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Prion diseases are fatal infectious neurodegenerative disor-
ders in human and animals caused by misfolding of the cellular
prion protein (PrPC) into the pathological isoform PrPSc. Eluci-
dating the molecular and cellular mechanisms underlying prion
propagationmay help to develop disease interventions. Cell cul-
ture systems for prion propagation have greatly advanced mo-
lecular insights into prion biology, but translation of in vitro to
in vivo findings is often disappointing. A wider range of cell cul-
ture systems might help overcome these shortcomings. Here,
we describe an immortalized mouse neuronal astrocyte cell line
(C8D1A) that can be infected with murine prions. Both PrPC

protein and mRNA levels in astrocytes were comparable with
those in neuronal and non-neuronal cell lines permitting persis-
tent prion infection. We challenged astrocytes with three
mouse-adapted prion strains (22L, RML, andME7) and cultured
them for six passages. Immunoblotting results revealed that the
astrocytes propagated 22L prions well over all six passages,
whereas ME7 prions did not replicate, and RML prions repli-
cated only very weakly after five passages. Immunofluorescence
analysis indicated similar results for PrPSc. Interestingly, when
we used prion conversion activity as a readout in real-time quak-
ing-induced conversion assays with RML-infected cell lysates,
we observed a strong signal over all six passages, comparable with
that for 22L-infected cells. These data indicate that the C8D1A
cell line is permissive to prion infection. Moreover, the propa-
gated prions differed in conversion and proteinase K–resistance
levels in these astrocytes. We propose that the C8D1A cell line
could be used to decipher prion strain biology.

Prion diseases are a group of fatal and infectious neurodege-
nerative disorders that include Creutzfeldt–Jacob disease in
humans, bovine spongiform encephalopathy in cattle, scrapie
in sheep and goat, and chronic wasting disease in cervids. Dis-
ease manifestation in human prion disorders can be sporadic,
familial, or acquired by infection (1–5), whereas in animals
acquired prion diseases prevail (6–9). Pathological hallmarks of
prion diseases are vacuolation caused by neuronal death, PrPSc

plaque deposition, astrogliosis, and spongiform degeneration

(10). Prion diseases are caused by PrPSc, the pathological iso-
form of the normal cellular prion protein (PrPC), which is
highly expressed in neurons, astrocytes, and oligodendrocytes
(11). Conformational conversion of PrPC into PrPSc and self-
sustained propagation of PrPSc are themolecular events driving
the disease progression (12–15). There is no treatment avail-
able for prion disorders. Although neuronal loss predominates
during the clinical manifestation of prion disease (16, 17), the
role of non-neuronal cell populations in the CNS in prion pa-
thology cannot be ignored. The presence of PrPSc aggregates in
non-neuronal cell populations in prion-infected mice depleted
of neuron-specific PrP demonstrates their potential to propa-
gate prions independent of neuronal PrP (18). Similarly, the
susceptibility of astrocyte-specific hamster PrP expressed in
PrP knockout mice to hamster scrapie propagation implies a
role for astrocytes in prion propagation and infection (19). Dif-
ferential processing of PrPSc aggregates by different sets of cells
in the CNS could be one of the reasons for the heterogeneity
observed in prion pathology. Being a different cell lineage from
neurons, astrocytes might process PrPSc aggregates differently
as compared with neurons. However, the exact role of astro-
cytes in prion propagation and pathogenesis remains elusive.
The establishment of various neuronal cell culture models that
allowed stable prion infection strongly advanced prion re-
search, provided an experimental platform for studying the cell
biology of prion infection, and was used for devising potential
anti-prion strategies (20–23). Interestingly, these were mostly
established cell lines that allowed persistent propagation of
mouse-adapted scrapie prion strains like 22L, RML, or ME7
(24, 25). By using genetically engineered cells, it seems possible
to expand the range of prions which can be propagated in such
cell lines (26–28). There still is no cell line that can persistently
propagate human or bovine prions (25). Non-neuronal cell
lines were also very instrumental (29, 30). Of note, with a few
exceptions, such cell line models do not show side effects as
would be expected from prion pathogenesis in vivo (31, 32), an
issue that can be better addressed in primary cells (33), cerebral
organoids (34), and slice culture models (35). There was a
shortage of glia cell models, with ovine microglia cells for prop-
agation of sheep prions (36) and human stem cell–derived
astrocytes replicating even human prions (37, 38).
Given the absence of a murine glia-based cell culture

model for propagating mouse-adapted prions, we wanted
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here to characterize an immortalized mouse astrocyte cell
line (C8D1A) for its ability to propagate various murine
prions (uninfected cells termed C8D and infected cells
ScC8D). One of the determining factors for cellular prion
propagation is appropriate cell surface expression of PrPC

