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FK506 reduces abnormal prion protein through
the activation of autolysosomal degradation
and prolongs survival in prion-infected mice
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Prion diseases are fatal neurodegenerative disorders and no effective treatment has been established to date. In this
study, we evaluated the effect of FK506 (tacrolimus), a macrolide that is known to be a mild immunosuppressant, on
prion infection, using cell culture and animal models. We found that FK506 markedly reduced the abnormal form of prion
protein (PRNPSc) in the cell cultures (N2a58 and MG20) infected with Fukuoka-1 prion. The levels of autophagy-related
molecules such as LC3-II, ATG12–ATG5 and ATG7 were significantly increased in the FK506-treated cells, and resulted
in the increased formation of autolysosomes. Upregulation of the autophagy-related molecules was also seen in the
brains of FK506-treated mice and the accumulation of PRNPSc was delayed. The survival periods in mice inoculated with
Fukuoka-1 were significantly increased when FK506 was administered from day 20 post-inoculation. These findings
provide evidence that FK506 could constitute a novel antiprion drug, capable of enhancing the degradation of PRNPSc in
addition to attenuation of microgliosis and neuroprotection.

Introduction
The transmissible spongiform encephalopathies (TSE), prion
diseases, are fatal neurodegenerative disorders and include
Creutzfeldt-Jakob disease (CJD) in humans. Histologically,
TSEs are characterized by neuronal loss, maculation and activation of astrocytes and microglia, and the conformational
conversion of normal prion protein (PRNPC ) to the abnormal
form (PRNPSc) is central to the pathogenesis.1,2 For this reason, drug discovery for the prion diseases has focused primarily
on compounds capable of inhibiting the conversion of PRNP.
A number of drugs, including pentosan polysulfate (PPS),3
quinacrine,4 anti-PRNP antibodies5,6 and others,7,8 have been
proposed as potential anti-prion agents. Most act by binding
to PRNPC and inhibiting the interaction between PRNPC and
PRNPSc, resulting in a reduction of the conversion of PRNPC
into PRNPSc. PPS has been shown to prolong the survival of
infected animals, but only when the drug is administered into

the brain directly because it cannot cross the blood brain barrier.9 Anti-PRNP antibody treatments present the same problem.
Quinacrine is strongly inhibitory in vitro but has little effect on
patient survival.10 Other small compounds that show anti-prion
effect in vitro have been reported to possess prophylactic effect
in vivo but failed to stop pathogenesis of the disease after onset.
Put simply, an effective treatment for patients with prion diseases does not yet exist.11 Furthermore, while suppression of the
conversion from PRNPC to PRNPSc by these anti-PRNP drugs
remains important, alone it is not sufficient, and new therapeutics targeting areas other than the conversion process should be
considered.12
One possible target for drug development is molecules which
control protein-degradation pathways in cells. Neurodegenerative
diseases are generally thought to be caused by the accumulation of misfolded, aggregate-prone proteins such as α-synuclein
in Parkinson disease or dementia with Lewy bodies, and

*Correspondence to: Ryuichiro Atarashi; Email: atarashi@nagasaki-u.ac.jp
Submitted: 10/19/12; Revised: 06/11/13; Accepted: 06/12/13
http://dx.doi.org/10.4161/auto.25381
1386

