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Rapamycin Delays Disease Onset and Prevents PrP Plaque
Deposition in a Mouse Model of Gerstmann-Straussler-
Scheinker Disease

Constanza J. Cortes, Kefeng Qin, Julie Cook, Ani Solanki, and James A. Mastrianni
Department of Neurology, The University of Chicago Pritzker School of Medicine, Chicago, Illinois 60637

Autophagy is a cell survival response to nutrient deprivation that delivers cellular components to lysosomes for digestion. In recent years,
autophagy has also been shown to assist in the degradation of misfolded proteins linked to neurodegenerative disease (Ross and Poirier,
2004). In support of this, rapamycin, an autophagy inducer, improves the phenotype of several animal models of neurodegenerative
disease. Our Tg(PrP-A116V) mice model Gerstmann-Straussler-Scheinker disease (GSS), a genetic prion disease characterized by prom-
inent ataxia and extracellular PrP amyloid plaque deposits in brain (Yang et al., 2009). To determine whether autophagy induction can
mitigate the development of GSS, Tg(PrP-A116V) mice were chronically treated with 10 or 20 mg/kg rapamycin intraperitoneally thrice
weekly, beginning at 6 weeks of age. We observed a dose-related delay in disease onset, a reduction in symptom severity, and an extension
of survival in rapamycin-treated Tg(PrP-A116V) mice. Coincident with this response was an increase in the autophagy-specific marker
LC3II, a reduction in insoluble PrP-A116V, and a near-complete absence of PrP amyloid plaques in the brain. An increase in glial cell
apoptosis of unclear significance was also detected. These findings suggest autophagy induction enhances elimination of misfolded PrP
before its accumulation in plaques. Because ataxia persisted in these mice despite the absence of plaque deposits, our findings also

suggest that PrP plaque pathology, a histopathological marker for the diagnosis of GSS, is not essential for the GSS phenotype.

Introduction

Autophagy is a cell survival mechanism whereby cellular compo-
nents are phagocytized by double membrane autophagosomes
that transport cargo to lysosomes for degradation. Initially rec-
ognized as a cellular response to nutrient deprivation, autophagy
has since been shown to participate in the clearance of aggregate-
prone cytosolic proteins linked to a variety of neurodegenerative
disorders (Ross and Poirier, 2004). Autophagy is negatively
regulated by the mammalian target of rapamycin (mTOR)
(Schmelzle and Hall, 2000). Rapamycin is a lipophilic macrolide
antibiotic (Noda and Ohsumi, 1998) that inhibits mTOR and
potently induces autophagy. Numerous reports describe protec-
tive effects of rapamycin in cell, fly, and mouse models of several
neurodegenerative diseases that result from accumulation of
misfolded aggregate-prone cytosolic proteins, including Parkin-
son’s disease (PD) (Webb et al., 2003), amyotrophic lateral scle-
rosis (Fornai et al., 2008), Huntington’s disease (HD) (Berger et
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al., 2006), spinocerebellar ataxia (Ravikumar et al., 2002, 2004),
and frontotemporal dementia (Williams et al., 2006). Despite the
lack of cytosolic aggregates in Alzheimer’s disease (AD), au-
tophagy appears to play a complex role in Af3 production and
clearance, and recent work suggests a beneficial effect of rapamy-
cin in some AD mouse models (Nixon, 2007; Spilman et al., 2010;
Yang et al., 2011).

Prion diseases are transmissible neurodegenerative disor-
ders linked to accumulation of misfolded pathogenic isoforms
(PrP*%) of normal prion protein (PrP<) (Prusiner, 1998). Phar-
macologic induction of autophagy appears to promote the clear-
ance of PrP% in vitro (Heiseke et al., 2009a,b), and a limited
number of in vivo studies have found either no effect (Sarkar et
al., 2007) or a modest effect (Heiseke et al., 2009b) to prolong
survival following scrapie infection. However, whether au-
tophagy induction can delay the development of genetic prion
disease has not been addressed.

Gerstmann—Striussler—Scheinker disease (GSS) is a genetic
prion disease, typified by the onset of progressive ataxia and the
presence of PrP amyloid plaque deposits in brain, a feature rem-
iniscent of AD. We previously constructed the Tg(PrP-A116V)
transgenic mouse line that recapitulates the major clinicopatho-
logic features of GSS, notably the onset of progressive ataxia and
accumulation of thioflavin S-positive PrP amyloid plaques, espe-
cially within the cerebellum (Yang et al., 2009).

To determine whether autophagy functions in genetic prion
disease and amyloid plaque pathology, we chronically treated
Tg(PrP-A116V) mice with rapamycin, beginning at 6 weeks of
age. Wereport a dose-dependent delay in disease onset, symptom
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severity, and improved survival of rapamycin-treated Tg(PrP-
A116V) mice. These improvements were accompanied by an
increase of the specific autophagy marker LC3II in brain, a
reduction in insoluble PrP-A116V, a near-total absence of PrP
amyloid plaques, and interestingly, but of unclear signifi-
cance, an increase in glial cell apoptosis.

Our results suggest a role for autophagy in genetic prion dis-
ease and extracellular plaque generation, and they support au-
tophagy induction as a potential therapeutic approach. The
conspicuous absence of plaque pathology yet persistence of
ataxia, albeit with reduced severity, supports the concept that PrP
amyloid plaque deposits, while pathognomonic for GSS, are not
required for the GSS phenotype.