(39). We therefore compared PrP mRNA and surface PrPC

expression with that of other cell lines known to stably prop-
agate mouse-adapted prions (N2a cells, CAD5 cells, and
mouse embryonic fibroblasts). We then inoculated C8D
astrocytes with the prion strains 22L, RML, and ME7 and
monitored them for markers of prion infection (immuno-
blot for PrPSc, PrPSc immunofluorescence, and prion con-
version activity in RT-QuIC) over six passages. Not unex-
pectedly, astrocytes were not able to sustain persistent
infection with all three prion strains but clearly propagated
persistent infection with 22L prions as confirmed in all three
assays here. Strikingly, astrocytes very differently handled
RML prions, with almost no detectable signal in immuno-
blot and confocal microscopy for PrPSc but pronounced
prion conversion activity over all passages as tested here.
This demonstrates that this astrocyte cell line is permissive
to prion infection (ScC8D cells) but processes prions very
differently regarding prion conversion activity and protein-
ase K (PK) resistance of PrP. To our knowledge, this is the
first report for stable prion infection in immortalized mouse
astrocytes. This new cell model could help to advance our
understanding of prion strain biology in a non-neuronal
context.

Results

Comparison of transcriptional and post-translational
expression of PrPC in C8D5 astrocytes with other cell lines

Expression of Prnp gene mRNA determines the amount of
PrPC present in any cell type. Therefore, we examined the tran-
scriptional expression of Prnp in an immortalized mouse neu-
ronal astrocyte cell line (C8D1A) and compared it with PrP
mRNA expression in neuronal (N2a and CAD5) and non-neu-
ronal (MEF) cell lines commonly used as in vitro prion infection
models (20, 40, 41). PrP mRNA levels in astrocytes were ;2-
fold higher than that of N2a and MEF cells but lower than in
CAD5 cells (Fig. 1A). Because cell surface expression of PrPC is
required for establishing prion infection in cultured cells, we
next determined the expression of cell surface PrPC in C8D
astrocytes and compared it with that of N2a, CAD5, and MEF
cells. Our flow cytometry data showed that cell surface expres-
sion of PrPC in C8D astrocytes was slightly higher than in N2a
cells but lower than that of CAD5 cells, although the differences
were not statistically significant. Moreover, cell surface expres-
sion of non-neuronal MEF cells was significantly lower than
that of astrocytes (Fig. 1B). Glial fibrillary acidic protein immu-
nostaining was used to demonstrate the astrocytic cell type
(Fig. S1).
Taken together, these data demonstrate that the cell surface

expression of PrPC aligns well with mRNA expression in all
tested cell lines. Cell surface expression of PrPC in C8D astro-
cytes is comparable with N2a and CAD5 cells, indicating a
potential for prion infection.

Detection of prion infection in inoculated astrocytes by
Western blotting for PrPSc

Having found that C8D astrocytes express comparable lev-
els of cell surface PrP, we next challenged themwith three dif-
ferent murine prion strains (22L, RML, andME7). Uninfected
brain homogenate (mock) was used as a negative control. All
brain homogenates were tested by immunoblotting to ensure
the presence and comparable levels of PrPSc (Fig. S2). Astro-
cytes were passaged six times, and cell lysate aliquots from
each passage were analyzed for PK-resistant PrPSc by immu-
noblotting. As expected, at passage 0, all astrocyte lysates
infected with the three prion strains showed prominent PrPSc

signals, most likely representing residual inoculum (Fig. 2). In
passages 1–6, 22L prion-infected astrocytes (ScC8D) main-
tained PrPSc in all tested passages, indicative of a persistent
prion infection. In contrast, ME7 PrPSc signal was absent in
all subsequent passages (Fig. 2 and Fig. S3). Interestingly,
RML prion-infected astrocytes were negative in passages 1–

Figure 1. Expression of PrPC in C8D astrocytes as compared with
other neuronal and non-neuronal cell lines. A, mRNA expression of
Prnp gene in four different cell lines. Relative fold change for PrP mRNA
expression was measured by RT-PCR. 1 3 106 cells were plated in tripli-
cate, and after 4 days of culture, total RNA was extracted and reverse-
transcribed. cDNA was used for quantitative real-time PCR using SYBR.
Relative mRNA expression was normalized with actin and calculated
using the DDCt method. *, p value � 0.05 and ***, p value � 0.0001 when
compared with astrocytes using ANOVA (Dunnett’s multiple compari-
sons) in GraphPad Prism. Error bars represent averages 6 S.E. B, PrPC sur-
face levels in four different cell lines. Surface PrPC was analyzed by FACS
after staining with mAb 4H11 and Alexa 405–conjugated secondary anti-
body. Relative mean fluorescence values of N2a, MEF, and CAD5 were
compared with the average fluorescence value of astrocytes, which was
set to 100%. Statistical analysis was performed by one-way ANOVA and
Dunnett’s multiple comparison tests using GraphPad Prism. *, p value
� 0.05; **, p value� 0.01. Error bars represent averages6 S.E.
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5, and only in passage 6 was a faint PrPSc signal found (Fig. 2,
high exposure panel). No PrPSc was observed in mock-inocu-
lated C8D astrocytes.
These results demonstrate that C8D astrocytes are capable

of stably propagating 22L prions. RML prion-infected astro-
cytes showed PrPSc at a very late passage only, whereas ME7
prion-infected cells did not show any PrPSc propagation. These
data indicate selective propagation of some murine prion
strains over others within the same astrocyte cell line.