Autophagy

Volume 9 Issue 9

Basic Research Paper

Basic Research Paper

FKBP12-FK506 complex is known to
interact with and inhibit calcineurin,
resulting in the suppression of both
T-lymphocyte signal transduction
and IL2 transcription.21 Recent studies reveal neuroprotective effects in
cerebral ischemia 22 and several neurodegenerative disorders,23,24 including
TSE.25 On the other hand, FKBP39 has
recently been reported to suppress autophagy in drosophila.26 This result raises
the possibility that FK506 could also
influence the autophagy-lysosomal system in mammalian cells. In this study,
we examined the effect of FK506 treatment on prion infection, autophagic
pathways, and the relationship between
them, using prion-infected cell cultures
and animal models.
Results
FK506 decreases PRNPSc in cell culture models. To investigate the effect
of FK506 on the amount of PRNPSc,
we treated neuroblastoma cells overexpressing PRNPC (N2a58 cells) and
infected them with the mouse-adapted
Figure 1. FK506 reduces PRNPSc and activates autophagy in a prion-infected cell culture model.
G e r s t m a n n- St r ä u s s le r- S c he n k e r
(A) The Fukuoka-1-infected cells were treated with different concentrations of FK506 for 48 h. The
syndrome (GSS) Fukuoka-1 strain
amount of PRNPSc and autophagy-related molecules (LC3-I and II, BECN1, ATG12–ATG5, and ATG7) in
(N2a58/Fukuoka-1), together with difSc
cells were analyzed by western blotting. (B) The PRNP band intensities are expressed as a percentage
ferent concentrations of FK506 over
of those of the negative controls. The results in the graph are the mean ± SD of three independent
48 h, and found that the amount of
experiments. The logistic regression curve that fits the data are shown. (C) The levels of PRNPC in N2a58
cells treated with different concentrations of FK506 for 48 h were analyzed by western blotting. The
PRNPSc decreased in correlation with
data are representative of three independent experiments.
the concentration of FK506 (Fig. 1A
and B). The effective concentration
for 50% reduction of PRNPSc (IC50)
polyglutamine-containing proteins in Huntington disease or spi- over 48 h was 11.9 μM. We next tested whether FK506 reduces
nocerebellar ataxia, and PRNP in prion diseases. The clearance PRNPSc in a microglial cell line overexpressing PRNPC (MG20
of these aggregated proteins depends mainly upon autophagy, cells). The inhibitory effect on PRNPSc accumulation was also
which is the major molecular mechanism for degrading cyto- observed for MG20 cells infected with Fukuoka-1 (Fig. S1A).
plasmic materials in the lysosome,13,14 and over the past decade, Furthermore, we determined the effect of FK506 on PRNPC
many researchers have focused on the autophagy-lysosomal sys- levels in uninfected cells. FK506-treated N2a58 (Fig. 1C) and
tem as a quality control regulator of protein in neurodegenera- MG20 (Fig. S1B) cells exhibited a mild reduction in PRNPC levtive diseases.13,14 Of note, the chemical-induced enhancement of els, suggesting that a decrease in PRNPC may also contribute to a
autophagy has been reported to decrease aggregates in the CNS reduction in PRNPSc accumulation.
and retard the progression of neurological symptoms in several
To examine whether FK506 directly binds to PRNPC, we
animal and cell culture models of neurodegenerative diseases, examined the affinity of FK506 to recombinant PRNP (recPRNP)
including TSE.14–19 The autophagy-lysosomal system is regulated using the surface plasmon resonance (SPR) method.27 The posiby several mechanisms, one example of which is mechanistic tar- tive control, GN8, that is known to bind to PRNPC and inhibit
get of rapamycin (MTOR) signaling.20
the conversion,28 showed the typical binding signals in a doseFK506, also named tacrolimus, is well known as an immu- dependent manner, while the affinity of FK506 to recPRNP was
nosuppressive drug that is mainly used post-transplantation to very low (Fig. S3). Although most of the compounds reported to
decrease the activity of the recipient’s immunity. It has been have therapeutic action in prion diseases bind to PRNPC, SPR
reported that FK506 binds to the immunophilin FKBP12 revealed that FK506 did not bind to recPRNP, indicating that
(FK506 binding protein), and creates a new complex. This the anti-prion effect of FK506 is indirect.
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FK506 increases the levels of autophagy-related molecules
and the formation of autolysosomes in prion-infected cell culture models. To investigate the effect of FK506 on the activation
of autophagy, we first analyzed the levels in N2a58/Fukuoka-1
cells of several autophagy-related molecules: LC3-II, ATG7,
ATG12–ATG5 complex and BECN1/Beclin 1.29 An increase in
all the molecules tested was observed following treatment with
FK506 (Fig. 1A). Autolysosomes were evaluated by staining with
an auto-fluorescent drug, monodansylcadaverine (MDC), which
detects acidic compartments including autolysosomes.30 Because
autophagy is strongly induced by starvation, increased fluorescence was seen in the cells treated with Hank’s Balanced Salt
Solutions (HBSS), as the positive control (Fig. 2A). A similar
increase in MDC signals was seen in the FK506-treated N2a58/
Fukuoka-1 cells, which had twice as many vacuoles as the
untreated cells (Fig. 2A). The increased signals were also observed
for uninfected N2a58 cells treated with FK506 (Fig. S2).
To determine whether the degradation of PRNPSc was due to
autolysosomal activity, we treated the cells with NH4Cl,31 which is
an effective inhibitor of lysosomal hydrolases that acts by increasing the pH inside lysosomes. The levels of LC3-II were observed
in the following order: FK506 + NH4Cl > NH4Cl > FK506 > no
treatment (Fig. 2B). These observations can be explained by the
fact that LC3-II itself is also degraded by lysosomal hydrolases.
The decreased levels of PRNPSc by FK506 were recovered when
the cells were added with NH4Cl (Fig. 2C, lane 4). These results
indicate that PRNPSc is actively degraded by autolysosomes when
cells are treated with FK506.
FK506 prolongs survival of prion-infected mice. To examine the effect of FK506 on the survival periods of prion-infected
mice, CD-1 mice were inoculated intracerebrally with Fukuoka-1
strain. FK506 was intraperitoneally administered (1.0 or 0.1
mg/kg/day,) from 20 or 60 d post-inoculation (d.p.i.). In the
untreated controls, symptoms appeared at 110 d.p.i. and the mice
died around 120 d.p.i. (Fig. 3A; Table 1). While there was no
significant difference in symptom onset or survival between the
mice treated from 60 d.p.i and the control, those mice treated
from either 20 d.p.i. survived until about 140 d.p.i (Fig. 3A;
Table 1). Next, transgenic mice overexpressing Syrian hamster
PRNP32 [Tg(Sha Prnp)] were inoculated intracerebrally with
hamster scrapie-prion strain 263K. FK506 (1.0 mg/kg/day,
orally) was administered either from 14 d.p.i. or 28 d.p.i. The
mice treated from 14 d.p.i. survived about 14 d longer than the
mice receiving vehicle only (p < 0.05) (Fig. S4). These results
indicate that FK506 treatment led to prolonged survival in prioninfected animal models, although the effect was influenced by
the timing of administration.
FK506 upregulates autophagy and decreases PRNPSc in the
brains of mice. Some of the mice treated from 20 d.p.i. were
sacrificed at 110 d.p.i. and their brains examined to determine
the degree of accumulation of PRNPSc and levels of autophagyrelated molecules. The amount of PRNPSc in the treated mice
was considerably less than that in the control at 110 d.p.i. (Fig.
3D and E). In contrast, there was no significant difference
between the brains of treated mice and those of the control by
the terminal stage. Levels of LC3-II, ATG7 and ATG12–ATG5
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Figure 2. FK506 induces the formation of autolysosomes in prioninfected cells. (A) Autolysosomes in the cells treated with 10 µM of FK506
or DMSO for 24 h were visualized using 0.1 mM of monodansycadaverine
(MDC) for 30 min (left three panels). Scale bars: 20 μm. As a positive control, cells were treated with HBSS for 30 min before MDC treatment. The
right graph shows the average number of MDC-labeled autolysosomes
in a single cell. Values represent the mean ± SD of three independent
experiments. Statistical analysis was done using one-way ANOVA followed by the Tukey-Kramer test. **p < 0.01, ***p < 0.001 compared with
the cells treated with DMSO. (B) To inhibit lysosomal activity, Fukuoka-1infected cells were pretreated with 10 mM of NH4Cl for 24 h (lanes 2 and
4) prior to addition of 30 µM of FK506. The amount of PRNPSc and LC3-II
in cells was analyzed by western blotting. The data are representative of
three independent experiments.

