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ABSTRACT In prion diseases, an abnormal isoform of prion protein (PrPSc) accumu-
lates in neurons, astrocytes, and microglia in the brains of animals affected by pri-
ons. Detailed analyses of PrPSc-positive neurons and glial cells are required to clarify
their pathophysiological roles in the disease. Here, we report a novel method for the
detection of PrPSc in neurons and glial cells from the brains of prion-infected mice
by flow cytometry using PrPSc-specific staining with monoclonal antibody (MAb) 132.
The combination of PrPSc staining and immunolabeling of neural cell markers clearly
distinguished neurons, astrocytes, and microglia that were positive for PrPSc from
those that were PrPSc negative. The flow cytometric analysis of PrPSc revealed the
appearance of PrPSc-positive neurons, astrocytes, and microglia at 60 days after in-
tracerebral prion inoculation, suggesting the presence of PrPSc in the glial cells, as
well as in neurons, from an early stage of infection. Moreover, the kinetic analysis of
PrPSc revealed a continuous increase in the proportion of PrPSc-positive cells for all
cell types with disease progression. Finally, we applied this method to isolate neu-
rons, astrocytes, and microglia positive for PrPSc from a prion-infected mouse brain
by florescence-activated cell sorting. The method described here enables compre-
hensive analyses specific to PrPSc-positive neurons, astrocytes, and microglia that will
contribute to the understanding of the pathophysiological roles of neurons and glial
cells in PrPSc-associated pathogenesis.

IMPORTANCE Although formation of PrPSc in neurons is associated closely with
neurodegeneration in prion diseases, the mechanism of neurodegeneration is not
understood completely. On the other hand, recent studies proposed the important
roles of glial cells in PrPSc-associated pathogenesis, such as the intracerebral spread
of PrPSc and clearance of PrPSc from the brain. Despite the great need for detailed
analyses of PrPSc-positive neurons and glial cells, methods available for cell type-
specific analysis of PrPSc have been limited thus far to microscopic observations.
Here, we have established a novel high-throughput method for flow cytometric de-
tection of PrPSc in cells with more accurate quantitative performance. By applying
this method, we succeeded in isolating PrPSc-positive cells from the prion-infected
mouse brains via fluorescence-activated cell sorting. This allows us to perform fur-
ther detailed analysis specific to PrPSc-positive neurons and glial cells for the clarifi-
cation of pathological changes in neurons and pathophysiological roles of glial cells.
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Prion diseases are neurodegenerative disorders that are pathologically characterized
by the activation of astrocytes and microglia, vacuolation of neurons and neuropils,

and the accumulation of an abnormal isoform of prion protein (PrPSc) in the central
nervous system (CNS) of humans and animals affected by prions. PrPSc is a major
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component of prions, the causative agent of prion diseases, and is generated from a
cellular isoform of prion protein (PrPC) that is encoded by the Prnp gene of the host.
Accumulation of PrPSc is found as a diffused or plaque pattern in neuropils, neurons,
and astrocytes in the brains of rodent models for prion diseases or found as a pattern
associated with neurons, astrocytes, microglia, and blood vessels in the brains of cattle,
deer, and sheep affected with prions (1). Although the formation of PrPSc is considered
to be associated closely with neurodegeneration (2–4), the mechanisms of neurode-
generation have not been elucidated fully at this time.

Previous studies have investigated the relationship between the formation of PrPSc

and neurodegeneration (5–9). PrP-deficient mice were resistant to prion infection and
did not develop neuropathological changes after prion inoculation (5). The transgenic
mice expressing PrPC specifically in neurons were susceptible to prion infection and
reproduced the neurodegeneration (6). Grafting the prion-infected brain tissues in the
brain of PrP-deficient mice did not induce any degeneration in neurons of PrP-deficient
mice, even though PrPSc in the grafts neighbored the neurons (7, 8). Furthermore,
neuron-specific depletion of the Prnp gene by conditional targeting largely prevented
neurodegeneration, even though PrPSc existed in glial cells and extracellular spaces in
those mice (9). These reports indicate that neurodegeneration in prion diseases is
associated closely with PrPSc formation in neurons.

Considering the findings that astrocytes and oligodendrocytes, as well as neurons,
express PrPC (10), the formation of PrPSc in glial cells may contribute to neurodegen-
eration. The accumulation of PrPSc was found in astrocytes at an early stage of infection
after intracerebral inoculation of prions (11), and neurodegeneration was reproduced in
the transgenic mice expressing PrPC specifically in astrocytes (12). However, ultrastruc-
tural pathologies specific to prion diseases were not found in astrocytes but were in
neurons adjacent to PrPSc on astrocytes or to extracellular PrPSc released from astro-
cytes, although PrPSc is generated from PrPC only in astrocytes of the transgenic mice
(13). Oligodendrocytes have been reported as resistant to prion infection (14). Although
Schwann cells have been reported as susceptible to prion infection (15), Schwann cells
do not appear to be involved in the neurodegenerative process (16). It was reported
that prions propagate in microglia isolated from PrPC-overexpressing mice (17) and that
microglia isolated from CJD model mice possessed prion infectivity (18). However, the
formation or the presence of PrPSc in microglia does not appear to be required for
neurodegeneration (19). Taken together, these studies have shown the critical role of
neuron-associated PrPSc in neurodegeneration rather than glial cell-associated PrPSc. In
contrast, recent studies have proposed important roles for glial cells in PrPSc-associated
pathogenesis. Glial cells could be involved in the intracerebral spread of prions (20, 21)
and/or in the clearance of PrPSc from the brain (22). Therefore, detailed analyses of glial
cells and neurons that contain PrPSc are required to clarify the pathophysiological roles
of glial cells in prion diseases.

Until recently, methods available for the cell-type-specific analysis of PrPSc in the
brain were largely limited to immunohistochemistry or immunoelectron microscopy
using anti-PrP antibodies (1, 23, 24). Although these methods have contributed to the
understanding of the cellular distribution and intracellular localization of PrPSc, assess-
ments were made using semiquantitative measurements of the immunoreactivity of
PrPSc and were based on observations by individual investigators, both of which are
limiting factors for throughput and quantitative performance. Recently, methods for
flow cytometric detection of misfolded proteins in cells were reported (25, 26). On the
other hand, immunolabeling of markers for neural cells enabled us to analyze neurons
(27) and glial cells (28) from brain tissues separately using flow cytometry. The com-
bination of immunolabeling of misfolded proteins and neural cell markers is thought to
be applicable to the cell-type-specific analysis of misfolded proteins by flow cytometry
with high throughput and better quantitative performance. Previously, we reported the
specific detection of PrPSc in an immunofluorescence assay (IFA) using anti-PrP mono-
clonal antibody (MAb) 132 (29–31). In the present study, we established a novel
method for the detection of PrPSc in neurons and glial cells by flow cytometry using a
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combination of PrPSc-specific staining and immunolabeling of neural cell markers. We
also showed the utility of this method for isolating PrPSc-positive cells in the brain.

