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Introduction

Many neurodegenerative diseases, such as Alzheimer (AD), 
Huntington (HD), Parkinson (PD) and prion diseases, are 
characterized by misfolded protein intra- and extracellular 
deposition and aggregation.1 In order to avert and fight disease 
proteins, cells have developed powerful quality control systems 
that assure the maintenance of cellular homeostasis and coun-
teract damage caused by disease proteins. The ubiquitin-prote-
asome and autophagy-lysosome pathways are two main quality 
control systems in eukaryotic cells.2 Proteasomes predominantly 
degrade short-lived nuclear and cytosolic proteins, while auto-
phagy tends to digest long-lived protein and organelle.3,4 The 
process of autophagy is initiated with the formation of dou-
ble-membrane-bounded structures named autophagosomes, 
which are generated from phagophores. The outer membrane 
of the autophagosome fuses with a lysosome in the cytoplasm 
to form an autolysosome, where the contents are degraded via 
acidic lysosomal hydrolases. Although the precise mechanism of 
autophagy initiation still needs to be elucidated, several signal 
pathways show abilities to regulate autophagy. Among them the 

Macroautophagy is an important process for removing misfolded and aggregated protein in cells, the dysfunction of which 
has been directly linked to an increasing number of neurodegenerative disorders. however, the details of macroautophagy 
in prion diseases remain obscure. here we demonstrated that in the terminal stages of scrapie strain 263K-infected 
hamsters and human genetic prion diseases, the microtubule-associated protein 1 light chain 3 (Lc3) was converted 
from the cytosolic form to the autophagosome-bound membrane form. Macroautophagy substrate sequestosome 1 
(sQsTM1) and polyubiquitinated proteins were downregulated in the brains of sick individuals, indicating enhanced 
macroautophagic protein degradation. The levels of mechanistic target of rapamycin (MTOR) and phosphorylated 
MTOR (p-MTOR) were significantly decreased, which implies that this enhancement of the macroautophagic response 
is likely through the MTOR pathway which is a negative regulator for the initiation of macroautophagy. Dynamic assays 
of the autophagic system in the brains of scrapie experimental hamsters after inoculation showed that alterations of the 
autophagic system appeared along with the deposits of PrPsc in the infected brains. immunofluorescent assays revealed 
specific staining of autophagosomes in neurons that were not colocalized with deposits of PrPsc in the brains of scrapie 
infected hamsters, however, autophagosome did colocalize with PrPsc in a prion-infected cell line after treatment with 
bafilomycin A1. These results suggest that activation of macroautophagy in brains is a disease-correlative phenomenon 
in prion diseases.
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best characterized ones are the mechanistic target of rapamycin 
(MTOR) and BECN1-PIK3C3/Vps34 (phosphatidylinositol 
3-kinase, class 3)-PIK3R4/Vps15 (phosphatidylinositol 3-kinase, 
regulatory subunit 4) class III phosphatidylinositol 3-kinase core 
complex.5,6 Autophagy can function as a cellular protective activ-
ity, while it can also lead to cell death in some circumstances, 
namely autophagic cell death (ACD) that is referred to as type 
II programmed cell death, in contrast to type I programmed 
cell death (apoptosis).7 This double-edged sword mechanism 
probably affects various diseases as well as the different stages of 
these diseases, which subsequently results in different outcomes. 
An increased number of autophagosomes has been detected in 
a number of neurological diseases. However, in many cases, it 
has not been verified if this phenomenon is due to the induction 
of autophagosome formation (increasing autophagic activity) or 
the inhibition of autophagosome-lysosome fusion and lysosomal 
hydrolases (decreasing autophagic activity). Increasing direct and 
indirect evidence shows that autophagic activity tends to decrease 
in some neurodegenerative diseases, such as reduction of BECN1 
expression in Alzheimer disease and inefficient cargo recognition 
in Huntington disease.8,9 Autophagy inhibition (Atg5 and Atg7 
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blots. As expected, LC3-II-specific signals were observed in the 
brain homogenates of the FFI and gCJD cases, but not in that of 
the normal control (Fig. 1C). Furthermore, six different regions 
of the autopsy brains from these two cases were analyzed. LC3-
II-specific signals were detected in all tested brain regions of the 
patients. Among them, the signals in the occipital lobe and pari-
etal lobe were relatively stronger (Fig. 2). This suggests that the 
levels of LC3-II were obviously upregulated in the prion-infected 
brain tissue. Interestingly, as our previous studies have shown,16 
large amounts of PrPSc signals were detected in the temporal lobe, 
occipital lobe, parietal lobe, frontal lobe, thalamus and midbrain 
of G114V gCJD, but only markedly weak PrPSc signals were 
observed in the frontal lobe and thalamus of FFI. It seems that 
appearance of LC3-II most likely does not closely associate with 
PrPSc accumulation in the brain samples of human genetic prion 
diseases. We speculate that neurons of gCJD and FFI patients 
may chronically suffer from stress caused by mutant prion pro-
tein, and this possibly induces autophagy, although there is no 
obvious PrPSc accumulation.

Autophagosomes localized in the cytoplasm of neurons. The 
formation of autophagic vacuoles in neurons of experimental 
hamster scrapie has previously been proposed based on electron 
microscopy.12 To see the distribution of LC3 in the brain tissues, 
the brain sections of normal and 263K-infected hamsters were 
immunofluorescently double-stained with specific antibodies to 
LC3 and microtubule-associated protein 2 (MAP2), which is a 
well-documented neuron marker exclusively expressed in soma 
and dendrites. Confocal microscopy assays revealed the dif-
ferent patterns of the LC3 signals (green) in those two groups. 
Large amounts of small bright green granular substances were 
observed in the cytoplasm of neurons in the cortex and Purkinje 
cells in the cerebellum of 263K-infected hamsters, whereas evenly 
distributed green LC3 signals with a few bright green puncta 
were seen in the normal control (Fig. 3A and B), revealing sig-
nificant differences after counting the LC3 puncta per cell (p 
< 0.01, Fig. 3C). Such LC3 puncta signals were also observed 
in other brain regions, showing statistical differences in the hip-
pocampus, brainstem and thalamus (p < 0.05) compared with 
the normal control (Fig. S2). The relevant negative controls were 
shown in Figure S1. To observe the autophagosomes in human 
TSE cases, the sections of the parietal lobes from the patients of 
gCJD and FFI, as well as the control, were LC3- and MAP2-
specific antibody double-stained. Similarly, significant bright 
green LC3 punctate signals were observed in the cytoplasm of 
the brain tissues of those cases, showing a significant difference 
in LC3 puncta per cell compared with the normal control (Fig. 
4A). These results illustrate a TSEs-related profile of LC3 bod-
ies in neurons, which indicates that autophagosome formation is 
induced in neurons in prion diseases.