complex were significantly increased in the brains of mice receiving FK506 (Fig. 4), supporting the view that FK506 decreased
the accumulation of PRNPSc via activation of autolysosomes in
animal brains as well as in cells.
FK506 partially suppresses pathological changes associated
with prion diseases in Fukuoka-1-infected mouse brains
Next, we analyzed the degree of vacuolation, gliosis and
PRNPSc in the brains of Fukuoka-1-infected mice. We evaluated the degree of vacuolation by calculating the percentage of
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Figure 3. FK506 prolongs survival in Fukuoka-1-infected mice. (A) Survival curves in the Fukuoka-1-infected mice administered FK506 intraperitoneally.
The control mice (n = 6, circle) and FK506-treated mice (group 1: from 20 d.p.i., n = 10, square; group 2: from 60 d.p.i., n = 5, triangle) were compared.
Mice in group 1 survived significantly longer than those of the control group (p < 0.01, Logrank test). (B) Comparison of spongiform change at 110 d.p.i.
between control animals (vehicle only) and group 1 mice. The brain sections of cortex (Cx), hippocampus (Hip), thalamus (Tha), striatum (St) and cerebellum (Ce) stained with hematoxylin and eosin are shown. Scale bars: 100 μm. (C) In 3 to 5 randomly selected areas of each tissue sample, individual
vacuoles were measured and the total vacuolated area was expressed as a percentage of the entire surface of the specimen. Statistical significance
was determined using the two-tailed Student’s t-test. *p < 0.05 compared with the control. Error bars indicate SD (n = 3). (D) Accumulation of PRNPSc in
brain tissues at 110 d.p.i. (upper panel) and terminal stage (lower panel) from controls (vehicle only) or group 1 mice was analyzed by western blotting.
(E) Immunohistochemical staining of PRNPSc in thalamus samples of mice sacrificed at 110 d.p.i. and those sacrificed at the terminal stage, using SAF32
antibody. Scale bars: 100 μm. Data are representative of at least three mice.
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Table 1. Survival periods of prion-infected mice administered FK506
Mouse

Strain

FK506 (mg/kg/day)

CD-1

Fukuoka-1

0

Start point (d.p.i)

Number

Mean ± SD (days)

6

125.5 ± 1.6

20

10

139 ± 2.0

< 0.001

60

5

128 ± 2.1

n.s

20

5

141 ± 2.6

< 0.01

60

5

123 ± 2.1

n.s

1.0

0.1

p value

n.s, no significance

the vacuolated area in each section (Fig. 3C and D). Treatment
with FK506 suppressed vacuolation in the hippocampus and
thalamus. We also analyzed the degree of activation of microglia and astrocytes by immunohistochemical staining and western blotting. The expression of allograft inflammatory factor
1(AIF1/IBA1), which is an EF-hand protein and is reported to
be upregulated in activated microglia,33,34 was decreased in the
treated mice (Fig. S3A). The area occupied by microglia tended
to be decreased in the brains of treated mice, especially in the
cortex (Fig. S5B and S5C). To analyze astrocytosis, we used an
anti-glial fibrillary acidic protein (GFAP) antibody as a marker. A
small suppression in the treated mice was observed, however, the
difference did not reach statistical significance (Fig. S6). These
results indicate that FK506 delays the accumulation of PRNPSc
in the brains of Fukuoka-1-infected mice and partially attenuates
the activation of microglia and spongiform change at 110 d.p.i.
Discussion
In our experiments, accumulation of PRNPSc was suppressed
by FK506 treatment in both prion-infected cells and mice.
Furthermore, increased amounts of autophagy-related molecules
such as LC3-II, ATG12–ATG5 complex and ATG7 were detected
and the formation of autolysosomes was significantly increased
in FK506-treated prion-infected cells. These results support
the notion that FK506 enhances the degradation of PRNPSc via
upregulation of autophagy, although the molecular basis remains
to be elucidated.
There are two major pathways involved in the degradation
of abnormally folded proteins in cells: the ubiquitin-proteasome
system (UPS) and the autophagy-lysosomal system. The UPS is
involved in the targeted degradation of most short-lived proteins
or proteins that fold improperly within the endoplasmic reticulum. Although inhibition of the UPS causes cytosolic PRNPC
accumulation, it is unlikely that the degradation of PRNPSc
occurs mainly in the UPS,35,36 as PRNPSc aggregates are unable
to enter the narrow channel into the proteasome. On the other
hand, the UPS has been reported to be impaired in TSEs,37,38
and it has been demonstrated that both PRNPSc and aggregated
β-sheet-rich recPRNP inhibit the activity of proteasomes. Thus,
it is reasonable to postulate that autophagy is one of the major
degradation pathways of PRNPSc.
Mukherjee et al. have recently reported that FK506 suppressed the function of calcineurin leading to the reduction of
prion-induced neurodegeneration,25 and concluded that FK506
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treatment does not alter the extent of accumulation of PRNPSc,
astrocytosis or microglial activation at the terminal stage of the
disease. These findings are consistent with our observation that
no significant difference was observed between the brains of
FK506-treated mice and those of control animals at the terminal
stage. However, in our study, both accumulation of PRNPSc and
microgliosis in the mice treated from 20 d.p.i. were suppressed
at 110 d.p.i., when symptoms were already in evidence in the
untreated controls. These observations indicate that both the rate
of accumulation of PRNPSc and microgliosis were decreased in
the FK506-treated mice, and it is most likely that the delayed
accumulation of PRNPSc was primarily due to the increased degradation of PRNPSc via activation of autophagy. Furthermore,
our SPR experiments revealed that there was no direct interaction
between recPRNP and FK506, providing further evidence that
the principle anti-prion effect of FK506 is not due to inhibition
of the conversion into PRNPSc.
The importance of autophagy in the clearance of PRNPSc is
also supported by the fact that certain chemicals such as trehalose,17 lithium18 and rapamycin19 decrease the amount of PRNPSc
in prion-infected cultured cells or mice by inducing the upregulation of autophagy. In contrast, treatment with trehalose or lithium did not significantly prolong the survival of prion-infected
mice, although these findings may be partially explained by the
fact that the effective concentration of both drugs is extremely
high (mM range), and therefore difficult to achieve in vivo.17,18
Rapamycin did extend survival to a moderate extent only under
certain experimental conditions.19,25 In our study, the early
administration at 20 d.p.i of FK506 prolonged the survival of
Fukuoka-1-infected mice. In contrast, the late administration
(60 d.p.i.) had little effect on survival duration. The difference
in the protective effect afforded by FK506 as a consequence of
administration time may be explained by the assumption that
activation of autophagy can completely disrupt small aggregates
of PRNPSc, but not large PRNPSc aggregates. It is reasonable to
postulate that the size of PRNPSc aggregates has increased by the
late stage. Moreover, autophagy may sometimes cause fragmentation of large aggregates of PRNPSc, resulting in enhancement of
PRNPSc formation. The above possibilities also explain why there
was no difference in accumulated PRNPSc at the terminal stage.
However, further studies are required to investigate the molecular basis of these results and the optimum time for administration
of FK506.
Increasing evidence suggests that inflammation processes
such as gliosis are involved in the pathogenesis of prion diseases.39
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Figure 4. FK506 upregulates autophagy-related molecules in the brains
of prion-infected mice. (A) The control mice (n = 3) and FK506-treated
mice (group 1: from 20 d.p.i., n = 4) were compared at 110 d.p.i. The
amounts of autophagy-related molecules (LC3, BECN1, ATG12–ATG5
and ATG7) and ACTB/β-actin in brain tissues were analyzed using western blotting. (B) Band intensities of autophagy-related molecules are
expressed as a percentage of those of the control (vehicle only). Values
represent the mean ± SD of three independent experiments. Statistical
significance was determined using the two-tailed Student’s t-test. *p <
0.05, ** p < 0.01, ***p < 0.001 compared with the control group.