RESULTS
Flow cytometric detection of PrPSc in prion-infected cells. We previously re-

ported that specific labeling of PrPSc with MAb 132 is applicable for immunocyto-
chemistry on cells persistently infected with prions (31) and prion-infected primary
neuronal cultures (30) after the fixed cells have been treated with guanidine
thiocyanate (GdnSCN). We applied this method to detect PrPSc in a neuroblastoma
cell line, Neuro2a (N2a-3), infected with prions by flow cytometry.

First, we compared the PrP signals between uninfected N2a-3 cells and N2a-3 cells
persistently infected with a 22L prion strain (ScN2a-3-22L) using four anti-PrP antibod-
ies with or without cell pretreatment with GdnSCN (Fig. 1A). Without GdnSCN pretreat-
ment, PrP signals were detected by MAbs 106, 31C6, and 44B1 in both N2a-3 and
ScN2a-3-22L cells, while PrP signals were hardly detected by MAb 132 (Fig. 1A, Gdn �).
The GdnSCN pretreatment enhanced the signals of PrP in ScN2a-3-22L cells that were
detected with MAb 132, and the mean fluorescence intensity (MFI) of PrP signals in
ScN2a-3-22L cells was 4.4 times higher than those in N2a-3 cells (Fig. 1A, MFI ratio,
Gdn �). The GdnSCN pretreatment enhanced PrP signals in ScN2a-3-22L cells by MAbs
106, 31C6, and 44B1 (Fig. 1A, Gdn �). The MFIs of PrP signals by these MAbs were much
higher than that by MAb 132 (Fig. 1A). However, PrPC was clearly detected in uninfected
N2a-3 cells under the same conditions, thus the MFI ratios of PrP signals for these MAbs
were smaller than that obtained by MAb 132 (Fig. 1A, MFI ratio, Gdn �). Consistent with
flow cytometric detection, microscopic observation with MAb 132 showed granular PrP
signals in ScN2a-3-22L cells but faint or no signals in N2a-3 cells (Fig. 1B). The MAbs 106,
31C6, and 44B1 stained intense PrP signals in ScN2a-3-22L cells; however, PrP signals
were also detected at the plasma membranes and perinuclear regions in uninfected
N2a-3 cells. Therefore, not the intense PrP signals but a trace or lack of PrPC signals in
uninfected cells by MAb 132 enabled us to distinguish PrPSc-positive cells from PrPSc-
negative cells by flow cytometry.

To confirm the utility of MAb 132 for the flow cytometric detection of PrPSc in
different prion strains or cell lines, we analyzed PrP signals in N2a-3 cells persistently
infected with the Chandler prion strain (ScN2a-3-Ch) and GT1-7 cells persistently
infected with the 22L prion strain (ScGT1-7-22L). Consistent with the detection of
proteinase K (PK)-resistant PrPSc (PrP-res) by immunoblotting (Fig. 1C), ScN2a-3-Ch and
ScGT1-7-22L cells were obviously positive for MAb 132, but PrPC signals were hardly
detected in the corresponding uninfected cells (Fig. 1D). These results indicated that
PrPSc detection with MAb 132 using flow cytometry is applicable for different prion
strains or cell lines.

Flow cytometric detection of PrPSc in neurons and glial cells from prion-
infected mouse brain. Using PrPSc-specific staining with MAb 132, we attempted to
detect PrPSc in neurons and glial cells isolated from mouse brains using flow cytometry.
Isolation of adult CNS neurons is problematic because of the tight adhesion of cell
bodies and thousands of synapses (32), and mature neurons are damaged easily by
enzymatic dissociation and mechanical trituration during the isolation step. These
factors increase the chance for cell death and thus hamper subsequent analysis (33). We
then evaluated the viability of cells prepared from mouse brain with papain-based
enzymes and mechanical trituration. Cell suspensions contained a considerable
amount of cell debris. Therefore, the cell nuclei were stained with DRAQ5, a membrane-
permeable DNA probe, to distinguish cell bodies from cell debris. In flow cytometric
analysis, we selected events corresponding to cell bodies by gating events positive for
DRAQ5 (Fig. 2A, DRAQ5 width and DRAQ5 height). Single events were gated based on
forward scatter (FSC) and side scatter (SSC) profiles (Fig. 2A, FSC and SSC as well as SSC
area and SSC height). Finally, to screen the dead cell population, we analyzed signals
of propidium iodide (PI), a DNA probe impermeable to live cell membranes. The
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FIG 1 Detection of PrPSc in prion-infected cells by flow cytometry. (A) Comparison of PrPC detection in uninfected cells and PrP detection in infected cells with
anti-PrP MAbs using flow cytometry. N2a-3 or ScN2a-3-22L cells were harvested with collagenase. The cells were fixed with 4% PFA in PBS and treated with
5 M GdnSCN (Gdn �) or remained untreated (Gdn �). The cells were stained with anti-PrP MAbs 106, 132, 31C6, and 44B1 and then subjected to flow cytometric
analysis. In the histograms, red lines show the signals of ScN2a-3-22L cells, blue lines show signals of N2a-3 cells, and the black line and black dashed line show

(Continued on next page)
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proportion of dead cells was less than 3.6% in the mock-infected mouse brain,
indicating that cell damage by dissociation could be minimized with our method.