Neuron loss is a salient feature of prion diseases. To examine a 
possible relationship between neurodegeneration and autophagy 
activation, various brain sections of normal and 263K-infected 
hamsters underwent Nissl staining. Compared with the normal 
control, more severe neuron loss occurred in the regions of cor-
tex and the cerebellum of the 263K-infected hamsters, showing 
statistical differences in the numbers of Nissl-stained cells per 

deletion in neurons) also results in progressive neurodegeneration 
associated with ubiquitinated protein aggregates.10,11

Prion diseases, also known as transmissible spongiform 
encephalopathies (TSEs) are a group of fatal neurodegen-
erative diseases affecting humans and animals. Human prion 
diseases consist of Creutzfeldt-Jakob disease (CJD), Gerstmann-
Sträussler-Scheinker disease (GSS), fatal familial insomnia (FFI) 
and kuru. CJD is the most common form of human TSEs, exhib-
iting characteristic lesions in the central nervous system (CNS) 
with spongiform degeneration, neuronal loss, reactive gliosis and 
amyloid plaque formation. Like Alzheimer, Huntington and 
Parkinson diseases, prion diseases are related to a misfolded pro-
tein; specifically, the normal prion protein (PrPC) is converted 
into a protease-resistant isoform prion protein (PrPSc). With 
the help of electron microscopy, autophagic vacuoles have been 
observed in the neurons of experimental hamsters with prion dis-
eases, as well as in synapses of human CJD and FFI patients.12,13 
These data highlight the fact that, like other neurodegenerative 
diseases, alteration of the autophagic system in neurons also hap-
pens in prion diseases. However, the details and possible func-
tions of autophagy in prion diseases are poorly understood.

In this report, we investigated the alterations of the autopha-
gic system in the brains of scrapie-infected hamsters and patients 
with human genetic prion diseases. The remarkable phenom-
enon of autophagosome formation in neurons in the cortex 
and Purkinje cells in the cerebellum was detected in the brains 
infected with 263K scrapie agent. The autophagy negative reg-
ulator (MTOR signaling pathway) and autophagy substrates 
(SQSTM1 and polyubiquitinated proteins) were downregulated 
gradually during disease progression. In addition, colocalization 
of autophagosomes and PrPSc in SMB-S15 cells was observed 
after treatment with bafilomycin A

1
. Our data here demonstrate 

an enhanced autophagic activity in prion diseases.

Results

LC3-II, a marker of cellular autophagosomes, emerged in 
the brains of 263K-infected hamsters and human patients 
with genetic prion diseases. The presence of PrPSc in brain tis-
sues of five enrolled scrapie-infected hamsters was screened by 
PK digested western blots with PrP-specific monoclonal anti-
body (mAb) 3F4. PK-resistant PrP bands were identified in all 
infected brains, with molecular mass ranging from 21 to 27 
kDa (Fig. 1A). PrPSc deposits in various brain regions of scrapie 
agent 263K-infected hamsters were described in previous stud-
ies.14,15 To assess the presence of autophagy in the brains of scra-
pie-infected hamsters, the amounts of lipidated LC3 protein in 
brains were evaluated by western blots with a LC3B-specific poly-
clonal antibody (pAb). As shown in Figure 1B, a roughly 18-kDa 
band representing LC3-I was observed in all preparations. The 
autophagosome-associated lipidation form LC3-II with apparent 
molecular mass 16 kDa was detectable in the brain homogenates 
of five 263K-infected hamsters, but not in that of three normal 
hamsters. To observe the presence of LC3-II in human TSEs, the 
brain homogenates from a healthy adult donor, a G114V gCJD 
case and a FFI case were analyzed using LC3-specific western 
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improve the viability of prion-infected cells, which partially sup-
ports the speculation of the relationship between autophagy acti-
vation and neuron loss in prion diseases.

Autophagic activity was obviously enhanced in the brains 
of 263K-infected hamsters and human patients with genetic 
prion diseases. To determine the activity of the autophagic sys-
tem during prion pathogenesis, the alterations of the SQSTM1 
protein, which serves as a link between LC3 and ubiquitinated 
substrates and is able to be incorporated into, and then degraded 
via autophagosomes,17 were evaluated in brains of 263K-infected 
hamsters and human TSEs. Western blots showed obvious weak 
signals of SQSTM1 in brain homogenates of five 263K-infected 
hamsters when compared with that of normal hamsters  
(Fig. 5A and B). Similarly, the signals of SQSTM1 in the brains 
of G114V gCJD and FFI were markedly weaker than that of the 
normal control (Fig. 6A and B). Subsequently, the levels of total 
polyubiquitinated proteins, which served as another marker of 

field (Fig. 4B). Neuron loss was also observed in the hippocam-
pus, brainstem and thalamus of 263K-infected cells, but did not 
show statistical differences (Fig. S3). These data might highlight 
a speculation that there is a linkage between autophagy activation 
and neuron loss in 263K-infected hamsters.

To see the potential influence of blocking autophagy in the 
survival of prion infection, the scrapie-infected cell line SMB-S15 
[Scrapie (Chandler) Mouse Brain cells, cloned] and its healthy 
control cell line SMB-PS (SMB-S15 cured with pentosan poly-
sulphate) were treated with 3-methyladenine (3-MA), a small 
molecule inhibitor of macroautophagy. The cell survival was 
evaluated with CCK-8 assays. When compared with the mock 
cells without treatment, the relative cell survival rates of SMB-
S15 were slightly higher after exposure to 3-MA, which revealed 
the improvement of cell viability in the preparations of 2- to 6 d 
incubation, while that of SMB-PS exhibited the opposite (Fig. 
S4). These data may indicate that the blockage of autophagy will 