Suppression of microglial activation by FK506 has also been
reported in cerebral ischemia 22 and a tauopathy23 mouse model.
Microglia are thought to exert two opposing effects in prion diseases. Following exposure to PRNPSc, microglia produce neurotoxins that exacerbate neurodegeneration.40,41 In contrast, it is
reported elsewhere that activated microglia may afford protection to neurons through phagocytosis and digestion of aggregated PRNPSc.42,43 It is possible that the balance between the
two contrary effects of microglial activation may proceed in a
time-dependent manner. When treatment was initiated at an
early stage (20 d.p.i.) microglia appeared to play a deteriorative role, while at a late stage (60 d.p.i) they offered a protective
role. Nevertheless, further studies are needed to determine the
exact role of microgliosis in the pathogenesis of prion diseases,
and to establish the contribution by FK506 to the suppression
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of microglial activation, with that of stimulating autophagy.
FK506 immunosuppression is clearly mediated by the inhibition of calcineurin in T-cells,21 but it remains to be determined
whether suppression of microglial activation and activating autophagy depend on the inhibition of calcineurin. Thus, it would be
worthwhile examining the effect of non-calcineurin inhibiting
derivatives such as V-10,367 and GPI-1046.44
Inhibition of the peptidyl-prolyl isomerase activity of FKBPs
may constitute another mechanism for the anti-prion effect
of FK506, as a number of FKBPs are suspected to accelerate
the aggregation of abnormal proteins.24 However, it remains
unknown whether this activity influences the production of
PRNPSc.
FK506 has the advantage of having been widely used for many
years in the clinical setting, in contrast to most of the other substances that have been proposed as therapeutic agents for TSEs.
Of particular interest is its effect on Crohn disease, since carriers of the ATG16L1 gene and certain other mutations which
are thought to impair autophagy, have increased susceptibility
to the disease.45,46 Furthermore, oral administration of FK506
has clinical benefit because of its ease of administration and its
low cost. Taken together, these characteristics raise the possibility that FK506 may become a valuable therapeutic agent for
prion diseases. It would be of great value to additionally examine
whether combination therapy using FK506 together with other
drugs possessing different areas of action would be an even more
beneficial strategy for the effective management of TSEs.
In conclusion, we have shown that FK506 treatment decreases
the levels of PRNPSc in prion-infected cell culture models and
prolongs the survival of prion-infected mice, both of which are
accompanied by upregulation of autophagy-related molecules.
Our findings provide evidence that FK506, in addition to attenuation of microglial activation and neuroprotection, induces the
activation of the autophagy-lysosomal system and facilitates the
elimination of accumulated PRNPSc via this mechanism.
Materials and Methods
Ethics statement. All animal experiments were permitted by the
committee of the Nagasaki University in accordance with the
Guidelines for Animal Experimentation of Nagasaki University
and conformed to the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes
of Health.
Reagents. M-20 antibody (Santa Cruz Biotechnology,
sc7694) is a goat polyclonal antibody recognizing the C-terminus
of mouse PRNP. SAF32 antibody (SPI-BIO, A03202) is a mouse
monoclonal antibody recognizing the octapeptide repeats in
mouse PRNP. The anti-AIF1/IBA1 antibody to detect microglia (Wako Pure Chemical Industries, 016–20001 for western
blotting, 019-19741 for immunohistochemistry) and the antiGFAP antibody to detect astrocytes (DAKO, Z033429) are
rabbit polyclonal antibodies. Antibodies to detect autophagyrelated molecules were rabbit polyclonal antibodies: anti-ATG5
(Cell Signaling Technology, 2630), -ATG12 (2011), -BECN1
(3738), -LC3 (Medical and Biological Laboratories, PM036) and
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-ATG7 (Sigma Aldrich, A2856). FK506 (20% powder dissolved
in water) for use in the animal studies was a gift from Astellas
Pharma Inc. FK506 (Sigma-Aldrich, F4679) for use in the cell
culture model assay was dissolved in dimethyl sulfoxide (DMSO;
Sigma, D4540). Monodansylcadaverine (MDC; Sigma, 30432)
was used for labeling autolysosomes and dissolved in ethanol
(Nacalai, 14713-95).
Animal models. Four-week-old transgenic mice overexpressing hamster PRNP [Tg(Sha Prnp)], and CD-1 male mice (Charles
River Laboratories International), were inoculated intracerebrally
with 20 μl of brain homogenate from 263K-infected hamster
and Fukuoka-1-infected mice, respectively. Mice were monitored
weekly until the terminal stage of disease or until sacrificed.
Clinical onset was defined as the presence of 3 or more of the
following signs: greasy and/or yellowish hair, hunchback, weight
loss, yellow pubes, ataxic gait and nonparallel hind limbs. Brains