Materials and Methods

Transgenic mice

The Tg(PrP-A116V) mice have been described previously (Yang et al.,
2009). In short, the A116V mutation and 128V polymorphism were in-
troduced into the mouse Prup coding segment by site-directed mutagen-
esis, ligated into the Xhol-cut MoPrP.Xho vector (ATCC JHU-2;
American Type Culture Collection), and injected into pronuclei of fer-
tilized eggs from PrP knock-out [Tg(Prnp®'°)] parental mice at the Uni-
versity of Chicago Transgenic Mouse Facility. A founder that expressed
approximately four to six times normal mouse PrP were bred to Tg-
(Prnp®°) mice, so they express only the mutated mouse PrP-A116V/
128V protein. Male and female mice were used randomly throughout the
study.

Rapamycin injections

Rapamycin (Sirolimus; LC Laboratories) was dissolved in pure ethanol as
a 20 mg/ml stock solution and diluted in injection buffer (4% ethanol,
5% Tween 80, 5% PEG400 in dH,0) on the day of injection to a dose of
10 or 20 mg/kg in a final volume of ~0.1 ml. Mice were weighed weekly
throughout the experiment, and dosages were adjusted accordingly.
Control mice received a similar volume of injection buffer without active
drug. Beginning at 6 weeks of age, injections were administered intra-
peritoneally Monday, Wednesday, and Friday, until killed for analysis.

Clinical assessment

At the start of the treatment, mice were monitored daily for typical signs
of prion disease, including gait ataxia, roughened fur, hunched posture,
and poor righting reflex. We developed a detailed clinical assessment
scale to monitor the progression of disease. Since ataxia and mobility
problems are key features of this mouse model, these features are heavily
weighted in the assessment. The following scoring from A0 to A6 is used:
A0, no ataxia; A0/1, no ataxia, but may show other signs such as rough fur
or walking lower to the ground; A1, more consistent, but still a subtle
change in gait (wider, lower to ground), but not definitive ataxia; A1/A2,
subtle but definite wobble that is intermittent; A2, persistent and obvious
wobble—this stage defines the clear onset of ataxia; A3, stumble/loss of
footing occasionally (once or twice during a 2 min observation); A4,
stumble/loss of footing every few steps; mouse may occasionally start to
sway (rock back and forth) when in a stationary position; A4/AS5, early-
stage A5, with brief spells of falling to one side and more swaying; A5,
falling nearly constantly, weight loss generally obvious, clear change in
coat roughness; A6, lethargic, very hunched, emaciated. Mice are gener-
ally killed during stage A5 or early in A6 (A5/A6), as they can no longer
feed and death is imminent. Ataxia typically develops at ~130-140 d of
age.

PrP analysis

Western blots. Fresh frozen brain was used to prepare 10% (w/v) brain
homogenates in lysis buffer (20 mm Tris-HCI, pH 7.4, 150 mm NaCl, 1
mMm EDTA, 0.5% Triton X-100, 0.5% Na-deoxycholate). Brain homoge-
nate (5 or 2%) was separated by SDS-PAGE on a 14% gel. Following
electrophoresis, samples were transferred to polyvinylidene difluoride
membranes (Bio-Rad) that were washed in TBST (20 mwm Tris-HCI, 0.9%
NaCl, 0.1% Tween 20, pH 7.6), blocked for 1 h with 5% milk, washed,
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and incubated in TBST with 1% milk containing anti-mouse PrP anti-
bodies D13 (InPro) at 1:3000 or SAF32 (SPI Bio) at 1:200, or antibodies
for LC3B (Cell Signaling) at 1:1000, or a-tubulin (Santa Cruz) at
1:10,000, all incubated overnight at 4°C. After washing, secondary anti-
bodies (anti-human-HRP for D13, anti-mouse-HRP for SAF32, and
a-tubulin) were added at concentrations from 1:5000 to 1:2000. Blots
were imaged with West Pico ECL (Thermo Fisher Scientific) and cap-
tured with a Bio-Rad Alpha Document Imager. Densitometry quantifi-
cations were performed using NIH Image] or TotalLab TL100 software
(TotalLab).

Solubility assay. Brain homogenates were prepared in lysis buffer. A
fraction was removed for analysis and centrifuged at 4°C for 1 h at
100,000 X g in a Sorvall RC M120EX ultramicrocentrifuge, using a
RP100-AT#4 rotor. The pellet was washed once with lysis buffer, centri-
fuged, and resuspended in the starting volume of lysis buffer containing
1% SDS. Equal supernatant and pellet fractions were subjected to West-
ern blotting and densitometry analysis, as above.

Histological studies

Cerebellum sections. Mice were asphyxiated with CO, and slowly perfused
via cardiac puncture with 20 ml of PBS followed by 20 ml of 4% parafor-
maldehyde (Sigma-Aldrich). Brains were stored in 4% paraformalde-
hyde for 48 h and then transferred to PBS containing 0.1% sodium azide
(Sigma-Aldrich) until paraffin embedding. The blocks of mouse cere-
bella were cut at similar landmarks of the cerebellum into 5 wm coronal
sections. Sections were depariffinized with xylene (Thermo Fisher Scien-
tific) immediately before staining.