Figure 1. Upregulation of Lc3-ii in the brains in prion diseases at terminal stage. (A) Western blot analysis of PrPsc in the brain tissues of scrapie agents 
263K-infected hamsters collected at moribund stage. All tested brain homogenates were digested with a final concentration of 30 μg/ml PK at 37°c for 
30 min. (B) Western blot for Lc3 in the brain tissues of normal and scrapie agent 263K-infected hamsters. The same amounts of individual brain  
homogenate were loaded and analyzed by 15% sDs-PAGe. The scrapie agents as well as normal control are shown on the top of the graphs. (C) West-
ern blots for Lc3 in human brains with gcJD and FFi. A homogenate from whole brains of normal human adult donors (sigma) and homogenate of 
cortex tissues from individuals with FFi and gcJD were loaded and analyzed by 15% sDs-PAGe. Molecular mass markers are indicated at the right. The 
densities of signals are determined by densitometry and shown relative to AcTB/β-actin. Graphical data denote mean ± sD.
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Alterations of the MTOR pathway and class III phospha-
tidylinositol 3-kinase pathway. The MTOR pathway and 
BECN1-PIK3C3-PIK3R4 class III phosphatidylinositol 3-kinase 
core complex pathway are the most important negative and posi-
tive regulators for autophagy in mammalian cells, respectively. 
To explore the possible changes of those pathways, the levels of 
MTOR, p-MTOR (Ser2448) and BECN1 in brain tissues were 
individually tested with western blots and IHC. Both MTOR 
and p-MTOR were reduced significantly to an almost undetect-
able level in the brains of scrapie experimental hamsters (Fig. 5A) 
and human TSE cases (Fig. 6A) based on western blots, show-
ing a statistical difference compared with that of normal con-
trols (Fig. 5B and Fig. 6B). IHC assays of the cortex (Fig. 7) 
and the cerebellum (Fig. 8) of 263K-infected hamsters identified 
remarkably less MTOR-positive signals. Furthermore, MTOR-
specific real time-PCR assays showed that the levels of Mtor 
mRNAs in the brain samples of 263K-infected hamsters were 
significantly lower (p = 0.0025) than that of normal ones (Fig. 
S7). Meanwhile, lower levels of BECN1 were also identified in 
the brain samples of 263K-infected hamsters and human gCJDs 
in western blots (Fig. 5 and Fig. 6). IHC assays of the brain sec-
tions of 263K-infected hamsters revealed less BECN1-positive 
stained signal in the cortex (p = 0.022692, Fig. 7, but not in the 
cerebellum (p = 0.3523, Fig. 8). The relevant negative controls 

autophagic activity, were comparatively analyzed through western 
blots. This showed that the levels of polyubiquitinated proteins 
were substantially lower in the brain samples from either scrapie-
infected hamsters (Fig. 5A and B) or human prion diseases (Fig. 
6A and B). Significantly downregulated levels of SQSTM1 and 
polyubiquitinated proteins in the brains with prion diseases may 
reflect an upregulated autophagic activity.

In order to verify the decrease of SQSTM1 and polyubiquiti-
nated proteins in TSE, the brain slides of 263K-infected hamsters 
were subjected to immunohistochemical analysis with individ-
ual antibodies. Compared with normal hamsters, many fewer 
SQSTM1 and polyubiquitinated protein-positive signals were 
detected in the cortex and the cerebellum of scrapie-infected ani-
mals, showing statistical differences in MOD (Figs. 7 and 8). 
The relevant negative controls are shown in Figure S5. Moreover, 
the patterns of polyubiquitinated protein distribution seemed 
different between the brains of scrapie-infected animals and nor-
mal controls, where the inclusion body-like structures of polyu-
biquitinated proteins were seen in the brains of 263K-infected 
hamsters, while relatively uniform staining of polyubiquitinated 
proteins were observed in the brains of controls (Fig. S6). These 
data highly suggest an enhanced autophagic flux and more active 
autophagic protein degradation in the CNS tissues during prion 
pathogenesis.

Figure 2. Analyses of the levels of Lc3 in the brain tissues in human prion diseases. Western blots of six brain regions of a G114V gcJD patient (left 
panel) and a FFi patient (right panel). Various brain regions are indicated at the top. Molecular mass markers are indicated at the right. The densities of 
signals are determined by densitometry and shown relative to AcTB. p = 0.0006 (gcJD), p < 0.0001 (FFi). Graphical data denote mean ± sD.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

1608 Autophagy Volume 8 issue 11

To address the possibility that the delayed appearance of 
LC3-II in the brains of the infected hamsters was due to neu-
ron loss during the incubation period, the brain sections of the 
40th dpi underwent Nissl staining and LC3- and MAP2-specific 

are shown in Figure S5. To get more detailed infor-
mation about the changes of the class III phos-
phatidylinositol 3-kinase complex, the levels of 
PIK3C3 were evaluated by western blots. As shown 
in Figures 5 and 6, the levels of PIK3C3 were sig-
nificantly upregulated in brains of 263K-infected 
hamsters (p = 0.0068) and two gCJD patients (p 
< 0.05). It seems that both regulatory pathways 
for the autophagic system, BECN1 and MTOR, 
are influenced in the CNS of TSEs at the termi-
nal stages, in which the repressive regulatory path-
way MTOR is more deeply affected. The positive 
regulatory pathway involving BECN1 might still 
maintain its function, since the increased PIK3C3 
possibly compensates for the potential change of 
class III PtdIns3K activity caused by the decreased 
BECN1.

Functional alterations of the autophagic system 
appeared when PrPSc was deposited. To observe 
the possible dynamic alterations of the autophagic 
system in the brains of scrapie experimental ham-
sters after inoculation, various biomarkers involved 
in the autophagic system were comparatively ana-
lyzed in the brain samples collected on day 0 and 
on the 20th, 40th, 60th and 80th day post inocula-
tion (dpi). Coincident with our previous study with 
the same samples,18 weak PrPSc signals began in the 
40th dpi sample and became gradually stronger by 
the 60th and 80th dpi (Fig. 9A and C). The sig-
nals of lipidated LC3 protein were maintained at 
an undetectable level in the early stages, but were 
finally detected in the 80th dpi sample (Fig. 9A 
and C). The levels of SQSTM1 decreased gradu-
ally with the extension of the incubation period and 
reached roughly 40% of that prior to inoculation at 
the terminal stage. In parallel, the levels of polyu-
biquitinated protein decreased from the 20th dpi 
and almost disappeared at the 40th dpi (Fig. 9B 
and C). The levels of MTOR started to decrease 
from the 20th dpi, while that of p-MTOR showed 
clear downregulation from the 60th dpi. p-MTOR 
and MTOR declined to undetectable levels at the 
terminal stages (Fig. 9B and C). Meanwhile, the 
levels of BECN1 remained fairly stable in the sam-
ples collected at the early stage and decreased rap-
idly at the end of the disease, albeit still maintaining 
a level 60% of that prior to inoculation (Fig. 9B 
and C). Coincidental with the decrease of BECN1, 
the levels of PIK3C3 remained almost unchanged 
until the 60th dpi, but increased clearly in the 80th 
dpi sample (Fig. 9B and C). These dynamic results 
of various biomarkers for autophagy and its regu-
latory systems indicate that activation of the autophagic system 
occurs at the early stage of scrapie infection, which coincides well 
with the deposits of PrPSc and neurodegeneration change in the 
263K-infected hamsters’ brains.15