were removed, and the right hemispheres frozen and homogenized at 20% (w/v) in phosphate-buffered saline (PBS; Nacalai
Tesque, 14249). Total proteins were extracted by mixing with
the same amount of 2 × lysis buffer [1% Triton X-100 (Wako,
168-11085), 1% Deoxycholic acid (Wako, 046-18811), 300 mM
NaCl (Nakalai, 31320-05), 50 mM Tris (Nakalai, 35434-2)HCl (WAKO, 080-01066), pH 7.5].
In vivo administration of FK506. In Fukuoka 1-infected
CD-1 mice, FK506 (1.0 or 0.1 mg/kg/day) was intraperitoneally administered from 20 or 60 d post-inoculation (d.p.i.).
In 263K-infected Tg(Sha Prnp) mice, treatment with FK506
(1.0 mg/kg/day, orally) was started either from 14 d.p.i. or
28 d.p.i.
Cell culture. N2a58 and MG20 cells were prepared as described
previously.47,48 Fukuoka-1-infected N2a58 (N2a58/Fukuoka-1)
and MG20 cells (MG20/Fukuoka-1) were produced by inoculation with brain homogenates harvested from Fukuoka-1-infected,
terminally ill ddY mice. All cell media was supplemented with 10%
fetal bovine serum and penicillin-streptomycin (Nacalai, 0936734). Cells were incubated at 37°C and 5% CO2, and sub-cultured
every 3 to 4 d at a 5- to 10-fold dilution. N2a58 cells and N2a58/
Fukuoka-1 cells were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM; Wako Pure Chemical Industries,
043-30085) and Opti-MEM (Gibco-Invitrogen, 31985), respectively. MG20 and MG20/Fukuoka-1 cells were cultured in
low-glucose DMEM (Wako, 041-29775) supplemented with
10 μM 2-mercaptoethanol (Sigma, M3148) and 10 μg/ml insulin
(Sigma, I3536). Both N2a58/Fukuoka-1 and MG20/Fukuoka-1
cells stably produced PRNPSc for over 30 passages.
FK506 treatment in cell cultures. Cells (3.5 × 105 cells/well)
were grown in 6-well plates for 24 h prior to the addition of different concentrations of FK506 diluted in the same volume of
DMSO. As a negative control, DMSO alone was used. After
treatment for 48 h, the proteins were collected in lysis buffer
(0.5% Triton X-100, 0.5% Deoxycholic acid, 150 mM NaCl and
50 mM TRIS-HCl, PH 7.5) and analyzed by western blotting.
To inhibit lysosomal activity, cells were initially treated with
10 mM of NH4Cl (Wako, 017-02995) for 24 h, after which
30 μM of FK506 was added and the cells were cultured for a
further 24 h.
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MDC assay. Cells were treated with 10 μM of FK506 for
24 h or HBSS for 30 min, and then incubated with 0.1 mM of
MDC in PBS for 30 min at 37°C. The cells were then washed
with PBS twice and observed using an Axio Observer Z1 (Carl
Zeiss, 431007-9901). The granules of MDC were counted using
an INCell Analyzer 1000 (GE Healthcare, 25-8010-26).
Western blotting. Total protein concentrations were measured using a BCA protein assay kit (Pierce, 23227). To detect
PRNPSc, the samples were digested with PK (40 μg/mg protein)
for 30 min at 37°C. Loading buffer [50 mM TRIS-HCl (pH
6.8), containing 5% glycerol (Kanto Chemical, 17029-00), 1.6%
SDS (Nakalai, 31606-75) and 100 mM dithiothreitol (Nakalai,
14128-62)] was added to the proteins, and the mixtures incubated
at 95°C for 10 min. SDS-PAGE was performed using 15% acrylamide gels. The proteins were transferred onto an Immobilon-P
membrane (Millipore, IPVH10100) in a transfer buffer containing 20% methanol, and the membrane was blocked with 5%
nonfat dry milk in TBST [10 mM TRIS-HCl (pH 7.8), 100 mM
NaCl, 0.1% Tween 20 (Wako, 591-09825)] for 60 min at room
temperature and reacted with primary antibody overnight at 4°C.
Immunoreactive bands were visualized using the enhanced ECL
plus chemiluminescence system (GE Healthcare, RPN2132).
Histochemistry. The brain tissues were fixed in 10% neutral
buffered formalin (Wako, 066-03847). The fixed hemispheres
were embedded in paraffin and sectioned into 3 μm slices. To
evaluate the spongiform change, the tissue sections were stained
with hematoxylin (Wako, 131-09665) and eosin (Wako, 05606722). For AIF1 and GFAP staining, after deparaffinization
and rehydration, the sections were treated with 0.3% hydrogen peroxidase (Wako, 086-07445) in methanol (Hayashi Pure
Chemical, 130-02069) for 30 min to inactivate endogenous peroxidase and then incubated with 3% nonfat dry milk (Megmilk
Snow Brand, FA-08) in TBST for 60 min at room temperature.
The blocked sections were reacted with primary antibody overnight at room temperature, then reacted with envision polymer
horseradish peroxidase (HRP)-conjugated anti-rabbit immunoglobulin G antibodies (Dako, K4002) for 60 min at room
temperature. Immunostaining was visualized using 3, 3-diaminobenzidine (DAB; Dojindo Lab, D006). The hydrolytic autoclaving and formic acid method for PRNPSc staining has been
described previously.49
Statistical analysis. The unpaired t-test or Welch’s correction
was used for comparison between the two groups. For multiple
comparison the one-way ANOVA followed by the Tukey-Kramer
test was used. The log rank test was used for analyzing the survival time of prion-infected mice. All statistical analysis was performed using GraphPad Prism software.
Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.
Acknowledgments