Accumulation of PrPSc aggregates in prion-infected astrocytes

To further validate our immunoblot results, we used im-
munofluorescence microscopy for the detection of PrPSc

aggregates in astrocytes. Immunofluorescence analysis involv-
ing pretreatment with guanidine salts for epitope retrieval is
extensively used for selective detection of PrPSc (42, 43). Either
prion or mock-infected astrocytes were stained with mAb 4H11
after treatment with 6 M guanidine hydrochloride. Confocal
laser scanning revealed the presence of typical puncta like
granules of PrPSc aggregates consistently from passage 1–6
in astrocytes infected with the 22L prion strain (Fig. 3). 22L
prion-infected astrocytes showed typical perinuclear PrPSc

aggregates as described previously (44, 45), as well as some
smaller aggregates distributed all over the cell (Fig. 3 and
Fig. S1). RML-infected astrocytes showed weak immunolab-
eling at passage 3–5 and almost no immunolabeling at pas-
sage 6 (Fig. 3). ME7-infected astrocytes provided weak
immunolabeling at early passages (P1 and P2), which was
fading with passaging.
Taken together, immunolabeling of 22L and ME7 prion-

infected C8D astrocytes was in alignment with immuno-
blotting data. Interestingly, RML-infected astrocytes that
started to show PrPSc in passage 6 in immunoblotting lost
their PrPSc immunolabeling signal over time with almost no
signal at passage 6, which is at odds with immunoblotting
data.

Prion conversion activity in C8D astrocytes infected with
different prion strains

Finally, we tested C8D astrocytes for prion conversion activ-
ity using real-time quaking-induced conversion (RT-QuIC)
assay. This technique assesses prion amplification by moni-
toring amyloid formation as measured by increase of thiofla-
vin-T fluorescence activity in real time (46). We tested con-
version activity of postnuclear lysates of infected astrocytes
(22L, RML, or ME7) from P1 to P6. Mock-infected astro-
cytes from every passage were used as negative control and
for calculating the threshold cutoff values. We found that
22L-infected ScC8D astrocytes showed a strong RT-QuIC
signature with high RFUs consistently all over the six pas-
sages (Fig. 4 and Fig. S4). These results were in accordance
with immunoblotting and immunofluorescence data (Figs. 2
and 3, respectively). Surprisingly, RML prion-infected astro-
cytes that had shown weak and late PrPSc signals in immu-
noblotting as well as less PrPSc aggregates in immunofluo-
rescence experiments revealed very high prion conversion
activity in RT-QuIC in all six passages, with five of them
becoming positive earlier than 22L prion-infected cells (Fig.
4 and Fig. S4). Of note, the data shown in Fig. S4 were
obtained in an independent repeat experiment. As expected,
ME7-infected astrocytes showed prion conversion in RT-
QuIC assay at the early passages that completely disap-
peared at passage 4 (Fig. 4), in accordance with immuno-
blotting and immunofluorescence results (Figs. 2 and 3,
respectively).
Taken together, these data indicate that C8D astrocytes

propagate the three prion strains very differentially,

Figure 2. Levels of PrPSc in C8D astrocytes infected with 22L, RML, and
ME7 prions. Immunoblots showing PrPSc levels in astrocytes infected
with 22L, RML, and ME7 prions as compared with mock-infected astro-
cytes (before and after PK digestion). The cells from passage 0–6 were
lysed and subjected to PK digestion (1PK) or no PK digestion (2PK). The
lysates were immunoblotted and probed with mAb 4H11. a-Tubulin was
used as loading control.
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regarding prion conversion activity and PK resistance and
aggregation behavior of PrPSc. Although RML prion-
infected cells provided only weak and very late PrPSc signals
in immunoblot, which would grade them almost as nonin-
fected, they showed the highest prion conversion activity
over the passages tested here.
Having obtained a stable PrPSc signal in 22L-infected astro-

cytes throughout the six passages, we next cloned them to
obtain a persistently infected subclone. The cells were infected
newly for this purpose, and single-cell clones were produced by

limiting dilution at passage 3. We used RT-QuIC assay for ini-
tial screening of persistently infected subclones. Clones that
exhibited positive prion conversion were further tested using
immunoblotting. Clone N31 demonstrated strong PrPSc levels
in Western blotting and prion conversion activity in RT-QuIC.
We continued passaging and testing clone N31 for more than 6
months to verify the persistence of the prion infection (Fig. 5
and Fig. S5). In summary, this new astrocyte cell culture model
for prion infection could help to unravel the molecular mecha-
nisms of prion propagation and prion strain biology in glia cells.