For flow cytometric analysis of cells prepared from the brain, removal of cell debris
from samples was required using density gradient centrifugation, because excess
debris prolongs measurement duration for this method. In addition to this step,
pretreatment with GdnSCN after fixation of the cells was also necessary for the specific
staining of PrPSc with MAb 132. These procedures potentially could influence the
efficiency of cell labeling to distinguish the cell population; therefore, we assessed the
effects of cell debris removal and GdnSCN pretreatment on a proportion of CD11b-
positive microglia and glial fibrillary acidic protein (GFAP)-positive astrocytes in the
brains of mock-infected or Chandler strain-infected mice in the early clinical stage of
prion infection at 120 days postinoculation (dpi) (Fig. 2B). In the flow cytometric
analysis, single events corresponding to cell bodies were gated using profiles of nuclear
staining with 7-aminoactinomycin D (7-AAD), FSC, and SSC, as described for Fig. 2A.
CD11b labeling showed a clear population of CD11b-positive cells and also showed an
increase in the proportion of CD11b-positive cells in the Chandler-infected mouse
(59.4%) compared with the mock-infected mouse (24.7%) (Fig. 2B, cell debris removal
�, far right column). Signal intensities of GFAP in the CD11b-negative cell population
in both mock- and Chandler-infected mice ranged over five orders of magnitude (Fig.
2B, cell debris removal �, far right column). Here, we identified GFAP-positive cell
populations as only the cells that had strong GFAP signals, as described in previous
reports (28, 34). The removal of cell debris increased the proportion of cell bodies
labeled with 7-AAD from 0.7% to 3.5% and from 0.7% to 3.1% in mock-infected and
Chandler strain-infected mice, respectively. This procedure did not influence the label-
ing efficiencies of CD11b and GFAP or the proportion of CD11b- and GFAP-positive cells
(Fig. 2B, cell debris removal � and �). However, the GdnSCN treatment evidently
decreased the intensities of the CD11b and GFAP signals in both the mock- and
Chandler-infected mice (Fig. 2B, Gdn � and �). Despite the decreased signal intensities,
CD11b- and GFAP-positive cells could be distinguished from cells that were negative for
those markers. These results suggest that the procedures did not physically affect the
cell populations, even though cell marker signals were influenced.

Since the PrPSc detection method using flow cytometry did not appear to affect the
viability and composition of cell populations, we next performed a multiple staining
procedure with neural cell markers, microtubule-associated protein 2 (MAP2) for neu-
rons, GFAP for astrocytes, and CD11b for microglia, to analyze the PrPSc signals in each
cell type using flow cytometry. In this analysis, cell bodies positive for 7-AAD and cells
positive for CD11b, GFAP, and MAP2 were separated by the cell marker profiles, and the
PrPSc signals from each cell population were analyzed (Fig. 3A). Clear PrP signals were
detected in CD11b-positive, GFAP-positive, and MAP2-positive cells, as well as in
7-AAD-positive cell bodies in Chandler-infected samples, and faint or no PrP signals
were detected in mock-infected samples (Fig. 3B). This demonstrated the specific
detection of PrPSc in neurons, astrocytes, and microglia from the prion-infected mouse
brains by flow cytometry.

PrPSc is hydrophobic and, thus, more likely to bind to biomolecules nonspecifically.
This property could result in false positives in flow cytometric analysis. We needed to
exclude the possibility that PrPSc accumulating in the brain extracellular space was

FIG 1 Legend (Continued)
the signals of the infected and uninfected cells, respectively, stained with isotype control antibodies (P2-284). The table shows mean fluorescence intensity (MFI)
of PrP signals detected by each MAb. MFI ratios of ScN2a3-22L to N2a-3 cells are also indicated. (B) Detection of PrP by fluorescence microscopy. N2a-3 and
ScN2a-3-22L cells stained with the anti-PrP MAbs for flow cytometry were pelleted, and cell nuclei were counterstained with DAPI. The cells were mounted on
a glass slide and analyzed by fluorescence microscopy. The PrP signals are shown as green and the cell nuclei are shown as blue (scale, 10 �m). (C) Detection
of PrP-res by immunoblotting. N2a-3, ScN2a-3-22L, ScN2a-3-Ch, GT1-7, and ScGT1-7-22L cells were harvested with collagenase. The cell lysates were subjected
to immunoblotting after PK treatment. (D) Flow cytometric detection of PrPSc. The cells harvested with collagenase were subjected to PrPSc-specific staining
with MAb 132. The histograms show signals of PrP in N2a-3 (blue line) and ScN2a3-22L (red line) cells, PrP signals in N2a-3 (blue line) and ScN2a-3-Ch (orange
line) cells, and PrP signals in GT1-7 (blue line) and ScGT1-7-22L (purple line) cells. The black lines and black dashed lines in the histograms show the signals
of the isotype control antibody.
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FIG 2 Method for flow cytometric analysis for neural cells from mouse brains. (A) Cell viability. Mock-infected mouse brain at 120 dpi was
dissociated with a papain-based enzyme and mechanical trituration. The cell nuclei were counterstained with DRAQ5, and the dead cells were
labeled with PI. Cell bodies positive for DRAQ5 were gated to remove cell debris (far left), and then the single events (singlets) were gated based
on the profiles of FSC and SSC (second from the left) and the profiles of SSC area and SSC height (third from the left). The rightmost histogram
shows PI signals. The percentage of PI-positive cells is indicated in the histogram. (B) Effects of cell debris removal by density gradient
centrifugation and GdnSCN treatment on cell marker signals. Cell suspensions prepared from Chandler strain-infected mouse brains and
mock-infected mouse brains at 120 dpi were fixed with 4% PFA. Cell debris was removed by density gradient centrifugation (cell debris removal
�), or this step was omitted (cell debris removal �). The cells were subjected to GFAP and CD11b labeling and then fixed again with 4% PFA.
The cells were treated with 2.5 M GdnSCN (Gdn �) or left untreated (Gdn �). Immediately before flow cytometric analysis, cell nuclei were

(Continued on next page)
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binding to cells during sample preparation, particularly during the formalin fixation
step, thereby resulting in PrPSc-positive signals. Therefore, we mixed the brain of the
Chandler-infected mouse at 145 dpi (terminal stage of the infection) with the brain of
an uninfected ROSA26-enhanced green fluorescent protein (EGFP) mouse that ubiqui-
tously expressed EGFP in many cell types (35), and we prepared cell suspensions from
this mixture. We performed the entire procedure for the PrPSc-specific staining, includ-
ing the fixation step (Fig. 4). If PrPSc binding to any cell types was occurring during
sample preparation and staining, the PrPSc could be detected in the EGFP-positive cells.
However, PrPSc signals were hardly detected in EGFP-positive cells but were clearly

FIG 2 Legend (Continued)
counterstained with 7-AAD. In the analysis, 7-AAD-positive cell bodies were gated (far left), and single events were gated based on the profiles
of FSC and SSC (second from the left) and the profiles of SSC area and SSC height (third from the left). The rightmost cytograms show GFAP and
CD11b signals. Percentages of the gated cell populations against the parent populations are indicated.