Figure 3. Autophagosomes localized in cytoplasm of neurons in the 263K-infected 
brains at terminal stage. (A) Double immunofluorescence staining for Lc3 and MAP2 
in the cortex region of brain sections of scrapie agents 263K-infected and normal 
hamsters. scale bar: 20 μm. (B) Double immunofluorescence staining for Lc3 and MAP2 
in the cerebellum region of brain sections of scrapie agents 263K-infected and normal 
hamsters. scale bar: 20 μm. (C) The number of Lc3 puncta per neuron in the cortex and 
the cerebellum regions. Graphical data denote mean ± sD.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com Autophagy 1609

treated with 6 M GdnHCl in order to remove the normal PrPC 
prior to PrP staining. Confocal microscopy assays revealed PrPSc 
signals (bright red particles), which distributed either outside or 
inside of neurons and abnormal LC3 granular substances (bright 
green) which were concentrated in the cytoplasm of neurons in 
the cortex (Fig. 11A) and the cerebellum (Fig. 11B) of the scra-
pie-infected hamsters. However, the intracellular PrPSc particles 
did not seem to colocalize with the LC3 granules after merging 
the two images, although they appeared to be close to each other 
(Fig. 11A and B, magnified figures on the right).

To address whether blocking fusion between autophagosomes 
and lysosomes will influence the potential colocalization of 
abnormal PrP with autophagosomes, HEK293 cells that had 
been previously proven to not contain detectable endogenous 
PrP19 were transiently cotransfected with plasmid pcDNA3.1-
PrP-PG14, a familial CJD-associated PrP construct with 
9-extra octarepeat insertion, together with a plasmid encoding 
EGFP-LC3. Meanwhile, SMB-S15 cells were also transiently 
transfected with the EGFP-LC3-encoding plasmid. Forty-eight 

double staining. As shown in Figure 10A, there was no remark-
able neuron loss in the cortex and the cerebellum at the 40th 
dpi compared with the normal control. Small quantities of, but 
clearly identified, LC3 puncta were detected in the cortical neu-
rons and Purkinje of the brain sections at the 40th dpi, revealing 
statistical differences in LC3 puncta per cell compared with that 
of the normal control (Fig. 10B). These data suggest that the 
appearance of autophagosomes seems to occur prior to marked 
neuron loss. The undetectable LC3-II in the western blot at the 
40th dpi is probably due to the detection limit of the western 
blot assay, rather than a large scale of neuron loss leading to auto-
phagosome invisibility.

Autophagosomes seemed to not colocalize with PrPSc in the 
brain tissues of infected hamsters, but did colocalize with PrPSc 
in SMB cells after treatment with bafilomycin A

1
. In order to 

determine whether autophagosomes were involved in PrPSc traf-
ficking or processes of metabolism, brain sections of 263K-infected 
hamsters were immunofluorescently stained with LC3- and 
PrP-specific antibodies, respectively, in which the sections were 

Figure 4. Autophagosomes localized in cytoplasm of neurons in brains of FFi and gcJD cases. (A) Top: Double immunofluorescence staining for Lc3 
and MAP2 in the parietal lobe region of brain sections of control and genetic prion diseases patients. The images of Lc3 (green), MAP2 (red), DAPi 
(blue) and merge are indicated above. scale bar: 20 μm. Bottom: The numbers of Lc3 puncta per neuron in the parietal lobe regions of brain sections 
of control and genetic prion diseases patients. The images of Lc3 (green), MAP2 (red), DAPi (blue) and merge are indicated above. (B) Top: Nissl stain-
ing for neurodegeneration in the cortex and the cerebellum regions of 263K-infected and normal hamsters (×40). Bottom: Quantity of neurons in 
cortex and Purkinje cells. Graphical data denote mean ± sD.
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One of the general pathological features of most neurodegenera-
tive diseases is the formation of intracytoplasmic aggregates within 
neurons, such as Aβ

1–42
 and tau accumulations in AD, Lewy bod-

ies in PD, polyglutamine accumulation in HD and PrPSc aggre-
gates in TSEs. Theoretically, intracytoplasmic aggregate-prone 
proteins are suitable autophagy substrates, whereas nonaggregate-
prone proteins, such as wild-type HTT/huntingtin and SNCA/
α-synuclein, show a much lower dependency on autophagy for 
their degradation.21 For the following reasons, the host autophagy 
system rather than the ubiquitin-proteasome system might be the 
primary clearance route for PrPSc and its aggregates. First, PrPSc 
can form oligomeric aggregates that may become inaccessible to 
the narrow barrel of the proteasome; second, PrPSc can inhibit the 
proteolytic activity of the 26S proteasome, which results in ubiq-
uitin-proteasome system dysfunction; third, several autophagy 
pharmaceutical agonists, such as rapamycin, lithium, trehalose 
and imatinib mesylate, have been proven to be able to enhance 
PrPSc clearance in vitro and in vivo.22-26 Additionally, the combi-
nation of PRND/Doppel (a paralog of prion) overexpression and 
the prion protein deficit in neurons also inhibits autophagic flux 

hours post-transfection, the cells were exposed to 400 nM 
bafilomycin A

1
 for 6 h. Before staining with PrP-specific anti-

body, SMB-S15 cells were treated with 6 M GdnHCl. Confocal 
microscopy showed many red PrP-specific particles and bright 
green LC3-specific particles in the cytoplasm of either the PrP-
PG14-expressing cells or SMB-S15 cells, which turned to yellow 
after the images were merged (right panels, Fig. 11C and D). To 
ensure that the yellow signals did not come from superposition 
in the Z-axis, serial optical sections per 0.5 μm were automati-
cally performed by confocal microscopy. As shown in Figure S8, 
the yellow signals were only present in some scanning layers of 
the graphs, which definitely excludes the possibility of artificial 
superposition in the Z-axis. This implies that blocking the fusion 
of autophagosomes with lysosomes results in retention of the 
abnormal PrP in autophagosomes.

