre-PrP s~ molecules remain in- 
tracellular instead of being exported to the plasma mem- 
brane, at a stage when they are not yet proteinase K resistant, 
then they should already contain the information permitting 
them to elude the normal sorting mechanisms in the trans- 
Golgi network and hence be already "tagged" and destined 
to become PrP s" molecules. If  this were the case, then the 
acquisition of proteinase K resistance would occur intracel- 
lularly. Alternatively, proteinase K-sensitive PrP s~ precur- 
sor molecules might first pass through the plasma membrane 
and acquire their proteinase K resistance either on that mem- 
brane or during recycling events (Sniders and Rogers, 1986). 
In either case the mature proteinase K-resistant PrP would 
then accumulate either in association with the Golgi appara- 
tus or in post-Golgi, possibly pathologic vesicles. 

Cultured Hamster Cells Permissive for 
Scrapie Replication 

The HaB cells described here constitute the first de novo in- 
fectible hamster cell line. That it was isolated from a Syrian 
hamster is of special interest. First, the incubation time of 
scrapie in this species is the shortest known. Second, the 
availability of both mouse and hamster cell lines provides a 
system in which the species specificity of prions can be stud- 
ied using molecular genetics (Scott et al., 1989). 

Although we found a correlation between the PrP s~ con- 
tent of the subclones and their infectivity (both in the N2a 
and in the HaB cells), some investigators (Race et al., 1988; 
Caughey et al., 1989) failed to detect any proteinase K-resis- 
tant PrP in several infectious subclones of ScN2a popula- 
tions. This discrepancy has been resolved because these in- 
vestigators have identified PrP s~ in their scrapie-infected 
subclones of Nza cells (Race, R., personal communication). 
The increased sensitivity of the detection methods for PrP s" 
described here should help unravel future inconsistencies 
should they arise. 

New Approaches to the Cell Biology of  Prion Diseases 

The in situ PrP s~ detection methods described here can be 
used to search for new scrapie-infectible cell lines and their 
infected subclones. The ability to localize PrP s~ at the sub- 
cellular level should permit investigators to follow the en- 
trance of prions into the cell and the subsequent establish- 
ment of a chronic scrapie infection as well as the passage of 
prions from cell to cell. The PrP s~ colony assay may pro- 
vide the basis for the development of tissue culture titration 
assays for prions (Fig. 10). 

Our discovery that PrP s~ accumulates within cultured cells 
should create new approaches to the cell biology of scrapie 
infection. Learning which inhibitors of glycoprotein pro- 
cessing and transport enhance or diminish PrP s~ synthesis 
and accumulation may give important clues as to the post- 
translational events which feature in the formation of this 
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molecule. Furthermore, the results of our studies may aid in 
determining the subcellular localization of PrP s~ in animals 
and humans with prion diseases. At present, neither the lo- 
calization nor the physical form of PrP s~ in the brain is 
known except for a small fraction in the extracellular space 
which is polymerized into amyloid filaments that coalesce to 
form plaques (DeArmond et al., 1985; Kitamoto et al., 
1987; Roberts et al., 1988). 
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