Thioflavin S staining. Sections were stained with 0.05% thioflavin S
(Sigma-Aldrich) for detection of PrP amyloid deposits and with 10
pg/ml 4',6-diamidino-2-phenyl-indole, dihydrochloride (DAPI) (Invit-
rogen) to visualize nuclei, and then observed with a Zeiss Axioplan flu-
orescence microscope at excitation wavelength of 520 nm for thioflavin S
and 450 nm for DAPI. Plaque burden was calculated as the area of thio-
flavin S staining per area of entire cerebellar section, using NITH Image].
Several sections were analyzed from each group to obtain the mean area
of thioflavin S staining per cerebellar area for each treatment group. The
average fraction of plaque area per cerebellar area of the 160-d-old
vehicle-treated mice was normalized to a value of 100, with which all
other groups were compared. The data are presented as the relative
plaque burden. The absolute plaque counts were zero in all sections
examined in mice receiving rapamycin at 20 mg/kg.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling. DNA fragmentation was assessed with the terminal deoxy-
nucleotidyl transferase-mediated biotinylated UTP nick end labeling
(TUNEL) apoptosis detection kit (Millipore), following the manufactur-
er’s instruction. Briefly, sections were incubated with proteinase K for 30
min. After incubation with a reaction mix containing biotin-dUTP and
the terminal deoxynucleotidyl transferase (TdT) for 60 min, sections
were incubated with the avidin—FITC solution for 30 min in the dark. As
positive control, the fixed sections were incubated with 5 ug/ml DNase I
in PBS for 60 min at 37°C before labeling following the manufacturer’s
instruction. Sections treated with the TdT reaction mix containing no
TdT were used as negative controls. For nuclear staining, sections were
incubated with 10 ug/ml DAPI (Sigma-Aldrich) at room temperature for
1 min. Sections were washed with PBS, air dried, mounted, and observed
with a Zeiss Axioplan fluorescence microscope at excitation wavelength
of 520 nm for FITC and 450 nm for DAPI. For quantitative analysis of
apoptosis, the percentage area of TUNEL-positive signal relative to the
area of DAPI stain in each cerebellar section was calculated, using NIH
Image]J, and the mean determined and plotted.

Immunofluorescence of NeuN and GFAP. Brain sections were first
TUNEL stained, with the proteinase K step eliminated, blocked with 2%
BSA in PBS for 1 h, and then incubated with rabbit anti-glial fibrillary
acidic protein (GFAP) antibody (1:100) (Dako) or mouse anti-NeuN
antibody (1:50) (Millipore Bioscience Research Reagents) overnight. Dy-
Light 649-conjugated AffiniPure goat anti-rabbit or mouse IgG, F(ab')
was used as secondary antibody. Results were visualized by a fluorescence
microscopy and verified under a confocal microscope (BX61; Olympus).
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Figure 1. Rapamycin reduces weight gain in male Tg(PrP-A116V) mice. A, Average

weight == SE, in grams, of all mice treated with rapamycin at 20 mg/kg or vehicle from 6 weeks
of age, measured between 100 (presymptomatic) and 180 (symptomatic) days of age (n = 12
per group). No significant differences at any time point. B, Data from A, but separated by
gender. Males (squares) and females (triangles) treated with rapamycin, compared with
vehicle-treated, mice within the same gender group. Rapamycin-treated males weighed sig-
nificantly less than vehicle-treated males at the start of the weight recordings, suggesting
reduced weight gain with the initiation of rapamycin. *p << 0.05, Student’s ¢ test, measured at
each time point. Data from mice receiving 10 mg/kg rapamycin are not shown, to simplify the
figure, but no statistical difference compared with 20 mg/kg was detected. C, Brain weight (in
grams) from ~160-d-old male and female Tg(PrP-A116V) mice treated with vehicle or rapa-
mycin at 20 mg/kg (n = 16 each, 10 males, 6 females). **p << 0.001, Student’s ¢ test. D, Ratio
of brain to body weight in 160-d-old Tg(PrP-A116V) male and female mice treated with vehicle
or rapamycin at 20 mg/kg (n = 6 each). *p = 0.0496, Student’s t test.

Semiquantitative RT-PCR

Brains of Tg(PrP-A116V) mice treated with rapamycin (0, 10, or 20
mg/kg) were harvested and quick frozen at —80°C. Total RNA was ex-
tracted using the RNAqueous-4PCR kit (Ambion). A total of 500 ng of
RNA from each sample was used for RT-PCR using SuperScript One-
Step RT-PCR with Platinum Tag (Invitrogen) to synthesize cDNA of
mouse PrP and LC3. B-Actin was used as control. The PCR primers were
designed as follows: mouse PrP € forward, 5'-TGG GGA CAA CCT CAT
GGT GGT, and reverse, 5'-GAT ATT GAC GCA GTC GTG CAC-3’
(expected PCR product, 329 bp), mouse LC3, forward, 5'-TTC AAG
CAG CGG CGCACGTTC-3',and reverse, 5'-CTC CTCTTG ACT CAG
AAG CCG AAG GTT-3' (expected PCR product, 360 bp), mouse
B-actin, forward, 5'-TGG AAT CCT GTG GCA TCC ATG AAA-3', and
reverse, 5'-TAA AAC GCA GCT CAG TAA CAG TCC G (expected PCR
product, 348 bp). The PCR products were separated on a 1% 1X Tris-
acetate EDTA (Tris-acetate EDTA)-agarose gel and analyzed on a docu-
ment imaging system (Bio-Rad). Densitometric analysis was performed
using NIH ImageJ. The mean signal of PrP and LC3 ¢cDNA from three
experiments each were normalized to B-actin cDNA, and the relative
percentage change in PrP or LC3 mRNA among the three treatment
groups was reported.