We thank Dr. Hitoki Yamanaka for helpful discussions, and
Mari Kudo, Atsuko Matsuo and Ayumi Yamakawa for technical
assistance. This work was supported by the Global Centers of
Excellence Program (F12); a grant-in-aid for science research (B;

Autophagy

Volume 9 Issue 9

grant no. 23300127) from the Ministry of Education, Culture,
Sports, Science and Technology of Japan; a grant for bovine
spongiform encephalopathy research and a grant-in-aid from the
Research Committee of Prion disease and Slow Virus Infection,
from the Ministry of Health, Labor and Welfare of Japan; a grant
from Takeda Science Foundation.
References
1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

Prusiner SB. Prions. Proc Natl Acad Sci U S A
1998; 95:13363-83; PMID:9811807; http://dx.doi.
org/10.1073/pnas.95.23.13363
Aguzzi A, Polymenidou M. Mammalian prion biology: one century of evolving concepts. Cell 2004;
116:313-27;
PMID:14744440;
http://dx.doi.
org/10.1016/S0092-8674(03)01031-6
Caughey B, Raymond GJ. Sulfated polyanion inhibition of scrapie-associated PrP accumulation in cultured cells. J Virol 1993; 67:643-50; PMID:7678300
Doh-Ura K, Iwaki T, Caughey B. Lysosomotropic
agents and cysteine protease inhibitors inhibit scrapie-associated prion protein accumulation. J Virol
2000; 74:4894-7; PMID:10775631; http://dx.doi.
org/10.1128/JVI.74.10.4894-4897.2000
White AR, Enever P, Tayebi M, Mushens R, Linehan
J, Brandner S, et al. Monoclonal antibodies inhibit
prion replication and delay the development of prion
disease. Nature 2003; 422:80-3; PMID:12621436;
http://dx.doi.org/10.1038/nature01457
Ishibashi D, Yamanaka H, Mori T, Yamaguchi N,
Yamaguchi Y, Nishida N, et al. Antigenic mimicry-mediated anti-prion effects induced by bacterial enzyme succinylarginine dihydrolase in mice.
Vaccine 2011; 29:9321-8; PMID:22008817; http://
dx.doi.org/10.1016/j.vaccine.2011.10.017
Cashman NR, Caughey B. Prion diseases--close to
effective therapy? Nat Rev Drug Discov 2004; 3:87484; PMID:15459678; http://dx.doi.org/10.1038/
nrd1525
Brazier MW, Volitakis I, Kvasnicka M, White AR,
Underwood JR, Green JE, et al. Manganese chelation therapy extends survival in a mouse model
of M1000 prion disease. J Neurochem 2010;
114:440-51;
PMID:20456001;
http://dx.doi.
org/10.1111/j.1471-4159.2010.06771.x
Tsuboi Y, Doh-Ura K, Yamada T. Continuous
intraventricular infusion of pentosan polysulfate:
clinical trial against prion diseases. Neuropathology
2009; 29:632-6; PMID:19788637; http://dx.doi.
org/10.1111/j.1440-1789.2009.01058.x
Collinge J, Gorham M, Hudson F, Kennedy A,
Keogh G, Pal S, et al. Safety and efficacy of quinacrine in human prion disease (PRION-1 study): a
patient-preference trial. Lancet Neurol 2009; 8:33444; PMID:19278902; http://dx.doi.org/10.1016/
S1474-4422(09)70049-3
Zerr I. Therapeutic trials in human transmissible
spongiform encephalo-pathies: recent advances and
problems to address. Infect Disord Drug Targets
2009; 9:92-9; PMID:19200019; http://dx.doi.
org/10.2174/1871526510909010092
Brazier MW, Wall VA, Brazier BW, Masters CL,
Collins SJ. Therapeutic interventions ameliorating prion disease. Expert Rev Anti Infect Ther
2009; 7:83-105; PMID:19622059; http://dx.doi.
org/10.1586/14787210.7.1.83
Mizushima N, Levine B, Cuervo AM, Klionsky DJ.
Autophagy fights disease through cellular self-digestion. Nature 2008; 451:1069-75; PMID:18305538;
http://dx.doi.org/10.1038/nature06639
Cheung ZH, Ip NY. Autophagy deregulation
in neurodegenerative diseases - recent advances
and future perspectives. J Neurochem 2011;
118:317-25;
PMID:21599666;
http://dx.doi.
org/10.1111/j.1471-4159.2011.07314.x

www.landesbioscience.com

Supplemental Materials

Supplemental materials may be found here:
www.landesbioscience.com/journals/autophagy/article/25381