Discussion

Autophagosomal dysfunction has been observed in an increasing 
number of diseases, especially in neurodegenerative diseases.20 

Figure 5. comparative analyses of levels of BecN1, PiK3c3, p-MTOR, MTOR, sQsTM1 and polyubiquitinated proteins in the brains of 263K-infected 
hamsters at terminal stage. (A) Western blots of autophagic markers in brain homogenates of normal and scrapie agents 263K-inefcted hamsters.  
(B) Quantitative analyses of (A). Molecular mass markers are indicated at the right. The densities of signals are determined by densitometry and shown 
relative to β-actin. Graphical data denote mean ± sD.
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as a link between LC3 and ubiquitinated substrates.17 SQSTM1 
can be incorporated into the completed autophagosome and is 
degraded in the autolysosome, hence polyubiquitinated proteins 
and SQSTM1 are usually used as markers for autophagic activ-
ity.32 In neurodegenerative diseases, SQSTM1 and ubiquitinated 
proteins are usually increased and associated with neuronal 
inclusion.33-35 In this study, the polyubiquitinated inclusion body 
deposits in the cytoplasm are repeatedly observable in the scrapie-
infected hamsters’ brains, which are coincident with a previous 
report,23 but the levels of autophagic substrates SQSTM1 and 
polyubiquitinated proteins in the brains of TSEs are obviously 
downregulated as incubation times increase. The reduction of 
polyubiquinated proteins in TSE brains contradicts a previous 
report36 in which the levels of ubiquitinated proteins increase in 
the brains of scrapie-infected mice when measured by an indirect 
enzyme-linked immunosorbent assay (ELISA). However, in their 
results, the OD values of ubiquitinated proteins ranged from 0.05 

and induces neuron death.27,28 Hence, these connections between 
prion proteins and autophagy prompted us to determine whether 
prion infection can induce the host autophagy response. In this 
report, through the use of western blots, immunohistochemistry 
and immunofluorescence assays for specific markers of the auto-
phagic system, autophagosome formation was detected in brains 
during the pathogenesis of scrapie experimental hamsters and 
human genetic prion diseases.

Several possible steps of autophagy are altered by aggregated 
proteins, leading to an increasing number of autophagosomes in 
neurodegenerative diseases, such as the decrease of autophago-
some-lysosome fusion in AD and HD,29,30 ineffective lysosome 
enzyme activity in lysosomal storage disorders, and even ineffi-
cient cargo recognition in PD and HD.9,31 In these situations, the 
increase of autophagic vacuoles does not appear to be associated 
with the enhanced autophagic flux, but with autophagic flux inhi-
bition. SQSTM1 can form shells around aggregates and serves 

Figure 6. comparative analyses of levels of BecN1, PiK3c3, p-MTOR, MTOR, sQsTM1 and polyubiquitinated proteins in a FFi and a gcJD cases. (A) Brain 
homogenates of normal human adult donors and the parietal cortexes of gcJD and FFi. (B) Quantitative analyses of (A). Molecular mass markers are 
indicated at the right. The densities of signals are determined by densitometry and shown relative to β-actin. Graphical data denote mean ± sD.
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series of aggregated proteins, such as HTT, SNCA, MAPT/tau, 
ATXN/ataxin and PRNP/prion, is the most promising candi-
date.5,24,39-43 Unlike other neurodegenerative disorders, decreases 
of both MTOR and p-MTOR in the brain tissues after inocu-
lation of scrapie agent was observed in this study, which illus-
trates a close relationship between downregulation of the MTOR 
pathway and upregulation of autophagic flux in prion diseases. 
It highlights a distinct functioning mechanism of autophagy in 
prion disease, which raises the therapeutic potential of MTOR 
inhibitor in prion diseases. BECN1 works as positive regula-
tor for autophagic activity.44 In this study, the level of BECN1 
was maintained at a relatively high level at the early and middle 
stages during the incubation period of scrapie agent. Only during 
the very late stage of scrapie infection did the level of BECN1 
become downregulated, but even then, it still maintained a 
value roughly 50% of that observed in normal hamsters. This 
phenomenon possibly represents an activated autophagic activity 

to 0.15 in brain homogenates of controls and sick mice, which 
seems too low to establish the linear relationship between quan-
tity of ubiquitinated proteins and OD values. In addition, some 
nuclear ubiquitinated proteins, such as histone, which is not cor-
related with intracytoplasmic inclusion body, may influence the 
results. However, in our study, the reduction of the protein level 
of ubiquitinated proteins is observed by IHC assays and western 
blots, which may avoid those problems. Taken together, the evi-
dence concerning formation of autophagosomes and decrease of 
SQSTM1 and polyubiquitinated proteins suggests an upregula-
tion of autophagic activity during disease progression.

MTOR is a key negative regulator controlling autophagic 
activity in mammalian cells.37 The MTOR pathway has recently 
become a validated drug target for some neurodegenerative 
disorders, since altered MTOR activity has been identified in 
PD and AD.5,38 Rapamycin, an inhibitor of the MTOR path-
way, which has been proven to be able to enhance clearance of a 

Figure 7. comparative analyses of levels of BecN1, MTOR, sQsTM1 and polyubiquitinated proteins in the cortex of 263K-infected hamsters at terminal 
stage with ihc. (A) ihc assays of cortex of normal and 263K-infected hamsters (×20). The magnification views were shown in the upper right of each 
picture. (B) The MOD values of different proteins in cortex. Graphical data denote mean ± sD.
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may compensate for the potential repression of class III PtdIns3K 
activity caused by the decrease of BECN1 in the terminal stage 
of prion infection.