Results

Rapamycin impairs weight gain of Tg(PrP-A116V) mice

Prior work suggests that rapamycin impairs weight gain in ro-
dents (Walpoth et al., 2001; Ravikumar et al., 2004). To assess for
this possibility in Tg(PrP-A116V) mice, weight measurements
were recorded weekly from a presymptomatic period of 100 d.
When assessed as a group, mice treated with rapamycin at 20
mg/kg had similar weights as vehicle-treated mice over the entire
monitoring period (Fig. 1A); however, when separated by gen-
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der, there were differences. From the beginning of the weight
assessment period and at each time point thereafter, males receiv-
ing either dose of rapamycin weighed less than vehicle-treated
males (Fig. 1B). This suggests an initial reduction in weight gain
from the start of injections at 6 weeks until the start of the record-
ing period at 100 d, but no differential effect on weight thereafter.
The 10 mg/kg dose of rapamycin resulted in a statistically similar
effect as the 20 mg/kg dose (data not shown). In contrast,
rapamycin-treated female Tg(PrP-A116V) mice weighed slightly
more at the beginning of the measurement period, and slightly
less at the end of the measurement period, but at none of the time
points did this difference reach statistical significance (Fig. 1B).
At necropsy, the mean brain weight of the entire group of
rapamycin-treated Tg(PrP-A116V) mice was lower than vehicle-
treated mice (p < 0.001) (Fig. 1C), but when corrected for body
weight and separated by gender, this difference barely reached
significance for male mice (p = 0.0496) and was not significant
for female mice (Fig. 1 D). All doses of rapamycin were therefore
calculated for each mouse individually, based on its weight at the
time of dosing.

Rapamycin delays disease onset and improves clinical
phenotype of Tg(PrP-A116V) mice

Tg(PrP-A116V) mice typically exhibit normal behavior and ac-
tivity until ~5 months of age, when they begin to display early
signs of gait ataxia, as the primary manifestation of GSS (Yang et
al., 2009). The ataxia progresses steadily, culminating in severe
disability and death, typically by ~30 d. To assess the effect of
rapamycin on the onset, progression, and duration of disease in
these mice, we developed a scaled scoring system that ranges from
A0 (no disease) to A6 (terminal). Based on this scale, the onset of
disease is defined as A2, when ataxia is clearly present (see Mate-
rials and Methods for details of the ataxia assessment), and mice
are killed at the end of stage A5 or the beginning of stage 6, when
they are unable to appropriately feed.

The mean age at disease onset of vehicle-injected mice was
134 * 2.6 d, which agrees well with that of untreated Tg(PrP-
A116V) mice (Yang et al., 2009), suggesting the stress of injec-
tions and handling did not influence disease onset (Fig. 2A). The
mean age of onset was significantly delayed in mice treated with
rapamycin, in a dose-related manner; mice receiving 10 mg/kg
rapamycin had an onset of 149 * 3.7 d (p = 0.05, compared with
vehicle) and those treated with 20 mg/kg had an onset of 159 =
4.2d (p <0.0001, compared with vehicle). While these numbers
reflecta 10 and 18% delay in disease onset, respectively, and reach
different levels of significance, using a Bonferroni post-test anal-
ysis, they were not statistically significantly different from each
other.

To assess the effect of rapamycin on the progression of disease
in Tg(PrP-A116V) mice, we calculated the average disability
score of mice within each treatment group at several time points,
beginning at 120 d, just before the typical onset of disease, until
190 d, when the majority of vehicle-treated mice were dead. At
most time points, a significant dose-related improvement in dis-
ability scores was evident, suggesting that rapamycin shifts the
disability curve to the right (Fig. 2 B). These data are also visually
presented as a bar graph that displays the percentage of mice
within each clinical disability stage at each time point (Fig. 2C-E).
Rapamycin-treated mice show a predominance of lighter sec-
tions (lower disability scores), compared with vehicle-treated
mice throughout the observation period. (Fig. 2C-E).
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Figure2. Rapamycin delays disease onset and progression in Tg(PrP-A116V) mice. A, Mean age of disease onset == SE (A2 stage) of mice chronically treated with vehicle or rapamycin at 10 or
20 mg/kg, beginning at 6 weeks of age. Vehicle, 134 == 2.6 d (n = 20); rapamycin (10 mg/kg), 149 = 3.7 d (n = 24); rapamycin (20 mg/kg), 159 = 4.2d (n = 23). *p << 0.05; ***p = 0.0001.
ANOVA, Bonferroni’s post hoc test; n.s., not significantly different. B, Disease (disability) scores of Tg(PrP-A116V) mice plotted over time. Animals were assessed weekly and scored according to an
ataxia/disability scale that ranges from A0 (no signs) to A5 (severely ataxic, near terminal), when they were killed. Mean disability scores = SE are plotted. Numbers of animals per group were
initially 17 (vehicle), 25 (rapamycin 10 mg/kg), and 20 for (rapamycin at 20 mg/kg), and by 190 d, remaining mice numbered 4, 8, and 8, respectively. ANOVA was used to compare the three
treatment groups at each time point, followed by Bonferroni’s post hoc test. Significant differences between vehicle and rapamycin (10 mg/kg) group are indicated by the asterisk (*). Significant
differences between vehicle and rapamycin 20 mg/kg are indicated by the dagger symbol (1). One, two, and three symbols represents a p << 0.05, p < 0.01, and p << 0.001 level of significance
compared with vehicle-treated group, respectively. Although the mean disability scores for the higher rapamycin dose were lower throughout the observation period, no significant differences (p <
0.05) were detected between rapamycin at 10 mg/kg and rapamycin at 20 mg/kg at any age analyzed. C—E, The bars represent the percentage of mice within each stage of disease at the indicated
time point. Note that rapamycin at 10 mg/kg (D) and 20 mg/kg (E) delay the appearance of higher disease scores (darker colors) compared with vehicle-treated mice (C).
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Figure3. Rapamycin extends survival of Tg(PrP-A116V) mice. A, Kaplan—Meier survival curve of mice chronically treated with