FIG 3 Flow cytometric detection of PrPSc in neurons, astrocytes, and microglia from prion-infected mouse brains. (A) Gating strategies for flow
cytometric analysis. Cell suspensions were prepared from the mock-infected mouse brains (left) and Chandler strain-infected mouse brains (right)
at 120 dpi. The cell suspensions were subjected to the staining of CD11b, GFAP, MAP2, and PrPSc; cell nuclei were stained with 7-AAD. For flow
cytometric analysis, single-event gating was performed as shown in Fig. 2B. The single events were separated into CD11b-positive and
CD11b-negative cell populations based on the profile of the CD11b signals. The GFAP-positive and MAP2-positive cell populations were gated
based on the profiles of the MAP2 and GFAP signals of the CD11b-negative cell populations. PrPSc signals were analyzed in CD11b-positive,
GFAP-positive, MAP2-positive, and 7-AAD-positive cell populations. The sequential gating strategy is shown by the magenta-colored polygonal
boxes and arrows. (B) PrPSc signals in each cell population. The histograms show the PrPSc signals of CD11b-positive, GFAP-positive, MAP2-
positive, and 7-AAD-positive cell populations. The blue and red lines show PrPSc signals in mock-infected samples (top column) and Chandler
strain-infected samples (bottom column), respectively. The black lines show the signals labeled with isotype control antibody.
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detected in EGFP-negative cells from the mixture of the infected and uninfected mouse
brains. This result indicates that the detection of PrPSc signals was not attributed to the
artifactual binding of PrPSc to cells but instead reflects the presence of PrPSc in cells in
the brain.

We next analyzed the kinetics of the proportions of PrPSc-positive cells both for
neurons and glial cells. Originally, PrPSc was detected at 60 dpi in MAP2-positive,
GFAP-positive, and CD11b-positive cells (Fig. 5, 60 dpi). In MAP2-positive neurons,
19.2% of cells were already positive for PrPSc at 60 dpi, and the percentages increased
with time; 80.8% of cells were positive for PrPSc at the terminal stage of the disease (at
145 dpi) (Fig. 5, MAP2 �). Surprisingly, percentages of PrPSc-positive astrocytes and
microglia were also high (Fig. 5, GFAP � and CD11b �). In GFAP-positive astrocytes,
27.0% of cells were positive for PrPSc at 60 dpi, and more than 90% of cells were positive

FIG 4 Extracellular PrPSc does not affect PrPSc detection. Cell suspensions were prepared at 145 dpi from
the left brain hemisphere from an uninfected ROSA26-EGFP reporter mouse (left), from the left brain
hemisphere from a Chandler strain-infected mouse (center), and from a mixture of the right brain
hemispheres from ROSA26-EGFP and Chandler-infected mice (right). The cell suspensions were subjected
to GFP staining with anti-GFP antibodies and BV421-conjugated secondary antibodies. After fixation, the
cells subsequently were subjected to PrPSc staining with MAb 132-Af647. The cytograms show GFP and
PrPSc signals. The magenta lines represent the threshold levels for GFP and PrPSc. Percentages of each
population are indicated in quadrants in the cytograms.

FIG 5 Kinetics of PrPSc-positive neurons, astrocytes, and microglia from Chandler-infected mouse brains.
Cell suspensions prepared from the brains of Chandler-infected mice at 60, 90, 120, and 145 dpi and from
the brains of mock-infected mice at 60 dpi were subjected to flow cytometric analysis for CD11b, GFAP,
MAP2, and PrPSc. Representative data from two independent experiments are shown. Gating strategies
are shown in Fig. 3. The panels show the cytograms of FSC and PrPSc signals of MAP2-positive (top),
GFAP-positive (middle), and CD11b-positive (bottom) cells. PrPSc-positive cell populations are shown in
magenta boxes in the cytograms. The threshold level of PrPSc is the same in all samples. Percentages of
PrPSc-positive cells are indicated in the cytograms.
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for PrPSc at 145 dpi. The increase in PrPSc-positive microglia (CD11b-positive cells) was
similar to that in MAP2-positive neurons: 16.6% to 85.1% from 60 to 145 dpi. These data
suggest that PrPSc is present not only in neurons but also in astrocytes and microglia
from the early to terminal stages of infection. To confirm the presence of PrPSc in these
cells at the early stages of infection (60 dpi), we used multiple stains for PrPSc, GFAP,
CD11b, and a neuronal marker, NeuN, on frozen sections of Chandler-infected mouse
brain (Fig. 6). Although most of the PrPSc signals were distributed away from the signals

FIG 6 Detection of PrPSc in neurons, astrocytes, and microglia in a frozen section. The frozen brain section of the Chandler-infected mouse at 60
dpi was subjected to multiple staining of CD11b, GFAP, NeuN, and PrPSc. The images of each cell marker (magenta) and PrPSc (green) are shown.
The top image is a merged image of NeuN and PrPSc on the coronal section containing cerebellum and pons (scale, 1 mm). The magnified image
of the medial vestibular nucleus (a) and the spinal trigeminal nucleus (b) indicated by white boxes in the top image are shown below (scale, 10
�m). The panel shows merged images of GFAP and PrPSc (far left), CD11b and PrPSc (second from the left), and NeuN and PrPSc (second from the
right); a single image of PrPSc is on the far right. The bottom panel shows increased magnifications of the boxed regions in the spinal trigeminal
nucleus images. Colocalization of PrPSc and each individual cell marker is shown with arrowheads.
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of GFAP, CD11b, and NeuN (Fig. 6, representative image at medial vestibular nucleus), a
portion of the PrPSc signals was colocalized either with GFAP, CD11b, or NeuN (Fig. 6,
representative image at spinal trigeminal nucleus, arrowheads). This finding is consis-
tent with the detection of PrPSc in astrocytes and microglia, as well as in neurons, using
flow cytometry.

Isolation of PrPSc-positive cells from prion-infected mouse brain by fluorescence-
activated cell sorting. We attempted to apply the flow cytometric analysis of PrPSc to
isolation of PrPSc-positive neurons and glial cells by fluorescence-activated cell sorting
(FACS). From the brain of mouse infected with the Chandler strain at 60 dpi, cells were
isolated that were simultaneously double positive for CD11b and PrPSc, double positive
for GFAP and PrPSc, double positive for MAP2 and PrPSc, and positive for MAP2 but
negative for PrPSc. As a negative control for the detection of PrPSc, CD11b-, GFAP-, and
MAP2-positive cells were isolated from mock-infected mouse brain. Isolated cells were
stained for �III-tubulin to label neurons again and then analyzed by fluorescence
microscopy. High-intensity granular stains specific for PrPSc were observed in cells that
were sorted as PrPSc-positive and CD11b-, GFAP-, or MAP2-positive fractions. On the
contrary, the granular PrPSc stains were hardly observed in cells that were sorted as a
PrPSc-negative but MAP2-positive fraction from the brain of Chandler-infected mice or
in cells from the brain of mock-infected mice (Fig. 7). These results demonstrate the
utility of flow cytometric detection of PrPSc for isolating PrPSc-positive neurons and glial
cells by FACS.