Based on the observations in this study, we can hypothesize 
about the possible role of autophagy and relevant pathways in 
neurons during prion infection (Fig. 12). After entering the host 
cells, PrPSc is delivered via clathrin- or caveolin-coated vesicles to 
the endosomes, which could then fuse directly with lysosomes 
or autophagosomes to form amphisomes and finally fuse with 
lysosomes.50 At that stage the colocalization of PrPSc and auto-
phagosomes is hard to detect, since the level of PrPSc is too low 
to be observed, or due to the rapid fusion of amphisomes and 
lysosomes induced by strong autophagic flux. Partially sup-
porting this speculation, colocalization of Aβ

1–42
 and LC3 will 

be more easily observed when exposing cells to bafilomycin A
1
 

that can block the fusion of autophagosomes and lysosomes and 
induce accumulation of autophagosomes.51 PrPSc forms deposits 

in brain tissues at the early stage of prion infection. The reduc-
tion of BECN1 protein in our study and BECN1 mRNA in other 
studies45 in the late stages of prion diseases may reflect a compre-
hensive depression of neuronal function due to severe damage of 
brain tissues. Additionally, PIK3C3, another positive regulator 
of autophagy related to BECN1, is upregulated at the terminal 
stage in the brains of 263K-infected hamsters and genetic prion 
diseases. BECN1 functions through interaction with a series of 
other proteins, including BCL2 and PIK3C3. BCL2 shows an 
inhibitory effect on BECN1-dependent autophagy.44 During the 
nucleation process of autophagosome membrane, BECN1 has to 
dissociate from the BECN1-BCL2 complex and interacts with 
PIK3C3 to form the class III PtdIns3K complex, subsequently 
inducing autophagy.44 In the brains of scrapie-infected hamsters46 
and a series of cell models expressing PrP mutants,47,48 the levels 
of BCL2 are usually decreased. Therefore, we may speculate that 
the upregulation of PIK3C3 and the downregulation of BCL2 

Figure 8. comparative analyses of levels of BecN1, MTOR, sQsTM1 and polyubiquitinated proteins in the cerebellum of 263K-infected hamsters at 
terminal stage with ihc. (A) ihc assays of the cerebellum of normal and 263K-infected hamsters (×40). (B) The MOD values of different proteins in the 
cerebellum. Graphical data denote mean ± sD.
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at same time, induce an overactive autophagic response. That 
may explain the activated autophagic flux in the brain tissues of 
prion disease as well as the lack of colocalization of PrPSc with 
LC3 within neurons at the terminal stage of the disease.

Recently, increasing evidence in fungi and other organisms 
suggests that prion or prion-like conformational heredity is gen-
eral and conservative, and its phenotypes are not detrimental, 
but are beneficial in some cases.54 Hou et al. have reported that 
in mammalian cells, virus infection could induce a conforma-
tional change in MAVS (mitochondrial antiviral signaling) and 
make MAVS share features of a prion, including resistance to 
protease digestion, formation of fiber-like polymers, resistance 
to detergent solubilization and even conformational heredity.55 
Interestingly, compared with TSEs prion, the replication and 
aggregation of physiological endogenous prion-like proteins, 
such as MAVS, are not harmful to host cells. It is thought that 

in abnormal lysosomes, in which lysosome-related structures are 
presumed to act as the bioreactor for processing of PrPC to PrPSc.52 
The roles of lysosomes in prion diseases are still a controversial 
topic. Treatment with a series of lysosomal inhibitors inhibits 
PrPSc accumulation,24 while autophagy-lysosome system agonists 
enhance PrPSc clearance.24,26,53 Under the treatment with bafilo-
mycin A

1
, we have observed the colocalization of the expressed 

PrP-PG14 with LC3 in cultured cells and colocalization of PrPSc 
with LC3 in a prion-infected cell line in this study. Therefore, 
we speculate that the host neurons expect to clear out the aggre-
gations of misfolded prion and inhibit the replication of PrPSc 
via autophagy-lysosome degradation, while PrPSc may sustainably 
utilize the autophagy-lysosome system to achieve the conversion 
of PrPC into PrPSc. When more PrPSc accumulates and deposits 
in lysosomes, these lysosomes will disrupt and deliver the aggre-
gated PrPSc into the cytoplasm, which may induce cell stress, and 

Figure 9. Dynamic assays of autophagic system and PrPsc in the brain tissues of 263K-infected hamsters during incubation period. (A) Western blots 
for PrPsc and Lc3. (B) Western blots for BecN1, PiK3c3, p-MTOR, MTOR, sQsTM1 and polyubiquitinated proteins. The same amounts of individual brain 
homogenate were loaded and analyzed by 6% or 15% sDs-PAGe. The data of dpi are showed at the top. β-actin was used as an internal control.  
Molecular mass markers are indicated at the right. (C) Quantitative analysis of each gray numerical value of PrPsc, Lc3-ii, BecN1, PiK3c3, p-MTOR, 
MTOR, sQsTM1 and polyubiquitinated proteins vs that of individual β-actin. The relative expressing data of each marker are normalized to that of 0th 
dpi (Beclin-1, p-MTOR, MTOR, sQsTM1 and polyubiquitinated proteins) or that of 80th dpi (PrPsc, Lc3-ii and PiK3c3). Graphical data denote mean ± sD.
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Materials and Methods

Animal brain samples. Chinese golden hamsters inocu-
lated intracerebrally with hamster-adapted scrapie stain 263K 
described previously14,15 were enrolled in this study. All animals 
were fed in an Animal Biosafety Level 2 laboratory with human 
care. Two microliters of 10% brain homogenates of scrapie agent 
263K-infected hamsters were injected into the parietal lobes of 
70, 14-d old female hamsters at a depth of 4 to 5 mm. Five ani-
mals randomly selected on day 0 and the 20th, 40th, 60th and 
80th dpi were sacrificed and the brains were removed and frozen 
at -80°C. The brains of the remaining hamsters infected with 
agent 263K were collected at the terminal stage (between 76 to 

host cells should have certain mechanisms to resolve these aggre-
gates. In the case of MAVS, aggregates are probably degraded 
by autophagy accompanied by mitochondria clearance, avoiding 
unrestricted aggregation and further devastating consequences. 
In our study, the activation of the autophagic system seems to 
begin at early stages during scrapie infection. Such activated 
autophagic function seems to reach a saturation state and main-
tain its activity until the terminal stages of prion diseases. Thus, 
we presume that once PrPSc replication and deposition reaches 
a state that is beyond the ability of the host’s clearance system, 
including autophagy, neuron damage will occur and subse-
quently the disease will appear which is obviously distinct from 
other prion-like proteins.