Rapamycin inhibits accumulation of
insoluble PrP

A biochemical feature of Tg(PrP-A116V)
mice is the presence of detergent-
insoluble PrP-A116V in the brain. Be-
cause this can be detected before the
development of PrP plaque pathology, it suggests that insoluble
misfolded PrP-A116V predates the manifestation of disease. To

vehicle or rapamycin at 10 or 20 mg/kg three times per week, beginning at 6 weeks of age. Rapamycin at 20 mg/kg, but not 10
mg/kg, significantly increased the survival of Tg(PrP-A116V) mice (*p < 0.05). B, Mean age at death == SE of Tg(PrP-A116V)
treated with vehicle or rapamycin. Actual numbers are 173 = 3.7 d (n = 20) for vehicle, 175 = 3.8 d (n = 19) for 10 mg/kg
rapamycin, and 189 = 3.8 d (n = 17) for 20 mg/kg rapamycin (*p < 0.05).

Rapamycin improves survival of Tg(PrP-A116V) mice
Tg(PrP-A116V) mice are killed at the terminal clinical stage of
disease (end of A5, beginning of A6), when the mice are severely

disabled and no longer able to feed themselves. We compared
survival times among the three treatment groups to determine
whether rapamycin delays death in Tg(PrP-A116V) mice. Sur-
vival curves for each group are plotted in Figure 3A. A significant
(p = 0.018) rightward shift in the survival curve was present in

determine whether the improvement in clinical phenotype of
rapamycin-treated mice correlates with a reduction in insoluble
PrP-A116V, we compared this fraction in the brains of Tg(PrP-
A116V) mice at a presymptomatic (80 d of age; stage A0) and
advanced stage (stage A5) of disease. Relative to vehicle-treated
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plaques, especially within the granular
layer of the cerebellum (Yang et al., 2009).
In Tg(PrP-A116V) mice, plaques are de-
tectable by ~100 d of age and the number
of plaques increase with disease progres-
sion. Because they are true amyloid, they
can be detected by thioflavin S. To deter-
mine whether the reduction in insoluble
PrP-A116V and mitigation of the clinical
phenotype are tied to a reduction in PrP
plaque deposition, we compared the
plaque burden within the cerebella of
mice from each treatment group at ~160 d
of age, when >50% of rapamycin-treated mice were clearly symp-
tomatic (i.e., reached stage A2). The average area of thioflavin S
staining per total area of cerebellar tissue section was measured using
Image]. Vehicle-treated Tg(PrP-A116V) mice displayed well devel-
oped and numerous plaques distributed throughout the cerebellar
granule cell layer (Fig. 5A, top row). In stark contrast, mice treated
with rapamycin were nearly or completely devoid of plaques. In mice
receiving 10 mg/kg, the measured plaque area was 28.7 £ 9.6% (n =
4; p <0.01) of that measured in vehicle-treated mice (Fig. 54, second
row and graph), whereas in mice receiving 20 mg/kg, no plaques
were detected in any sections examined (n = 6) (Fig. 5A, bottom row
and graph).

We questioned whether rapamycin delays the production of
plaques in Tg(PrP-A116V) mice or it persistently suppresses the
generation of plaques throughout the course of disease, as sug-
gested by the insolubility data in Figure 4. To determine this, we
examined the plaque burden within the cerebella of mice that
received 20 mg/kg rapamycin and were allowed to survive to
terminal stages of disease. As expected, the plaque burden of
vehicle-treated mice was increased, relative to that in 160-d-old
vehicle-treated mice (125.3 = 14.1%). However, surprisingly, termi-
nal mice treated with rapamycin were devoid of plaque deposits (Fig.
5B and graph). These findings not only suggests that the generation
of plaques is prevented by rapamycin, but they also support the
concept that plaque pathology is not required for the GSS pheno-
type, since rapamycin-treated mice developed ataxia and eventually
reached end-stage levels of disability.

Figure 4.

bars indicate SEM.