Figure 3. Immunofluorescence analysis of PrPSc aggregates in C8D astrocytes infectedwith 22L, RML, andME7 prions. Representative images of PrPSc

immunofluorescence staining in astrocytes infected with 22L, RML, and ME7 prion strains compared with mock-infected astrocytes from passages 1–6. Astro-
cytes were treated with 6 M guanidine hydrochloride prior to antibody incubation to denature PrPC and retrieve PrPSc epitopes. PrPSc was stained with 4H11 as
anti PrP antibody (green), and the nuclei were counterstained with 49,69-diamino-2-phenylindole (blue). The cells were visualized by confocal laser scanning
microscopy. Scale bars represent 20mm.
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Discussion

Prions are infectious particles composed of misfolded prion
protein that can be propagated experimentally both in vivo and
ex vivowith exceptions. The establishment of in vitromodels of
persistent prion infection have greatly enhanced our under-
standing of the molecular mechanisms of prion formation and
propagation, yet many aspects of prion replication remain elu-
sive, including the factors controlling the susceptibility of a
given cell line. The permissiveness of a cell line to prion infec-
tion is determined by many factors. The endogenous level of
expression of PrPC of the same species is important (47),
although it is not a requirement for uptake of PrPSc (48, 49).
Differential gene regulatory networks among subclones of a cell

line may also facilitate or inhibit permissibility to persistent
prion infection (50). On the other hand, prion strains can also
exhibit host cell tropism in vivo (51, 52) and ex vivo (25, 53–57).
Furthermore, during the propagation of prions in vitro, cell di-
vision may reduce the level of PrPSc by diluting the number of
infectious particles over various passages (29). The presence of
multiple cell types in the CNS and unique response to prion
infection by each of those cell types can further alter the fate of
productive prion infection. In this regard, the role of astrocytes
and their processing of prions remain elusive.
Astrocytes are a fundamental component of the CNS and

represent the most abundant glial cell type in the brain. They
are closely associated with neuronal synapses. Astrocytes

Figure 4. Prion conversion activity in C8D astrocytes infected with 22L, RML, andME7 prions. RT-QuIC assay was performed to determine prion conver-
sion activity in astrocytes infected with 22L, RML, andME7 prion strains as compared with mock-infected astrocytes. Mouse recombinant PrP was used as sub-
strate. Each reaction was set up in quadruplicate with 2 ml of cell lysate (dilution 10-1 is shown). The average increase of thioflavin-T fluorescence of
quadruplicates is plotted as a function of time. The y axis represents relative fluorescent units (RFU), and the x axis shows the time in hours. A–F, RT-QuIC analy-
sis of prion-infected astrocytes frompassages 1–6 is shown.
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regulate the transmission of electrical impulses within the
brain, provide neurons with nutrients, maintain extracellular
ion balance, and play a role in the repair process of brain and
spinal cord following traumatic injuries (58–60). It has been
reported that chronic neuroinflammation is generally associ-
ated with reactive microgliosis and astrogliosis, considered
pathological hallmarks of neurodegenerative diseases including
Alzheimer’s, Parkinson’s, amyotrophic lateral sclerosis, and
prion diseases (61). How the role and function of astrocytes are
altered during prion infection is still controversial, and astro-
gliosis is mainly considered a secondary event and compensa-
tion mechanism to neuronal cell death. On the other hand, sev-
eral studies showed that prions can propagate in human
astrocytes (62), astrocytes of animal origin (47, 63, 64), stem
cell–derived astrocytes (38), and astrocytes in mixed primary
cultures (65, 66). A growing body of evidence supports that
astrocytes impact prion pathogenesis. It has been shown that
astrocytes can replicate prions independent of neuronal PrP
(67). However, the molecular understanding of the specific role
of astrocytes in prion propagation and pathogenesis is still a
matter of debate.
Cell culture models are of central importance for studying

different aspects of prion propagation and gaining molecular
insights into prion biology. Consequently, establishing a cell
culture model consisting of stably infected astrocytes would
help to understand the exact role of astrocytes in prion propa-
gation better. Currently, there is only one ovine microglia cell
line available for propagation of sheep prions (36) and human
stem cell–derived astrocytes that can propagate human prions
(37, 38). Although most work in prion cell culture was done
with mouse-adapted prion strains like 22L, RML, and ME7,
there is currently no murine astrocyte cell culture model avail-
able that can be persistently infected with mouse prions.
In this study, we describe an immortalized mouse astrocyte

cell line that can be infected with 22L and RML prions. Correct
expression of PrPC is essential for establishing stable prion
propagation in cells, because it is needed as substrate for con-
version into PrPSc (47, 64). It is abundantly expressed in neu-
rons (14, 68). Astrocytes also express PrPC (11), and expression
of PrPC in astrocytes was sufficient for inducing prion neurode-