DISCUSSION
Detection of PrPSc by flow cytometry. Despite a great need for a detailed analysis

of PrPSc-positive neurons and glial cells, methods available for cell type-specific PrPSc

analyses have been limited to microscopic observation thus far. In the present study,
we showed PrPSc detection by flow cytometric analysis in neurons and glial cells using
MAb 132 with high throughput and improved quantitative performance.

The immunolabeling of PrPSc using anti-PrP antibodies is the preferred method for
the detection of PrPSc-positive cells. However, most of the antibodies against the PrP
molecule cannot distinguish PrPSc from PrPC because they have the same primary
structure. Some researchers have reported flow cytometric analysis using PrPSc-specific
antibodies that can immunoprecipitate PrPSc selectively (36, 37). Paramithiotis et al.
showed that PrPSc-specific signals labeled with MAb 9A4 were detected in dendritic
cells isolated from lymph node of scrapie-infected sheep but not in those of uninfected
sheep (36). Previously, we tried to detect PrPSc in prion-infected cells by flow cytometry
using PrPSc-specific antibodies MAb 6H10 (38), 8D5, and 6A12 (39), but our attempts
were unsuccessful (data not shown).

There are a few reports on flow cytometric analysis of cells that are positive for
misfolded proteins (25, 26, 40, 41). In those reports, cells with misfolded proteins were
distinguished from normal cells based on the aggregation or mislocalization of mis-
folded proteins. For example, monitoring an increase in the intensity of fluorescent
reporter proteins that are fused with a target protein is widely used for detection of
cells positive for misfolded proteins, such as the mutant superoxide dismutase-1,
polyglutamine-expanded huntingtin, and mutant TAR DNA-binding protein 43 (26, 40,
42). However, in the case of prion protein, expression of PrPC fused to fluorescent
proteins has been reported to disturb the conversion of PrPC to PrPSc (43); therefore,
this method does not appear to be applicable to the detection of PrPSc. Ramdzan et al.
reported the use of pulse-shape analysis (PulSA) to monitor the translocation of
misfolded proteins into abnormal cellular puncta by flow cytometry (26). The PulSA
method utilizes pulse width and height information of fluorescent signals to discrim-
inate differences in the intracellular localization of signals. Therefore, the availability of
this method depends on the change in the intracellular localization of signals between
misfolded proteins and normal proteins. We previously reported that PrPSc was distrib-
uted widely to intracellular compartments, including early, late, and recycling endo-
somes, lysosomes, and perinuclear Golgi regions, as well as plasma membrane, in
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prion-infected cultured cells, while much of the PrPC localized at the plasma membrane
(30, 31). Despite the differences in intracellular localization between PrPSc and PrPC, we
did not succeed in discriminating between PrPSc-positive and PrPSc-negative cells using
the PulSA method with anti-PrP antibody labeling (data not shown).

In a previous study, we showed that PrPSc staining with MAb 132 allowed for the
detection of PrPSc by fluorescence microscopy without specific manipulations of the
threshold settings or digestion of PrPC molecules (31). Here, we showed that discrim-
ination of PrPSc-positive and PrPSc-negative cells by flow cytometry could be achieved
with PrPSc-specific staining using MAb 132 after treating fixed cells with GdnSCN (Fig.
1A). Highly intense granular PrPSc signals in infected cells compared with PrPC signals
in uninfected cells were clearly detected by microscopy using MAb 106, 31C6, and
44B1, just as with MAb 132 (Fig. 1B). However, antibodies other than MAb 132 could not
be used to discriminate prion-infected cells from uninfected cells with the flow cytom-
etry method (Fig. 1A). The difference between MAb 132 and other MAbs is a lack of PrPC

signals from uninfected cells (Fig. 1A and B); thus, the lack of PrPC signals rather than
the intense PrPSc signals is critical for the clear discrimination between PrPSc-positive
cells and PrPSc-negative cells using the flow cytometry method. This conclusion is
consistent with our recent study on the detection of PrPSc by cell-based enzyme-linked

FIG 7 Fluorescence-activated cell sorting of PrPSc-positive cells. Cell suspensions equivalent to one-fifth of a brain
of a Chandler-infected mouse at 60 dpi and that of a mock-infected mouse at 60 dpi were subjected to multiple
staining of CD11b, GFAP, MAP2, and PrPSc. Approximately 15,000 CD11b-positive cells, 8,500 GFAP-positive cells,
and 13,000 MAP2-positive cells were isolated from the mock-infected mouse brain sample. Approximately 500
CD11b- and PrPSc-positive cells, 900 GFAP- and PrPSc-positive cells, 800 MAP2- and PrPSc-positive cells, and 19,000
MAP2-positive and PrPSc-negative cells were isolated from the Chandler-infected mouse brain sample using a cell
sorter. Isolated cells subsequently were subjected to �III-tubulin staining to label neurons. The panels show
representative images of isolated cells. The far left column shows differential interference contrast cell images. The
far right column shows the merged images of CD11b (green), GFAP (blue), �III-tubulin (red), and PrPSc (white). The
individual images of CD11b, GFAP, �III-tubulin, and PrPSc are shown on the second to fifth column from the left
(scale, 5 �m).
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immunosorbent assay (ELISA); the lack of PrPC detection is also important for the
discrimination of PrPSc signals from whole-cell cultures (44). Although the precise
reason for the absence of PrPC detection with MAb 132 is not clear currently, that
absence is the key factor that enabled the discrimination between PrPSc-positive and
PrPSc-negative neurons and glial cells in prion-infected mouse brains.