PrP expression is not affected by rapamycin
In addition to its role as an autophagy supressor, mTOR is also a
master regulator of protein translation, via its downstream tar-

Rapamycin (mg/kg)

Rapamycin reduces the fraction of insoluble PrP-A116V. A, Western blot of supernatant (S) and pellet (P) fractions of
PrP-A116V prepared from brain lysates of asymptomatic (stage A0) 80-d-old Tg(PrP-A116V) mice chronically treated with vehicle
or 10 or 20 mg/kg rapamycin. Sample preparation is described in Materials and Methods. The markers on left are in kilodaltons. PrP
detected with SAF-32 anti-mouse PrP antibody. Densitometric signal of each fraction was semiquantified using TotalLab, and the
insoluble fraction is plotted as the percentage of total (S + P) signal. Actual values for each are as follows: vehicle, 10.3 == 1.2%;
rapamycin at 10 mg/kg, 6.5 = 1.2%; rapamycin at 20 mg/kg, 0.5 = 0.2%. B, Western blot and bar graph displays the insoluble
fraction of PrP-A116V in the brains of symptomatic Tg(PrP-A116V) mice during late-stage (stage A5) disease. Actual values for each
areasfollows: vehicle, 10.1 == 0.60%; rapamycin at 10mg/kg, 5.7 = 1.16%; rapamycin at 20 mg/kg, 1.4 == 0.4%. The markers on
leftare in kilodaltons. *p << 0.05, **p << 0.01, n = 3 for each treatment per time point, Student’s t test, from vehicle control. Error

gets p70s6k and 4E-BP1 (Bové et al., 2011). To investigate
whether the decrease in insoluble PrP-A116V and the marked
reduction in plaque deposition resulted from reduced PrP ex-
pression, we analyzed the effect of each treatment on the steady-
state level of PrP-A116V protein and mRNA. Western blot of
detergent-extracted lysates of brain homogenate from vehicle
and rapamycin-treated mice revealed comparable levels of PrP
(Fig. 6A). Similarly, semiquantitative RT-PCR did not show a
significant difference in the level of PrP-A116V transcripts
among the treatment groups (Fig. 6 B). Although a slight reduc-
tion in PrP-A116V mRNA relative to actin mRNA was present in
mice treated with 10 mg/kg (92.8 = 15.7% of baseline) and 20
mg/kg (91.4 = 5.0% of baseline) rapamycin, these were not sig-
nificantly different from vehicle-injected mice (p > 0.05 for
both), and not likely to account for the striking reduction in
plaque deposits observed in rapamycin-treated mice.

LC3 is increased in the brain of rapamycin-treated
Tg(PrP-A116V) mice

To confirm that intraperitoneal administration of rapamycin was
sufficient to activate autophagy within the brain of Tg(PrP-
A116V) mice, we probed whole-brain lysates prepared from
~160-d-old mice for typical markers of autophagy. As shown in
Figure 7A, LC3Il, a component of the autophagosome mem-
brane and a specific marker for autophagy activation, was signif-
icantly increased in the brains of rapamycin-treated mice relative
to vehicle-treated brains. Increased levels of LC31I might reflect
increased autophagosome formation or decreased autophagic
flux. Because the total signal of LC3 was much greater in mice
treated with rapamycin, we questioned whether rapamycin al-
tered the expression of LC3. RT-PCR of LC3 revealed a dramatic



Cortes et al. @ Rapamycin Improves the Phenotype of GSS Mice

J. Neurosci., September 5, 2012 + 32(36):12396—12405 « 12401

A ThioS DAPI Merge
Vehicle 50 =
$ 100 T
: 1L
2 80 1
Rapamycin § 60
10 mg/kg = .
@ * K
2 *
o 20 4
[
o< * k
0 T T T
Rapamycin Vehicle Rapa10  Rapa 20
20 mg/kg
B ThioS DAPI Merge
S 140 7
o i T
Vehicle 3 ¥ -
o 100 1
=)
g 80 1
‘ T 601
2 40 1
Rapamycin ﬁ 20 A
20 mg/kg 0 . ke
Vehicle Rapa 20

Figure5.

Rapamycin reduces PrP plaque burden in Tg(PrP-A116V) mice. A, Representative cerebellar sections from ~160-d-old Tg(PrP-A116V) mice treated with vehicle or rapamycin (10 or 20

mg/kg). Sections were stained with thioflavin S to reveal PrP amyloid plaques. Nuclei were stained with DAPI. Sections were visualized by fluorescence microscopy on a Zeiss Axioplan microscope.
Images are at 10X magpnification. The area of thioflavin S staining, as a fraction of the total area of the cerebellar section, was determined using ImageJ and plotted as the relative plaque burden,
by normalizing each group to the 160-d-old vehicle-treated group. The actual values are as follows: vehicle, 100.0 = 36.7; rapamycin at 10 mg/kg, 28.7 = 9.6; rapamycin at 20 mg/kg, none
detected. B, Representative cerebellar sections from Tg(PrP-A116V) mice in the terminal stage of disease (=A5) following treatment with vehicle or rapamycin at 20 mg/kg and stained with
thioflavin S and DAPI, as above (magpnification, 10><). The relative plaque burden was determined as in A, using 160-d-old vehicle-treated mice as control. The actual values are 125.3 = 14.1 for
vehicle-treated mice and none detected for rapamycin-treated mice. The bars represent the mean == SD for each group (n = 69 samples per group). **p << 0.01 from vehicle treatment group,

Student’s t test.

dose-dependent increase in LC3 transcript in the brains of
rapamycin-treated mice, compared with vehicle-treated controls
(Fig. 7B). The 10 mg/kg rapamycin dose produced a ~7-fold
increase in LC3 mRNA, while the 20 mg/kg dose produced a
~14-fold increase. These findings support activation of au-
tophagy within the brain of these mice.