15. Williams A, Sarkar S, Cuddon P, Ttofi EK, Saiki S,
Siddiqi FH, et al. Novel targets for Huntington’s disease in an mTOR-independent autophagy pathway.
Nat Chem Biol 2008; 4:295-305; PMID:18391949;
http://dx.doi.org/10.1038/nchembio.79
16. Schaeffer V, Lavenir I, Ozcelik S, Tolnay M, Winkler
DT, Goedert M. Stimulation of autophagy reduces
neurodegeneration in a mouse model of human tauopathy. Brain 2012; 135:2169-77; PMID:22689910;
http://dx.doi.org/10.1093/brain/aws143
17. Aguib Y, Heiseke A, Gilch S, Riemer C, Baier M,
Schätzl HM, et al. Autophagy induction by trehalose counteracts cellular prion infection. Autophagy
2009; 5:361-9; PMID:19182537; http://dx.doi.
org/10.4161/auto.5.3.7662
18. Heiseke A, Aguib Y, Riemer C, Baier M, Schätzl
HM. Lithium induces clearance of protease resistant prion protein in prion-infected cells by
induction of autophagy. J Neurochem 2009;
109:25-34;
PMID:19183256;
http://dx.doi.
org/10.1111/j.1471-4159.2009.05906.x
19. Cortes CJ, Qin K, Cook J, Solanki A, Mastrianni
JA. Rapamycin delays disease onset and prevents PrP
plaque deposition in a mouse model of GerstmannSträussler-Scheinker disease. J Neurosci 2012;
32:12396-405; PMID:22956830; http://dx.doi.
org/10.1523/JNEUROSCI.6189-11.2012
20. Bové J, Martínez-Vicente M, Vila M. Fighting neurodegeneration with rapamycin: mechanistic insights.
Nat Rev Neurosci 2011; 12:437-52; PMID:21772323;
http://dx.doi.org/10.1038/nrn3068
21. Kaminska B, Gaweda-Walerych K, Zawadzka M.
Molecular mechanisms of neuroprotective action of
immunosuppressants--facts and hypotheses. J Cell
Mol Med 2004; 8:45-58; PMID:15090260; http://
dx.doi.org/10.1111/j.1582-4934.2004.tb00259.x
22. Brecht S, Waetzig V, Hidding U, Hanisch UK,
Walther M, Herdegen T, et al. FK506 protects
against various immune responses and secondary
degeneration following cerebral ischemia. Anat Rec
(Hoboken) 2009; 292:1993-2001; PMID:19728359;
http://dx.doi.org/10.1002/ar.20994
23. Yoshiyama Y, Higuchi M, Zhang B, Huang SM, Iwata
N, Saido TC, et al. Synapse loss and microglial activation precede tangles in a P301S tauopathy mouse
model. Neuron 2007; 53:337-51; PMID:17270732;
http://dx.doi.org/10.1016/j.neuron.2007.01.010
24. Gerard M, Deleersnijder A, Daniëls V, Schreurs S,
Munck S, Reumers V, et al. Inhibition of FK506
binding proteins reduces α-synuclein aggregation
and Parkinson’s disease-like pathology. J Neurosci
2010; 30:2454-63; PMID:20164329; http://dx.doi.
org/10.1523/JNEUROSCI.5983-09.2010
25. Mukherjee A, Morales-Scheihing D, GonzalezRomero D, Green K, Taglialatela G, Soto C.
Calcineurin inhibition at the clinical phase of prion
disease reduces neurodegeneration, improves behavioral alterations and increases animal survival. PLoS
Pathog 2010; 6:e1001138; PMID:20949081; http://
dx.doi.org/10.1371/journal.ppat.1001138
26. Juhász G, Puskás LG, Komonyi O, Erdi B, Maróy
P, Neufeld TP, et al. Gene expression profiling
identifies FKBP39 as an inhibitor of autophagy
in larval Drosophila fat body. Cell Death Differ
2007; 14:1181-90; PMID:17363962; http://dx.doi.
org/10.1038/sj.cdd.4402123