generation (69). However, how PrPC levels compare between
astrocytes and other cell lines permissive to prion infection is
not known. In this study, we examined PrPC levels at the tran-
scriptional and post-translational level.We compared PrPC lev-
els in C8D astrocytes with levels in a neuronal cell line derived
from the peripheral nervous system (N2a), CNS-derived CAD5
cells, and immortalizedMEFs. These cells were chosen because
of their excellent susceptibility to prion infection (40, 70). Our
results revealed that PrPC mRNA levels in C8D astrocytes were
comparable with that of N2a and MEF cells but lower than
CAD5 cells. Furthermore, the cell surface expression of PrPC in
C8D astrocytes was comparable with N2a cells, higher than
that of MEFs, and lower than that of CAD5 cells. The rather
low expression of cell surface PrPC inMEF cells compared with
astrocytes and neuronal cell lines could be explained by the
non-neural origin of these cells. From these studies it seemed
that the mouse astrocyte line should be a good candidate for
prion infection.
Next, we performed infection experiments in C8D astrocytes

to establish a mouse glial cell model for stable prion propaga-
tion. Of note, we used the uncloned parental astrocyte popula-
tion for infection experiments with three different prion strains
(22L, RML, and ME7). We found that the establishment of a
persistent prion infection in C8D astrocytes was prion strain–
dependent, similar to findings in other cell lines (21, 41, 54, 56,
70, 71). Immunoblot and immunofluorescence data showed
that C8D astrocytes propagated 22L prions very well and stably
over all six passages tested. As was expected, this was accompa-
nied by high prion conversion activity as revealed by RT-QuIC
analysis. Consequently, single-cell subcloning of 22L-infected
astrocytes resulted in a persistently infected clone that showed
typical PrPSc signal inWestern blotting and positive conversion
activity in RT-QuIC assay, over a culturing period of 6 months.
On the other hand, astrocytes inoculated with ME7 prions
showed no evidence of persistent PrPSc propagation. There was
a weak prion seeding activity in RT-QuIC analysis in the first
passages, which gradually disappeared. We assume this might
be due to residual incoming prion inoculum. Alternatively, ini-
tial PrPSc formation might have occurred in the beginning and
was not followed by sustained and persistent infection (72).

Figure 5. Stable single-cell clones infected with 22L prions. A, immunoblot analysis showing PrP before (lanes 1 and 2) and after PK digestion (lanes 3 and
4) in noninfected astrocytes and astrocyte clone N31 persistently infected with 22L prions. Tubulin was used as loading control. B, RT-QuIC analysis of the per-
sistently infected astrocyte clone N31. The y axis represents relative fluorescent units (RFU), and the x axis shows the time in hours. Noninfected astrocyte cell
lysate was used as negative control, and ScN2a cell lysate was used as positive control. The cells were frozen after passaging for over 6 months for 20 passages
after 22L infection. The cells were thawed and cultured again. Immunoblotting and RT-QuIC data represents passage 2 after thawing.
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Most surprising were results obtained with RML-infected
astrocytes. These cells showed a very late and weak PrPSc signal
in immunoblot, measurable only in passage 6. Similarly, the im-
munofluorescence pattern for PrPSc was not very pronounced
and much weaker than that of 22L-infected astrocytes, being
almost undetectable in passage 6. From these results, the
infection in RML-inoculated C8D astrocytes would have
been classified as a weak or even borderline infection. Impor-
tantly, RML-inoculated astrocytes showed prion seeding ac-
tivity in RT-QuIC assay comparable with that of 22L-infected
astrocytes throughout all six passages. Although RT-QuIC is
the most sensitive of the three readouts, these findings were
very unexpected. One possibility is that RML-infected astro-
cytes harbor low amounts of PK-resistant PrPSc and relatively
higher levels of PK-sensitive but infectious PrP. The existence
of PrPSc molecules that are completely degraded by PK and
their existence in prion-infected tissues as low-molecular-
weight aggregates were described before (73, 74). More
recently, Requena and co-workers (75) demonstrated that in-
fectious PK-sensitive PrP shares basic structural features
with PK-resistant PrP. In our immunoblot and immunofluo-
rescence analyses, we used harsh PK and guanidine HCl con-
ditions, so PK-sensitive PrPSc might have been missed.
Another possibility is that RML prions are processed very dif-
ferently from 22L prions in the cultured astrocytes, with
higher degradation rates that do not allow accumulation of
higher molecular size and more PK-resistant PrP oligomers.
How these findings relate to specific prion infectivity in
mouse incubation time assays has yet to be seen. Of note, we
did not observe major differences between the banding pat-
terns and glycoform ratios (un-, mono-, and diglycosylated
PrPSc) between the prion-infected C8D astrocytes and other
cell lines tested here for 22L, RML, andME7 prions.
In summary, our findings suggest that this astrocyte cell line

is permissive to prion infection and propagates prions in a
strain-specific manner. Whereas strain-specific propagation
was previously considered an either/or event, these astrocytes
propagate both 22L and RML prions but handle them very dif-
ferently regarding resistance to proteinase K. This new cell cul-
ture system might therefore help to address the biochemical
and cell biological determinants of prion strains within a
defined cellular background. Unraveling prion strain biology
will have implications beyond mammalian prions, because
prion-like strain properties are found in many neurodegenera-
tive disorders.