Rapamycin induces apoptosis in Tg(PrP-A116V) mice

During the histological assessment of these mice, we noted the
presence of pyknotic nuclei in scattered cells within the cerebellar
granule layer. Since rapamycin is known to induce apoptosis in
cell culture, xenograft tumor models and, more recently, in
mouse models of amyotrophic lateral sclerosis (ALS) (Huang et
al., 2001; Tirado et al., 2005; Zhang et al., 2011), we questioned
whether rapamycin treatment induced apoptosis in Tg(PrP-
A116V) mice, despite its overall positive effect on disease. Apo-
ptosis was assessed by TUNEL staining within cerebellar tissue
sections adjacent to those used for assessment of plaque burden
in Figures 5 and 8. The fraction of apoptotic cells was estimated as
the TUNEL-positive signal relative to the signal of DAPI-stained
nuclei within each tissue section, using Image]. In vehicle-treated
mice, the fraction of TUNEL-positive cells was 1.9 = 1.0% (n =

7) compared with 4.8 = 0.6% (n = 4; p < 0.01) in mice treated
with 10 mg/kg rapamycin, and 6.6 = 3.6% (n = 5; p < 0.01
compared with vehicle, but p = 0.42 compared with 10 mg/kg) in
mice treated with 20 mg/kg rapamycin. These data suggest the
apoptosis was not dose related. To determine whether the sever-
ity of apoptosis corresponded with progression of disease, we
examined a group of mice treated with 20 mg/kg rapamycin and
allowed to survive to end stage. The level of apoptosis in these
mice was not significantly different from that in 160-d-old mice
(p = 0.34), and in fact, it appeared to trend downward to 4.4 *
0.6% (n = 3). Thus, these findings suggest that rapamycin does
induce apoptosis in our mouse model of GSS, although it does
not correlate directly with dose or disease progression, at least
beyond 160 d.

Rapamycin induces apoptosis in glial cells but not in neurons
We questioned the paradoxical increase in apoptosis of disease-
mitigated rapamycin-treated Tg(PrP-A116V) mice. Prior work
suggested that high doses or prolonged administration of rapa-
mycin have the potential to cross-inhibit the mTOR2 complex,
resulting in a reduction in Akt/PKB activity in specific cell lines
(Sarbassov et al., 2006). We considered that rapamycin was in-
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ducing apoptosis in a non-neuronal subpopulation of cells that
are not integral to disease. To test this, we combined TUNEL
staining with immunofluorescence staining with either GFAP an-
tibody to detect glial cells, or NeuN antibody to detect neurons.
Representative images from cerebellar sections of ~160-d-old
mice treated with 20 mg/kg rapamycin are presented in Figure 9.
TUNEL-positive nuclei were nearly completely associated with
the cytoplasmic glial marker GFAP (Fig. 9A) and nearly com-
pletely separate from NeuN-positive nuclei (Fig. 9B). These re-
sults strongly suggest the enhanced apoptosis observed with
rapamycin in the Tg(PrP-A116V) mice is selective for non-
neuronal cells, primarily astrocytic glia.

Discussion
We show that in vivo inhibition of mTOR mitigates the pheno-
typic expression of genetic prion disease in a mouse model of
GSS. Chronic treatment of Tg(PrP-A116V) mice with rapamycin
significantly delayed disease onset, reduced disability, and im-
proved survival. These clinical improvements were coincident
with a reduction in the fraction of insoluble PrP-A116V and a
striking reduction in PrP amyloid plaque deposits in brain.
These findings compare with those reported for other models
of neurodegenerative disease (Bové et al., 2011). Rapamycin re-
duced the load of huntingtin aggregates and improved motor
performance in a mouse model of HD (Ravikumar et al., 2004)
and it reduced a-synuclein accumulation in PD transgenic mice
(Crewsetal.,2010). In addition, it was recently shown to improve
cognitive deficits, decrease soluble Af,
and reduce AP plaque burden in some
(Spilman et al., 2010; Yang et al., 2011), A
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Figure 6.  Rapamycin does not alter protein or transcript levels of PrP. A, Western blot com-
paring PrP levels in total brain lysates prepared from ~160-d-old Tg(PrP-A116V) mice chron-
ically treated with vehicle or rapamycin at 10 or 20 mg/kg. Tubulin (TBLN) represents a loading
control. The markers on the left are in kilodaltons. Densitometry quantification = SD of PrP
signal with each dose of rapamycin relative to vehicle was determined using ImageJ software
and is plotted in the adjacent graph. No significant difference was detected among the three
groups (ANOVA). B, RT-PCR of PrP-A116V and actin (control) transcripts from mice chronically
administered vehicle or rapamycin at 10 or 20 mg/kg. The adjacent graph displays the ratio of
PrP transcript signal == SD relative to actin signal for each treatment group (n = 3 mice per
experiment). No significant differences were detected by ANOVA.
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but not all (Zhang et al., 2010), transgenic
mouse models of AD.