Autophagy

27. Schuck P. Reliable determination of binding affinity and kinetics using surface plasmon resonance
biosensors. Curr Opin Biotechnol 1997; 8:498502; PMID:9265731; http://dx.doi.org/10.1016/
S0958-1669(97)80074-2
28. Kuwata K, Nishida N, Matsumoto T, Kamatari YO,
Hosokawa-Muto J, Kodama K, et al. Hot spots in
prion protein for pathogenic conversion. Proc Natl
Acad Sci U S A 2007; 104:11921-6; PMID:17616582;
http://dx.doi.org/10.1073/pnas.0702671104
29. Tanida I. Autophagosome formation and molecular
mechanism of autophagy. Antioxid Redox Signal
2011; 14:2201-14; PMID:20712405; http://dx.doi.
org/10.1089/ars.2010.3482
30. Munafó DB, Colombo MI. A novel assay to study
autophagy: regulation of autophagosome vacuole size
by amino acid deprivation. J Cell Sci 2001; 114:361929; PMID:11707514
31. Amenta JS, Hlivko TJ, McBee AG, Shinozuka H,
Brocher S. Specific inhibition by NH4CL of autophagy-associated proteloysis in cultured fibroblasts. Exp
Cell Res 1978; 115:357-66; PMID:689091; http://
dx.doi.org/10.1016/0014-4827(78)90289-6
32. Scott M, Foster D, Mirenda C, Serban D, Coufal
F, Wälchli M, et al. Transgenic mice expressing hamster prion protein produce species-specific scrapie infectivity and amyloid plaques. Cell
1989; 59:847-57; PMID:2574076; http://dx.doi.
org/10.1016/0092-8674(89)90608-9
33. Imai Y, Ibata I, Ito D, Ohsawa K, Kohsaka S. A
novel gene iba1 in the major histocompatibility complex class III region encoding an EF hand protein
expressed in a monocytic lineage. Biochem Biophys
Res Commun 1996; 224:855-62; PMID:8713135;
http://dx.doi.org/10.1006/bbrc.1996.1112
34. Ito D, Imai Y, Ohsawa K, Nakajima K, Fukuuchi Y,
Kohsaka S. Microglia-specific localisation of a novel
calcium binding protein, Iba1. Brain Res Mol Brain
Res 1998; 57:1-9; PMID:9630473; http://dx.doi.
org/10.1016/S0169-328X(98)00040-0
35. Ma J, Lindquist S. Wild-type PrP and a mutant associated with prion disease are subject to retrograde transport and proteasome degradation. Proc Natl Acad Sci
U S A 2001; 98:14955-60; PMID:11742063; http://
dx.doi.org/10.1073/pnas.011578098
36. Yedidia Y, Horonchik L, Tzaban S, Yanai A,
Taraboulos A. Proteasomes and ubiquitin are involved
in the turnover of the wild-type prion protein. EMBO
J 2001; 20:5383-91; PMID:11574470; http://dx.doi.
org/10.1093/emboj/20.19.5383
37. Kristiansen M, Deriziotis P, Dimcheff DE, Jackson
GS, Ovaa H, Naumann H, et al. Disease-associated
prion protein oligomers inhibit the 26S proteasome.
Mol Cell 2007; 26:175-88; PMID:17466621; http://
dx.doi.org/10.1016/j.molcel.2007.04.001
38. Deriziotis P, André R, Smith DM, Goold R,
Kinghorn KJ, Kristiansen M, et al. Misfolded PrP
impairs the UPS by interaction with the 20S proteasome and inhibition of substrate entry. EMBO J
2011; 30:3065-77; PMID:21743439; http://dx.doi.
org/10.1038/emboj.2011.224
39. Aguzzi A, Heikenwalder M. Pathogenesis of prion
diseases: current status and future outlook. Nat Rev
Microbiol 2006; 4:765-75; PMID:16980938; http://
dx.doi.org/10.1038/nrmicro1492

1393

40. Forloni G, Angeretti N, Chiesa R, Monzani E,
Salmona M, Bugiani O, et al. Neurotoxicity
of a prion protein fragment. Nature 1993;
362:543-6;
PMID:8464494;
http://dx.doi.
org/10.1038/362543a0
41. Rock RB, Gekker G, Hu S, Sheng WS, Cheeran
M, Lokensgard JR, et al. Role of microglia in central nervous system infections. Clin Microbiol Rev
2004; 17:942-64; PMID:15489356; http://dx.doi.
org/10.1128/CMR.17.4.942-964.2004
42. Falsig J, Julius C, Margalith I, Schwarz P, Heppner
FL, Aguzzi A. A versatile prion replication assay in
organotypic brain slices. Nat Neurosci 2008; 11:10917; PMID:18066056; http://dx.doi.org/10.1038/
nn2028
43. Kranich J, Krautler NJ, Falsig J, Ballmer B, Li S,
Hutter G, et al. Engulfment of cerebral apoptotic
bodies controls the course of prion disease in a
mouse strain-dependent manner. J Exp Med 2010;
207:2271-81;
PMID:20837697;
http://dx.doi.
org/10.1084/jem.20092401

1394

44. Tanaka K, Asanuma M, Ogawa N. Molecular
basis of anti-apoptotic effect of immunophilin
ligands on hydrogen peroxide-induced apoptosis in human glioma cells. Neurochem Res 2004;
29:1529-36;
PMID:15260130;
http://dx.doi.
org/10.1023/B:NERE.0000029565.92587.25
45. Hampe J, Franke A, Rosenstiel P, Till A, Teuber
M, Huse K, et al. A genome-wide association scan
of nonsynonymous SNPs identifies a susceptibility
variant for Crohn disease in ATG16L1. Nat Genet
2007; 39:207-11; PMID:17200669; http://dx.doi.
org/10.1038/ng1954
46. Rioux JD, Xavier RJ, Taylor KD, Silverberg MS,
Goyette P, Huett A, et al. Genome-wide association
study identifies new susceptibility loci for Crohn disease and implicates autophagy in disease pathogenesis. Nat Genet 2007; 39:596-604; PMID:17435756;
http://dx.doi.org/10.1038/ng2032

Autophagy

47. Nishida N, Harris DA, Vilette D, Laude H, Frobert
Y, Grassi J, et al. Successful transmission of three
mouse-adapted scrapie strains to murine neuroblastoma cell lines overexpressing wild-type mouse prion
protein. J Virol 2000; 74:320-5; PMID:10590120;
http://dx.doi.org/10.1128/JVI.74.1.320-325.2000
48. Iwamaru Y, Takenouchi T, Ogihara K, Hoshino M,
Takata M, Imamura M, et al. Microglial cell line
established from prion protein-overexpressing mice
is susceptible to various murine prion strains. J Virol
2007; 81:1524-7; PMID:17121794; http://dx.doi.
org/10.1128/JVI.01379-06
49. Ishibashi D, Atarashi R, Fuse T, Nakagaki T,
Yamaguchi N, Satoh K, et al. Protective role of
interferon regulatory factor 3-mediated signaling against prion infection. J Virol 2012; 86:494755; PMID:22379081; http://dx.doi.org/10.1128/
JVI.06326-11

Volume 9 Issue 9