Experimental procedures

Reagents and antibodies

Reagents and chemicals were purchased from Sigma–
Aldrich, if not otherwise indicated. PK (03115879001) and
Pefabloc inhibitor (11286700) were from Roche. The anti-PrP
mAb (mAb) 4H11 has been previously described (76). Per-
oxidase-conjugated secondary antibodies were from Jackson
ImmunoResearch (goat anti-mouse HRP and goat anti-rab-
bit HRP).

Culture and maintenance of cell lines

The immortalized mouse neuronal astrocyte cell line C8D1A
[Astrocyte type I clone] (ATCC® CRL2541TM) was purchased
from ATCC and was cultured in Dulbecco’s modified Eagle’s
medium GlutaMAX medium (Gibco, 10569-010) containing
10% fetal bovine serum (Sigma, F1051) and 1% penicillin/strep-
tomycin in a 5% CO2 atmosphere at 37 °C. The cells were
infected overnight with a 1% brain homogenate from terminally
sick mice infected with mouse-adapted scrapie prion strains
(22L, RML, and ME7). The mouse neuroblastoma cell line N2a
was cultured in Opti-MEM GlutaMAX medium (Gibco,
51985-034) containing 10% fetal bovine serum (Sigma, F1051)
and 1% penicillin/streptomycin in a 5% CO2 atmosphere at
37 °C. CAD5 cells are a central nervous system catecholami-
nergic cell line (77) and were cultured in Opti-MEM Gluta-
MAX medium containing 10% bovine growth serum (Hyclone,
SH30541.03), and 1% penicillin/streptomycin in a 5%CO2 atmos-
phere at 37 °C. Immortalized MEFs were cultured in Dulbecco’s
modified Eagle’s medium GlutaMAX medium (Gibco, 10569-
010) containing 10% fetal bovine serum (Sigma, F1051) and 1%
penicillin/streptomycin in a 5%CO2 atmosphere at 37 °C.

RNA extraction, cDNA synthesis, and quantitative real-time
PCR

mRNA transcripts of the PRNP gene in astrocytes compared
with other neuronal as well as non-neuronal cell lines was stud-
ied by quantitative real-time PCR. Briefly, equal numbers of
cells (1 3 106) for astrocytes, N2a, MEF, and CAD5 cells were
cultured in triplicate in 10-cm dishes for 4 days. Total RNAwas
extracted from cells using an RNeasy mini kit (Qiagen, 74104)
according to the instructions of the manufacturer, followed by
DNase digestion using RNase-Free DNase set (Qiagen, 79254).
The concentration of extracted RNA was measured at 260/280
nm by using a Nanodrop 20000 spectrophotometer (Thermo
Fisher Scientific). Extracted RNA was reverse-transcribed into
complementary DNA (cDNA) by using a high-capacity cDNA
reverse transcription kit (Thermo Fisher Scientific, 4368814)
according to the instructions of the manufacturer. Duplicate
reactions of each cDNA sample (100 ng) were used in real-time
PCR to quantify the relative PNRP gene expression using Fast
SYBRTM Green Master Mix (Thermo Fisher Scientific,
4385612). The primers used for the PRNP gene are: Prnp_F,
GTCGCATCGGTGGCAGGACT; and Prnp_R, CAGCCAG-
TAGCCAAGGTTCGCC (78). Actin was used as a housekeep-
ing gene to normalize the data. The primers used for actin are
actin-F (59-CTCAGGAGGAGCAATGATCTTGAT-39) and
actin-R (59-TACCACCATGTACCCAGGCA-39) (79). Real-
time PCRs were performed in 96-well PCR plates (VWR, Ed-
monton, Canada) with a total reaction volume of 20 ml/well
using SYBR green dye. The amplification was detected in a
CFX96 real-time system C1000 thermal cycler (Bio-Rad). Sub-
sequently, cycle threshold (Ct) values were obtained for each
sample, and the data were analyzed using theDDCtmethod.

FACS analysis

FACS analysis was used to compare cell surface PrPC expres-
sion in astrocytes with that of N2a, MEF, and CAD5 cells. The
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cells were grown in 6-cm plates until they were confluent,
detached from plates using 1 mM EDTA (Sigma-Aldrich),
centrifuged, and resuspended in fresh FACS buffer (2.5% FBS
in PBS) for 10 min for blocking. 105 cells/staining reaction
were incubated with mAb 4H11 primary antibody (1:100) for
45 min, washed three times with FACS buffer, and incubated
with goat anti-mouse Alexa Fluor 405 (1:500; Invitrogen,
A-31553) secondary antibody for another 30 min. The cells
were then washed three times and resuspended in 300 ml of
FACS buffer for analysis. All steps were performed on ice and
with cold solutions. Flow analysis was performed at the Uni-
versity of Calgary Flow Cytometry Core Facility. All staining
reactions were set up in triplicate. Unstained cells and cells
stained with secondary antibody alone were used as controls
for gating. Monoclonal anti-PrP antibody 4H11 has been
described previously (76). Relative mean fluorescence values
of N2a, MEF, and CAD5 cells were compared with the aver-
age fluorescence value of astrocytes, which was set to 100%.
Statistical analysis was performed by one-way ANOVA and
Dunnett’s multiple comparison tests using GraphPad Prism
software. *, p values, 0.05; **, p values, 0.01. The bars rep-
resent averages6 S.E.