Cell type-specific detection of PrPSc. In this study, PrPSc was detected in astrocytes
and microglia, as well as in neurons, from prion-infected mouse brains from the early
to terminal stages of prion infection using flow cytometry (Fig. 5). For the detection of
PrPSc in neurons and glial cells, cell debris was removed largely, and only the cell bodies
positive for nuclear staining were used for the analysis (Fig. 3A). This may raise the
technical problem that PrPSc in neuronal processes is largely excluded from the flow
cytometric analysis. Previous reports suggest that PrPSc is present predominantly in
neuropils, which are composed of the processes of neurons and glial cells, unlike
neuronal cell bodies (23, 24, 45). Consistent with these reports, a large portion of PrPSc

was distributed separately from the neuronal and glial markers, while a relatively small
portion of PrPSc was detected by IFA in the cell bodies (Fig. 6). Nevertheless, we could
detect PrPSc-positive cells from an early stage of prion infection (Fig. 5), and granular
PrPSc signals were detected clearly by fluorescence microscopy in PrPSc-positive cells
isolated from the prion-infected mouse brain at 60 dpi by FACS (Fig. 7). These results
suggest that this flow cytometric detection of PrPSc is sensitive enough to discriminate
between PrPSc-positive and -negative cells, even if only a small portion of the PrPSc in
cell bodies is analyzed.

We showed that the proportion of PrPSc-positive neurons, astrocytes, and microglia
increased with disease progression (Fig. 5), which may reflect the cell-to-cell spread of
PrPSc in the brain. Previous studies have indicated that when prions are inoculated into
peripheral tissues, PrPSc is transported from the periphery to the CNS and spreads
intracerebrally via neuroanatomical pathways (46–48). Even after intracerebral inocu-
lation of prions, PrPSc appears to spread via neural circuitry within the brain (21). In
addition to neuron-to-neuron spread of PrPSc, recent studies also have suggested the
important roles of glial cells in the spread of PrPSc between neurons and glial cells.
Victoria et al. suggested that astrocytes are involved in the spread of PrPSc between
neurons and astrocytes (20), while Zhu et al. suggested that microglia are involved in
the clearance of PrPSc from the brain (22). In the current study, mice were intracere-
brally inoculated with prions. Thus, it is possible that neurons, microglia, and astrocytes
were exposed to inoculum and got infected independently in the early stage after
inoculation. After the inoculation of prions via the peripheral route, prions enter CNS
through sympathetic and parasympathetic nerves (49, 50); therefore, the entry port of
CNS will be neurons. Thus, the kinetic analysis of PrPSc-positive cells in brain after the
peripheral infection may address the neuron-to-glial cell spread of prions.

In this study, we succeeded in the isolation of PrPSc-positive neurons and glial cells
from prion-infected mouse brain by FACS (Fig. 7). To our knowledge, this is the first
study to specifically isolate neurons and glial cells positive for misfolded proteins from
the brains of model animals for misfolding diseases, including prion diseases. Our
method requires fixation of cells before the PrPSc-specific staining; thus, it is impossible
to isolate viable cells. However, recent RNA-sequencing techniques have enabled
transcriptome analysis using fixed and FACS-isolated neural cells (34, 51). The compre-
hensive analyses, including transcriptome analysis, on PrPSc-positive neurons and glial
cells isolated by our method will allow a better understanding of the pathological
changes that occur in neurons, as well as the roles of glial cells in the PrPSc-associated
pathogenesis. Transcriptome analysis experiments specific to PrPSc-positive neurons
currently are under way to clarify neuronal cell responses to prion infection.

MATERIALS AND METHODS
Antibodies. Anti-PrP mouse MAbs 106, 132, 31C6, and 44B1 (52) were used for the detection of PrP

by flow cytometry. MAb P2-284, against feline panleukopenia virus, was used as a negative-control
antibody (53). The other commercially available primary and secondary antibodies are listed in Table 1.
The antibodies were used for flow cytometry and IFA at the dilution rates shown in Table 1. A Zenon
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R-phycoerythrin (PE) rabbit IgG labeling kit (ThermoFisher Scientific) was used for direct staining of rabbit
IgG. Alexa Fluor 647-conjugated MAb 132 (132-Af647) and MAb P2-284 (P2-284-Af647) were prepared by
the following procedure. Alexa Fluor 647 succinimidyl ester (ThermoFisher Scientific) was reacted with
MAb 132 (1 mg/ml) or MAb P2-284 (1 mg/ml) in phosphate-buffered saline (PBS) at a concentration of
50 �M at room temperature (RT) for 60 min. To inactivate the functional group of the succinimidyl ester,
10 volumes of 100 mM glycine in PBS were added to the reaction solutions. Excess reactive dye and
glycine were removed by ultrafiltration using Amicon Ultracel-50k Ultra centrifugal filter units (Millipore).
The Alexa Fluor-conjugated antibodies were dialyzed against PBS using Slide-A-Lyzer dialysis cassettes
(10,000 molecular weight cutoff; ThermoFisher Scientific). The fluorescent dye/protein (F/P) molar ratios
were calculated from absorbance at A280 and A650 for antibodies and Alexa Fluor 647, respectively,
according to the manufacturer’s instructions. The F/P molar ratios of the antibodies ranged between 1.5
and 2.5. To adsorb antibodies which nonspecifically react to the cells, 400 �g of Alexa Fluor 647-
conjugated antibodies was incubated with 2 � 108 N2a-3 cells fixed with 4% paraformaldehyde (PFA) at
a concentration of 10 �g/ml in PBS at RT for 2 h. The supernatant was collected after pelleting the cells
by centrifugation at 10,000 � g for 10 min. The antibodies were concentrated by ultrafiltration using
Amicon Ultracel-50k Ultra centrifugal filter units and stored at 4°C until use.

Cell culture. The following cell lines were used: N2a-3 cells, a subclone of the mouse neuroblastoma
cell line Neuro2a (54); the hypothalamic neuronal cell lines GT1 and GT1-7 (55); N2a-3 cells persistently
infected with the Chandler or 22L prion strain (ScN2a-3-Ch or ScN2a-3-22L); and GT1-7 cells persistently
infected with the 22L prion strain (ScGT1-7-22L) (31).