Figure 10. Autophagosome formation and neurodegeneration at 40th dpi. (A) Nissl staining for neurons in the cortex and the cerebellum regions of 
the scrapie agents 263K-infected hamsters at 40th dpi (×40). Left: Representative images for Nissl staining (×40). Right: Quantity of neurons in cortex 
and Purkinje cells. (B) Left: Double immunofluorescent staining for Lc3 and MAP2 in the cortex region of brain sections of scrapie agents 263K-
infected hamsters at 40th dpi. scale bar: 20 μm. Right: The number of Lc3 puncta per neuron in the cortex and the cerebellum regions at 40th dpi. 
Graphical data denote mean ± sD.
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loss. CSF 14-3-3 protein was positive. PRNP gene sequencing 
revealed a D178N mutation with M129M homozygote. The 
brain samples of both the gCJD and FFI patients were obtained 
from the China CJD Surveillance Center, China CDC. Sample 
collection was done according to the standard protocols enacted 
by the China CDC. The autopsies of the gCJD and FFI patients 
were performed by local pathologists within 12 h after death. 
Half of the brains were fixed in 10% buffered formalin solu-
tion and the other half were stored with dry ice and packaged. 
Subsequently, samples were sent to the China CDC for further 
pathogen identification and scientific research.

The control brain sections were from a Chinese man who suf-
fered from brain vascular malformation at the age of 49 y old. 

80 dpi at their last gasp) and frozen at -80°C or fixed in 10% 
buffered formalin solution. Three brains of 80-d-old hamsters 
intracerebrally injected with 2 μl of physiological saline were 
used as healthy controls. The incubation time of 263K-infected 
hamsters was 66.7 ± 1.1 d.15

Human brain samples. A G114V gCJD case and a D178N 
FFI case, which were diagnosed by experts from the Chinese 
National Surveillance Network for CJD (CNSNC), were enrolled 
in this study. The gCJD case was a 47-y-old woman with G114V 
inherited prion disease and the main clinical and genetic charac-
teristics were reported previously.16 The FFI case was a 55-y-old 
man with an eight-month-long clinical course. The main clini-
cal manifestations were sleep disturbances, mutism and memory 

Figure 11. Assays of the colocalization between autophagosome and PrPsc in the brain sections of 263K-infected hamsters at terminal stage and in the 
prion cell models. The paraffin sections of scrapie 263K-infected hamster’s brain [(A) cortex, (B) the cerebellum] were double-stained immunofluores-
cently for Lc3 and PrPsc. (C) heK293 cells transiently cotransfected with pcDNA-PrP-PG14 and peGFP-Lc3 were stained immunofluorescently for PrP 
after treated with 400 nM bafilomycin A1. (D) sMB-s15 cells transfected with peGFP-Lc3 were stained for PrPsc after treated with 400 nM bafilomycin A1. 
The magnification views were shown in the right of each picture. The images of Lc3 (green), PrPsc or PrPPG14 (red), DAPi (blue) and merge are indicated 
above. scale bar: 20 μm.



©
20

12
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

www.landesbioscience.com Autophagy 1617

1 h and probed with various primary antibodies at 4°C overnight, 
including 1:1000-diluted anti-LC3 pAb (Novus, NB100-2220; 
Sigma, L8918), 1:1,000-diluted anti-SQSTM1 pAb (Sigma, 
P0067), 1:500-diluted anti-p-MTOR pAb (Cell Signaling 
Technology, 2971), 1:500-diluted anti-MTOR pAb (Cell 
Signaling Technology, 2972), 1:500-diluted anti-BECN1 pAb 
(Cell Signaling Technology, 3738), 1:500-diluted anti-ubiq-
uitin pAb (Santa Cruz, sc-9133), 1:300-diluted anti-PIK3C3 
pAb (Abcam, ab73262), 1:5000-diluted anti-PrP mAb (3F4, 
Chemicon, MAB1562-K) and 1:1,000-diluted anti-β-actin mAb 
(Subrray Biotechnology, Sr-25113), respectively. After washing 
with TBST, blots were incubated with 1:5,000-diluted horse-
radish peroxidase (HRP)-conjugated goat anti-mouse or rabbit 
IgG (Jackson ImmunoResearch Labs, 115-035-003 or 111-035-
003), at room temperature for 2 h. Blots were developed using 
the Enhanced ChemoLuminescence system (PerkinElmer, 
NEL103E001EA) and visualized on autoradiography films. 
Images were captured by ChemiDocTM XRS

+
 Imager.

To detect the presence of proteinase K (PK)-resistant PrPSc in 
brain tissues, the brain homogenates were digested with a final 

The patient underwent a neurosurgical operation. The surgically 
removed part that contained normal brain tissues was used as 
a control. The control brain was obtained about 8 h after the 
operation and then was fixed in 10% buffered formalin solution.

Preparations of brain homogenates. Brain samples from nor-
mal and scrapie-infected hamsters, as well as human gCJD or 
FFI patients, were washed in TBS (10 mM TRIS-HCl, 133 mM 
NaCl, pH 7.4) three times, and then homogenized in lysis buffer 
(100 mM NaCl, 10 mM EDTA, 0.5% Nonidet P-40, 0.5% Na 
deoxycholate in 10 mM TRIS-HCl, pH 7.4) containing Cocktail 
Set III (Merck, 539134). The homogenates were centrifuged at 
2,000 g for 10 min, and the supernatant fractions were collected 
and frozen at -80°C for further experiments. A whole-brain 
protein sample from healthy adult donors was purchased from 
Sigma, T6195.

Western blotting. Aliquots of brain homogenates were sepa-
rated on SDS-PAGE and electroblotted onto a nitrocellulose 
membrane using a semi-dry blotting system. Membranes were 
blocked with 5% (w/v) nonfat milk in 1 × TRIS-buffered saline 
containing 0.1% Tween 20 (TBST) at room temperature for  

Figure 12. A hypothetical processing schema of autophagy in cytoplasm49 and prion infection. At early stage, PrPsc enter the host cells and is delivered 
to the endosomes, and then the endosomes can fuse directly with lysosomes or fuse with autophagosomes to form amphisomes and finally fuse with 
lysosomes. At terminal stage, the accumulation of PrPsc in lysosomes and cytoplasm induced cell stress and overactive autophagic response.
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10 min. Brain slides were blocked in 1% normal goat serum 
and then incubated with 1:200-diluted pAb for LC3 and mAb 
for PrP (hamster brain sections and HEK293 cells transfected 
with PrP-PG14 were stained with mAb 3F4. SMB-S15 cells 
were stained with mAb 6D11 (Santa Cruz, sc-58581), or anti-
body against microtubule-associated protein 2 (MAP2) (Boster, 
BM1243) at 4°C overnight. Rabbit or mouse isotype antibodies 
were used as negative controls. The sections were subsequently 
incubated with 1:500-diluted Alexa Fluor 488-labeled goat anti-
rabbit and Alexa Fluor 568-labeled goat anti-mouse secondary 
antibody (Invitrogen, A-11034 and A-11004) for 60 min. Finally, 
the sections were incubated with 1 μg/ml DAPI (Invitrogen, 
D1306) for 10 min. The slices were then mounted in permount 
and analyzed by confocal microscopy Leica ST2. The numbers 
of LC3 puncta were counted manually according to previous 
guidelines.32