Primary infection of astrocytes with prion strains: Preparation
of brain homogenates

The mouse-adapted scrapie strains 22L, RML, and ME7
were propagated in C57Bl/6 mice. The mice were eutha-
nized when they were terminally prion sick, and the brains
extracted under sterile conditions. The brain homogenates
were prepared by homogenizing brains in PBS (10% w/v)
using a gentle MACSTM dissociator for 2 min at room tem-
perature, succeeded by centrifugation at 2,0003 g for 1 min,
then aliquoted, and stored at 280°C until further use. All
brain homogenates used for astrocyte infection experiments
were also tested by Western blotting for (2PK) and (1PK)
(50 mg/ml final concentration for 1 h) PrP to confirm the
presence of PrPSc in brain homogenates.

Prion infection of astrocytes

Primary prion infection of C8D astrocytes was done by seed-
ing 13 105 cells in a 12-well culture plate for 24 h. On the next
day, the culture medium was removed, and the cells were over-
laid with 50 ml of 10% brain homogenate (22L, RML, ME7, or
mock) in 450 ml of serum-free culture medium. After 5 h of
incubation, 500 ml of complete culture medium was added. Af-
ter 24 h, medium was removed, and the cells were washed once
with PBS followed by the addition of fresh culture medium to
the cells. The cells were passaged several times, and cell lysates
were collected from each passage for subsequent analysis for
the presence of PrPSc in immunoblot and analysis of seeding ac-
tivity in RT-QuIC assay.

PK digestion and immunoblotting of prion-infected
astrocytes

PK digestion and immunoblotting were performed as previ-
ously described (80). Briefly, confluent astrocytes were washed
with PBS followed by incubation with cold lysis buffer (10 mM

Tris-HCl, pH 7.5, 100 mM NaCl, 10 mM EDTA, 0.5% Triton X-
100, 0.5% sodium deoxycholate) for 10 min. Lysed astrocytes
were centrifuged for 14,000 rpm for 1 min, and supernatant
was collected. 500 ml of supernatant was incubated either with
PK (final concentration, 20 mg/ml) at 37 °C for 30 min for sam-
ples with PK digestion (PK1) or with proteinase inhibitors for
samples without PK treatment (PK2). PK digestion was
stopped by addition of proteinase inhibitors (0.5 mM Pefabloc)
followed by direct methanol precipitation of both PK1 and
PK2 samples at 220 °C overnight. Precipitated proteins were
resuspended in TNE buffer (50 mM Tris-HCl, pH 7.5, 150 mM

NaCl, 5 mM EDTA) and 33 sample loading buffer. The samples
were run on 12.5% SDS-PAGE, electroblotted on Hybond P
0.45 polyvinylidene difluoride membrane (Amersham Bio-
sciences, 10600023), and immune reactivity was detected by
using Luminata Western chemiluminescent HRP substrates
(Millipore,WBLUF0100).

Immunofluorescence and confocal imaging

For immunofluorescence-based detection of PrPSc aggre-
gates in astrocytes, 1 3 105 cells of prion-infected (22L,
RML, and ME7) astrocytes were seeded in 12-well culture
plate. Once 60–70% confluent, the cells were fixed with 4%
paraformaldehyde for 30min at room temperature, followed
by quenching of autofluorescence (with 50mM NH4Cl,
20mM glycine) for 10min at room temperature. The cells
were permeablized with PBS containing 5% FBS and 0.3%
Triton X-100 for 30min followed by denaturation of PrPC

and epitope retrieval of PrPSc by incubation with 6 M guani-
dine HCl for 10min at room temperature as described previ-
ously (44, 45). The cells were incubated with anti-PrP mAb
4H11 (diluted at 1:100 in PBS containing 5% FBS and 0.3%
Triton X-100) overnight at 4 °C. Alexa Fluor 488 goat anti-
mouse secondary antibody (Jackson Immunoresearch) was
used (at 1:200 in PBS containing 5% FBS and 0.3% Triton
X-100) for 1 h at room temperature to visualize immunoflu-
orescence. 49,69-Diamino-2-phenylindole (1:5000 in PBS)
was used as a nuclear stain. Glial fibrillary acidic protein
rabbit pAb was purchased from DAKO (Z0334). All images
were captured under 633 oil lens at the same acquisition
settings from a Zeiss LSM 700 confocal microscope.