Detection of PrP in cultured cells by flow cytometry. Cells cultured in 100-mm dishes for 72 h were
harvested by treatment with 0.1% collagenase (Wako) in PBS at RT for 5 min. The cells were pelleted by
centrifugation at 300 � g at 4°C for 3 min and washed with cold PBS. For fixation, the cells were
resuspended in 2 ml of 4% PFA in PBS and incubated at RT for 10 min. The fixation was terminated by
adding 13 ml of 100 mM glycine in PBS containing 0.1% Tween 20 (PBST), and the samples were
immediately centrifuged at 2,000 � g at 4°C for 10 min. The pellets were resuspended in 10 ml of 100
mM glycine in PBST and incubated for 10 min. After pelleting, the cells either were treated with 1 ml of
5 M GdnSCN at RT for 15 min or remained untreated. The cells were then washed twice with 10 ml of
PBST. For blocking, the cells were incubated with PBST containing 5% fetal bovine serum (FBS) at RT for
30 min. The cells were split to V-bottom 96-well plates (ThermoFisher Scientific) at 1 � 105 cells/well and
then pelleted by centrifugation. For the primary antibody reaction, the cells were incubated with 180 �l
of anti-PrP MAbs (1 �g/ml) in PBST containing 1% FBS (FBS-PBST) at 4°C overnight. After the primary
antibody reaction, the cells were washed three times with 180 �l of PBST. For the secondary antibody
reaction, the samples were incubated with 180 �l of Alexa Fluor 488-conjugated anti-mouse IgG F(ab=)2

fragments (1 �g/ml) in FBS-PBST at 4°C for 60 min. After washing the cells with 180 �l of PBST twice and
180 �l of PBS once, the cells were analyzed by a flow cytometer (FACS Verse; equipped with 488-nm and
640-nm lasers; BD Bioscience). Ten thousand events were collected, using a forward scatter threshold of
10,000. Data from Alexa Fluor 488 were collected in pulse height, area, and width parameters. All flow

TABLE 1 Sources of commercially available antibodies and the dilution rates for staining

Antibody Company Code no. Dilution

Primary antibodies
Anti-MAP2 rabbit monoclonal antibody, D5G1 Cell Signaling

Technology
8707 1:400 for flow cytometry

Anti-�III tubulin chicken polyclonal antibodies Abcam ab117716 1 �g/ml for immunofluorescence staining
Anti-GFAP rabbit polyclonal antibodies Dako D0344 2 �g/ml for flow cytometry
Anti-GFAP chicken polyclonal antibodies Abcam ab4674 5.4 �g/ml for immunofluorescence staining
Anti-CD11b rat monoclonal antibody, M1/70 BioLegend 101202 2.5 �g/ml for flow cytometry, 5 �g/ml for

immunofluorescence staining
Anti-GFP rabbit polyclonal antibodies ThermoFisher

Scientific
A11122 5 �g/ml for flow cytometry

Alexa Fluor 488-conjugated anti-NeuN rabbit
monoclonal antibody, EPR12763

Abcam ab190195 0.5 �g/ml for immunofluorescence staining

Secondary antibodies
Horseradish peroxidase-linked sheep F(ab=)2 fragment

anti-mouse IgG
GE

Healthcare
NA9310 1:5,000 for immunoblotting

Alexa Fluor 488-conjugated goat F(ab=)2 fragment
anti-mouse IgG

ThermoFisher
Scientific

A-11017 1 �g/ml for flow cytometry

Alexa Fluor 488-conjugated goat IgG anti-rat IgG ThermoFisher
Scientific

A-11006 2 �g/ml for flow cytometry

Alexa Fluor 555-conjugated goat IgG anti-rat IgG ThermoFisher
Scientific

A-21434 4 �g/ml for immunofluorescence staining

BV421-conjugated donkey IgG anti-rabbit IgG BioLegend 406410 1:400 for flow cytometry
Alexa Fluor 555-conjugated goat IgG anti-chicken IgG ThermoFisher

Scientific
A-21437 4 �g/ml for immunofluorescence staining

Alexa Fluor 405-conjugated goat IgG anti-chicken IgY Abcam ab175675 1 �g/ml for immunofluorescence staining
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cytometry data were analyzed with FACSuite software (BD Biosciences) and FCS 4 Express (De Novo
Software).

Mice and prion strains. All animal procedures were approved by the Institutional Animal Care and
Use Committee of the Graduate School of Veterinary Medicine, Hokkaido University. Four-week-old
female Jcl:ICR mice were purchased from CLEA Japan, and all mice were acclimatized for a week prior to
use. The mice were intracerebrally inoculated with 20 �l of a 2.5% (wt/vol) brain homogenate from Jcl:ICR
mice infected with the mouse-adapted scrapie strain, Chandler. Mice assigned to the mock-infected
group were intracerebrally inoculated with 20 �l of a 2.5% (wt/vol) brain homogenate from age-matched
uninfected Jcl:ICR mice, as described in the literature (56). ROSA 26-EGFP reporter mice of congenic strain
B6.Cg-Tg(Gt(ROSA)26Sor-EGFP)I1Able/J were purchased from Jackson Laboratories and were maintained
further by inbreeding.

Preparation of cell suspensions from brains. The mice were perfused with prechilled modified
Hanks’ balanced salt solution without Ca2� and Mg2� (HBSS) containing KCl (400 mg/liter), KH2PO4 (60
mg/liter), NaHCO3 (350 mg/liter), NaCl (8 g/liter), Na2HPO4 (48 mg/liter), and D-glucose (1 g/liter). The
brains were removed surgically from the mice and cut into small pieces in 5 ml of chilled HBSS. The brain
pieces were dissociated enzymatically using the neural tissue dissociation kit (P) (Miltenyi Biotec), which
contains papain as a protease, according to the manufacturer’s instructions, with some modifications.
After removal of HBSS by centrifugation at 300 � g at 4°C for 5 min, 1,950 �l of enzyme mix 1 was added
to the brain pieces, and the samples were incubated for 15 min at 4°C under slow rotation. Thirty
microliters of enzyme mix 2 was added, and the samples were incubated for 15 min at 4°C. The samples
were gently triturated 10 times using a Pasteur pipette (Iwaki) and incubated for 15 min at 4°C. The
samples again were triturated 10 times, transferred into 5 ml of HBSS in new 15-ml tubes, and then
allowed to settle on ice for a few minutes. Five milliliters of the supernatants was filtered through 100-�m
nylon mesh (BD Falcon) and collected in new tubes. The remaining sediments again were triturated with
a Pasteur pipette 10 times, mixed with 5 ml of HBSS, and allowed to settle on ice for a few minutes. The
supernatants then were filtered through 100-�m nylon mesh. This process was repeated and the
flowthrough was combined. After centrifugation at 300 � g at 4°C for 10 min, the pellets were
resuspended in 10 ml of HBSS. Cell suspensions were used to analyze dead cell populations and PrPSc by
flow cytometry.

Flow cytometric analysis for dead cell populations. Cell suspensions from brains were incubated
for 5 min on ice in 200 �l of HBSS containing DRAQ5 (1 �M; Biostatus), a DNA probe that is permeable
to living cells, and PI (10 �g/ml), a DNA probe that is not permeable to living cells. The samples were
resuspended in 500 �l of chilled HBSS and analyzed by flow cytometer. The PI and DRAQ5 data were
collected until the counts of DRAQ5-positive events reached 10,000.