Bafilomycin A
1
 treatment. Human embryonic kidney 293 

(HEK293) cells were maintained in DEMD medium supple-
mented with 10% fetal calf serum. SMB-PS and SMB-S15 cells 
were obtained from Roslin Institute, UK and maintained in 
Medium 199 with Earle’s Salts, supplemented with 10% new-
born calf serum and 10% fetal calf serum. A mammalian express-
ing plasmid pcDNA3.1-PrP-PG14 encoding human PrP mutant 
with 9-extra octareat insertion was constructed previously.19 The 
EGFP-LC3 plasmid was a gift courtesy of Dr. X.Q. Liu (China 
CDC). Transfection of cells was conducted with FuGENE® HD 
reagent (Roche, 04709691001) according to the manufacturer’s 
instructions. Forty-eight h post-transfection, cells were exposed 
to 400 nM bafilomycin A

1
 (Sigma, B1793) and maintained for 

6 h. Cells were then subjected to further confocal microscopy 
assays. SMB-S15 cells were treated with 6 M GdnHCl before 
blocking with 1% normal goat serum.

Cell viability assay. Cell viability was determined using the 
CCK-8 cell counting kit (Dojindo, CK04). Briefly, 4,000 cells 
per well were plated in a 96-well plate and incubated overnight 
for adherence. The next day, the old medium was replaced with 
new medium containing a 1 mM concentration of 3-MA. Cell 
viability assays were performed every day. According to the 
assigned protocol, 10 μl CCK-8 reagent was added in each well 
at 37°C for 4 h. Absorbance was measured at 450 nm with a 
spectrophotometer. Each experiment was performed in triplicate 
and repeated two times.

Statistical analysis. Statistical analysis was performed using 
the SPSS 17.0 statistical package. Quantitative analysis of immu-
noblot images was performed using ImageJ software. The values 
of each target blot were evaluated. All data were presented as the 
mean ± SD. The p values among the digitized data from the brain 
regions of human cases and dynamic alterations of the autophagic 
system and PrPSc were determined by one-way ANOVA. Other 
statistical analyses were performed using Student’s t-test. p val-
ues less than 0.05 were considered to be statistically significant.  
p values were described in the figures or expressed as ***p < 
0.001; **p < 0.01; *p < 0.05; NS, nonsignificant.

Ethics statement. Usage of human and animal specimens 
in this study were approved by the Ethical Committee of the 
National Institute for Viral Disease Prevention and Control, 

concentration of 30 μg/ml PK at 37°C for 30 min prior to west-
ern blots. The PK digestion was terminated by incubating the 
samples at 100°C for 10 min.

Immunohistochemical (IHC) assays. Brain tissue was fixed 
in 10% buffered formalin solution and paraffin sections (5-μm 
in thickness) were prepared routinely. Sections were treated with 
the antigen retrieval kit (Boster, AR0022) for 1 min at 37°C and 
quenched for endogenous peroxidases in 3% H

2
O

2
 in metha-

nol for 10 min. After blocking in 1% normal goat serum, the 
sections were incubated with 1:400-diluted pAb for SQSTM1, 
1:200-diluted pAb for ubiquitin, 1:200-diluted pAb for BECN1 
and MTOR, at 4°C overnight. Rabbit or mouse isotype antibody 
(Zhongshan Goldenbridge, ZDR-5003 or ZDR-5006) was used 
as negative controls. Subsequently, the sections were incubated 
with 1:250-diluted HRP-conjugated goat anti-rabbit or -mouse 
secondary antibody (Boster, SV0002-12 or SV0001-12) for 60 
min, and visualized by incubation with 3,3'-diaminobenzidine 
tetrahydrochloride (DAB). The slices were counterstained with 
hematoxylin, dehydrated and mounted in permount.

Photomicrographs were taken with a digital camera DP70, 
Olympus Optical, attached to the microscope Olympus BX51. 
Density analysis was performed using Image-Pro Plus 5.0 soft-
ware. SQSTM1, BECN1, MTOR and ubiquitin staining for 
each region was separately assessed with the values of mean opti-
cal density (MOD). The OD analyses were performed by two 
investigators in a double-blind manner. Nonspecific background 
correction in each section was done by subtracting the OD value 
of the blank area obtained from the same section.

Quantitative real-time PCR (qRT-PCR). Real-time PCR 
in this study was performed in an ABI 7900HT Fast sequence 
detector (Applied Biosystems), with a 96-well microamp optical 
reaction plate format. Total tissue RNAs were extracted with a 
commercial RNeasy Lipid Tissue mini kit (Qiagen), and sub-
jected to first-strand cDNA synthesis with Reverse Transcription 
System (Promega) according to the manufacturer’s protocols. 
The specific primers for MTOR and ACTB/β-actin were 5'-TTC 
ACT GAC TAT GCC TCC C-3' and 5'-TGT CGC ACC AGA 
ACT TTA TT-3', 5'-CTA CAA TGA GCT GCG TGT GGC-3' 
and 5'-CAG GTC CAG ACG CAG GAT GGC-3', respectively. 
PCR amplification was performed in triplicate with the follow-
ing conditions: 2 min at 50°C and 10 min at 95°C, followed by 
a total of 40 two-temperature cycles (15 sec at 95°C and 30 sec at 
62°C). The comparative Ct (the fractional cycle number at which 
the amount of amplified target reached a fixed threshold) method 
was used for the relative quantitative detection of the expressions 
of the targeting genes. The relative Ct for the target gene was 
subtracted from that of ACTB gene.

Nissl staining. Brain paraffin sections (5-μm in thickness) 
were stained with Nissl (1% toluidine blue) for 30 min. After 
rinsing quickly in distilled water, the sections were differentiated 
in 95% ethyl alcohol for 0.5 min. After dehydration, the slices 
were mounted with permount and observed under a microscope 
(Olympus BX51). The cells containing Nissl bodies were consid-
ered as neurons and counted manually.

Confocal microscopy assays. Prior to the staining with 
PrP mAb, brain sections were treated with 6 M GdnHCl for  
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