Real-time quaking-induced conversion (RT-QuIC) assay
Preparation of recombinant protein

Recombinant prion protein was prepared as described previ-
ously (46, 81). Briefly, mouse PrP with amino acid sequence
23–231 was cloned into pET-41 plasmids and transformed into
Escherichia coli Rosetta, and bacteria was cultured in LB me-
dium in the presence of kanamycin (0.05 mg/ml) and chloram-
phenicol (0.034 mg/ml). Protein expression was induced using
an Overnight Express autoinduction system (Novagen, 71300)
followed by isolation of inclusion bodies from pelleted cells
using Bug Buster Master Mix (Novagen, 71456) and storage at
220°C. To purify recombinant PrP, inclusion bodies were solu-
bilized in guanidine buffer (8 M guanidine HCl, 100 mM sodium
phosphate, 10 mM Tris-HCl, pH 8.0) followed by incubation on
a rocker for 1 h at room temperature. Nickel–nitrilotriacetic
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acid Superflow resin beads (Qiagen, 1018401) were incubated
in denaturing buffer (6 M guanidine HCl, 100 mM sodium phos-
phate, pH 8.0) for 1 h at room temperature. Once solubilized,
inclusion bodies were centrifuged at 16,000 3 g for 5 min, the
supernatant was collected, added to the beads, and incubated
with gentle rocking. After 1 h, the beads were packed into a
XK16 glass column (GE Healthcare Life Sciences; 28988937;
length, 200 mm) and attached to an AKTA Explorer chroma-
tography system for protein purification at room temperature.
Protein was refolded with a gradient from 100% denaturing
buffer to 100% refolding buffer (100 mM sodium phosphate,
10 mM Tris-HCl, pH 8.0) for 4 h by using an Amersham Bio-
sciences €AKTA Explorer FPLC unit running with Unicorn
software (5 version, GE Healthcare Life Sciences). The cen-
tral portions of the A280 UV peak were collected into dialy-
sis buffer (10 mM sodium phosphate, pH 5.8). Purified pro-
tein was filtered with a 0.22-mm filter followed by transfer
into a Slide-A-Lyzer dialysis cassette (molecular mass, 10
kDa; Thermo Scientific, 87731) and placed in a beaker with
dialysis buffer with continuous stirring for overnight at 4 °C.
After dialysis, a prewashed 0.22-mm Argos syringe filter was
used to filter the protein solution again followed by mea-
surement of protein concentration with BCA protein assay
(Thermo Scientific, 23227). Finally, the protein solution was
aliquoted and stored in280°C until further use.

RT-QuIC assay

The RT-QuIC assay was done as described previously (81).
The master mix (98 ml/well) containing a final concentration of
10 mM phosphate buffer (pH 7.4), 300 mm NaCl, 0.1 mg/ml
rPrP, 10 mM ThT, and 1 mm of EDTA was dispensed in the
wells of a 96-well optical bottom plate (Nunc, 165305). Cell
lysate dilutions (2 ml) from prion-infected (22L, RML, or ME7)
and correspondingmock-inoculated astrocytes was seeded into
corresponding wells to a final reaction volume of 100 ml/well.
Each reaction was carried in quadruplicate and contained a
final concentration of 0.002% SDS. The plates were sealed with
Nunc amplification tape (Nalge Nunc International) and incu-
bated in FLUOstar Omega (BMG Labtech, Cary, NC) at 42 °C
for 50 h with each cycle comprised of shaking at 700 rpm for 60
s followed by rest for 60 s throughout the incubation. Measure-
ments of ThT fluorescence (450-nm excitation and 480-nm
emission; bottom read) were taken every 15 min. RT-QuIC
data were analyzed by taking the average of four replicate wells
and normalizing to a percentage of the maximum fluorescence
response of the instrument. The average values were plotted
against the reaction times. Cutoff was calculated as five times
the standard deviation of the mean of reaction values of mock
samples. The samples were considered positive for prion seed-
ing activity if at least two of the quadruplicates reached the
ThT fluorescence cutoff.

Astrocytes subcloning

Astrocytes were seeded at 1 3 105 cells in a 12-well culture
plate for 24 h. The next day, the culture medium was removed,
and the cells were overlaid with 50 ml of a 10% 22L brain ho-
mogenate in 450 ml of serum-free culture medium. After 5 h of

incubation, 500 ml of complete culture medium was added.
After 24 h, medium was removed, and the cells were washed
once with PBS followed by addition of fresh culture medium
to the cells. The cells were passaged two times, then cells
were trypsinized, and the cell suspension was diluted to the
equivalent of one cell per well and transferred to 96-well
plates for limiting dilution single-cell cloning. After 10–15
days, single-cell clones were picked and transferred to larger
plates. Subclones were initially tested by RT-QuIC assay for
detecting their prion conversion activity. All the subclones
that showed positive prion conversion activity were tested
by immunoblotting to confirm the presence of bona fide
PrPSc. We followed up the prion infection in the successful
subclone for more than 6 months to ensure the persistence
of the prion infection.

Statistical analysis

Statistical analysis was performed by one-way ANOVA fol-
lowed by post Dunnett’s multiple comparison tests using
GraphPad Prism software. *, p values, 0.05; **, p values, 0.01.
Bars represent averages 6 S.E. The graphs were plotted using
GraphPad Prism 7.
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