Flow cytometric analysis of PrPSc in neural cells from prion-infected mouse brain. Cell suspen-
sions were prepared from mouse brains as described above. After pelleting the cell suspensions by
centrifugation at 300 � g at 4°C for 10 min, the pellets were resuspended in 2 ml of 4% PFA and then
incubated at 4°C for 10 min. This fixation step was terminated by adding 18 ml of 100 mM glycine in
PBST, and the samples were immediately centrifuged at 2,000 � g at 4°C for 10 min. The pellets were
resuspended in 5 ml of 100 mM glycine in PBST and incubated for 10 min. After pelleting, the cell
suspensions were stored in 1 ml of PBST containing 40% FBS and 10% dimethyl sulfoxide at �30°C
until use.

Before the immunolabeling of neural cell markers, the cells were thawed rapidly at 37°C, and 100 �l
of the samples was transferred to new tubes. The cells were pelleted by centrifugation at 2,000 � g at 4°C
for 10 min. For removal of cellular debris by density gradient centrifugation, the cells were resuspended
in 300 �l of 15% iodixanol (OptiPrep, Axis-Shield) in PBST, and the cellular debris was floated by
centrifugation at 2,000 � g at 4°C for 10 min. After removal of the floating cellular debris, this step was
repeated once more. To block nonspecific binding of primary antibodies to cells, the cells were incubated
with 180 �l of PBST containing mouse immunoglobulin G1, MAb P2-284 (10 �g/ml), and 5% FBS at 4°C
for over 30 min. For staining of astrocytes and microglia, cells were incubated at 4°C overnight in 180 �l
of primary antibody solution containing anti-GFAP rabbit polyclonal antibodies and anti-CD11b rat MAb
in FBS-PBST. After the primary antibody reaction, cells were washed three times with 200 �l of PBST. The
cells then were incubated at 4°C for 60 min in 180 �l of secondary antibody solution containing
BV421-conjugated anti-rabbit IgG- and Alexa Fluor 488-conjugated anti-rat IgG. The cells were washed
three times with PBST and fixed again with 100 �l of 4% PFA at 4°C for 10 min. The PFA was inactivated
by adding 900 �l of 100 mM glycine in PBST following incubation with fresh 100 mM glycine for 10 min.

For PrPSc-specific staining, fixed cells were treated with 100 �l of 2.5 M GdnSCN at RT for 15 min. The
GdnSCN was diluted by adding 900 �l of PBST, and the cells were pelleted. After washing with 180 �l
of PBST, the cells were incubated at 4°C overnight in 180 �l of antibody solution containing MAb
132-Af647 (2 �g/ml) and Zenon-R-PE-conjugated anti-MAP2 antibodies in FBS-PBST for staining PrPSc

and neurons. After two PBST washes, cells were washed once more with PBS. Cells then were resus-
pended in 100 �l of PBS containing 2.5 ng/ml 7-AAD (Beckman Coulter) for counter staining. The cells
were resuspended in 500 �l of PBS and analyzed by a cell sorter (FACS Aria II equipped with 405-nm,
488-nm, and 640-nm lasers; BD Bioscience). The data from BV421, Alexa Fluor 488, R-PE, 7-AAD, and Alexa
Fluor 647 were collected in pulse height, area, and width parameters until the counts of 7-AAD-positive
events reached 50,000. All flow cytometry data were analyzed with FACS Diva software (BD Biosciences)
and FCS 4 Express.

The threshold levels of CD11b and MAP2 were set using negative-control samples that were
prepared with isotype control antibodies instead of the primary antibodies for CD11b and MAP2. The
threshold level of GFAP was set as described in the literature (28, 34). The threshold level of PrPSc was
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set as the mean MAb 132-Af647 signals from 7-AAD-positive cell populations in mock-infected samples,
plus 3-fold to 4-fold of the value of standard deviations.

FACS of PrPSc-positive cells. Cell sorting was performed using a FACS Aria II equipped with an
85-�m nozzle. The PrPSc-positive cell populations were determined by setting the gate over the
threshold levels of PrPSc, as described above. The PrPSc-negative cell populations were determined by
setting the gate under the threshold levels of PrPSc so that the bottom 90% of cells in mock-infected
samples could be included. For microscopic observations of sorted cells, the collected cells were pelleted
and incubated in 50 �l of anti-�III tubulin chicken antibodies in FBS-PBST at 4°C overnight to label
neurons. The cells were washed three times with PBST and incubated with 50 �l of Alexa Fluor
555-conjugated anti-chicken secondary antibodies in FBS-PBST at 4°C for 90 min. After washing three
times with PBST, the cells were dried on a 15-well multitest slide (MP Biomedicals) and then mounted
with ProLong Gold antifade reagent (ThermoFisher Scientific). The fluorescent images of the samples
were acquired using laser scanning confocal microscopy (LSM 700; Zeiss).

Immunoblotting. Immunoblot detection of PrP-res was performed as previously described (54).
IFA. The immunofluorescence staining of frozen sections was performed by a method described

previously (29), with some modifications. Briefly, the brains were embedded in OCT compound
(Sakura Finetek, Japan) and were cut at a thickness of 10 �m. The sections were fixed with 4% PFA
for 10 min at RT. The sections were treated with 100 mM glycine in PBS at RT for 10 min and then
incubated with blocking solution containing mouse IgG MAb P2-284 (10 �g/ml) and 5% FBS in PBS
at RT for over 30 min. The sections then were incubated at 4°C overnight with anti-CD11b rat MAb
in PBS containing 1% FBS (FBS-PBS). For the secondary antibody reaction, the sections were
incubated at 4°C for 1 h with Alexa Fluor 488-conjugated anti-rat IgG in FBS-PBS. The sections were
fixed again with 4% PFA at RT for 15 min and then treated with 2.5 M GdnSCN at RT for 15 min. After
incubation with the blocking solution, the sections were incubated at 4°C overnight with MAb
132-Af647 (2 �g/ml), anti-GFAP chicken antibodies, and Alexa Fluor 488-conjugated anti-NeuN
rabbit MAb in FBS-PBS. For the secondary antibody reaction, the sections were incubated at 4°C for
1 h with Alexa Fluor 405-conjugated anti-chicken antibodies in FBS-PBS. Finally, the sections were
mounted with ProLong Gold antifade reagent. The fluorescent images were acquired using LSM700
and analyzed with ZEN software (Zeiss), as previously described (57, 58).
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