Ours is not the first report to suggest a
potential link between autophagy and
prion disease. Ultrastructural evidence for
autophagy was initially described in ani-
mals and then humans with prion disease
(for review, see Liberski et al., 2004). In-
duction of autophagy in experimental
models of prion disease has also been at-
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mixed. Imatinib, a cancer drug that acti-
vates autophagy, enhanced the lysosomal
degradation of PrP*, the proteinase K
(PK)-resistant pathogenic isoform of PrP,
in vitro (Ertmer et al., 2007; Heiseke et al.,
2009b) and it delayed the onset of symp-
toms and appearance of PrP 5 in the CNS
of mice peripherally inoculated with
scrapie (Yun et al., 2007), while rapamy-
cin modestly extended survival in scrapie-
infected mice (Heiseke et al., 2009a).
Trehalose, a novel autophagy inducer,
also reduced the load of PK-resistant
PrP>¢ in cells chronically infected with
scrapie prions; however, it did not affect
the course of disease in scrapie-infected
mice (Aguib et al., 2009). While these
studies focused on transmissible prion disease, our report pro-
vides the first evidence that rapamycin can mitigate the develop-
ment of genetically induced prion disease.

Based on work in Drosophila that links the cytoprotective ef-
fects of rapamycin to the expression of autophagy-related genes
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L@3Ilevels and LC3 transcripts are increased in the CNS of rapamycin-treated Tg(PrP-A116V) mice. 4, Representative
Western blot prepared from brain lysates of ~160-d-old mice chronically treated with vehicle or rapamycin (Rapa) at 20 mg/kg,
and probed for LC3. Tubulin (TBLN) is a loading control. Each sample represents 30 g of total protein. The markers on the left are
in kilodaltons. The adjacent bar graph displays the ratio of LC3II/LC3I densitometric signal, as determined by ImageJ, relative to
that of vehicle-treated mice (n = 3 mice for each treatment). B, RT-PCR of LC3 mRNA from the brains of ~160-d-old mice
chronically treated with vehicle or rapamycin at 10 or 20 mg/kg. RT-PCR of actin mRNA is presented as a reference control. Adjacent
bar graph presents the ratio of L(3/actin RT-PCR signal for each treatment (n = 3 for each). *p << 0.05; **p << 0.001. Error bars

(Berger et al., 2006; Pandey et al., 2007), autophagy induction is
likely to mediate its protective effects. This is supported by the
robust upregulation of LC3 and the increased conversion of LC3I
to LC3II in the brains of rapamycin-treated Tg(PrP-A116V)
mice. However, rapamycin does possess other properties to be
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Figure 8.  Rapamycin induces apoptosis in the CNS of Tg(PrP-A116V) mice. TUNEL (green) and DAPI staining of representative cerebella of 160-d-old and end-stage (A5) Tg(PrP-A116V) mice
chronically treated with vehicle or rapamycin at 10 or 20 mg/kg. Cerebellar sections adjacent to those used for assessment of plaque burden in Figure 5 were used to assess apoptosis. Adjacent bar
graph displays the ratio of TUNEL-positive area relative to the total neuron load, as estimated by DAPI signal area, using ImageJ software. The bars represent the mean == SE (n = 6 mice per group).
*¥p < 0.01, significantly different from vehicle, Student’s t test. No statistical differences were detected between any rapamycin-treated groups at 160 d compared with end-stage time points,

suggesting this feature did not progress with disease.
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Figure 9.  Apoptosis induced by rapamycin is selective for astrocytes. A, B, Cerebellar sections from mice treated with 20 mg/kg rapamycin (Rapa) were costained for TUNEL (green) and either
rabbit anti-GFAP antibody (4), to detect astrocytes, or mouse anti-NeuN monoclonal antibody (B), to detect nuclei of neuronal cells. TUNEL-positive nuclei (green) were associated primarily within
GFAP-positive cells, although the difference in subcellular localization of the two markers made it difficult to rule out an effect on neuronal cells. NeuN staining (B) of neuronal nuclei confirmed a
nearly complete absence of colocalization with TUNEL staining. 0f 200 NeuN-positive neurons, only 11 were found to be TUNEL positive. These data suggest the enhanced apoptosis of rapamycin was

selective for astrocytes and not neurons.
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considered. Its potent immunosuppressive action (Huang et al.,
2003) could theoretically affect prion disease. The immune sys-
tem, especially follicular dendritic cells, participates in the deliv-
ery of prions from the periphery to the CNS (Prinz et al., 2002;
Aguzzi et al., 2003). However, spontaneous and genetic prion
diseases, which originate in the CNS, lack a typical immune re-
sponse and the lymphoreticular system does not appear to play a
role. Thus, while the immunosuppressive feature of rapamycin
might play a role in models of peripheral scrapie infection, it is
not likely to contribute to the beneficial effect observed in
Tg(PrP-A116V) mice. Another important effect of rapamycin is
suppression of protein translation through inhibition of mTOR
(Sarbassov et al., 2005). King et al. (2008) determined that this
feature, rather than autophagy-induced clearance, accounted for
the reduction of insoluble huntingtin in a cell-based model of
HD. We found that neither PrP-A116V mRNA transcripts nor
steady-state protein levels were significantly affected by rapamy-
cin treatment, suggesting this was not the mechanism for its ben-
eficial effect in our mice.

Although total levels of PrP-A116V were not significantly af-
fected, rapamycin selectively reduced the insoluble fraction of
PrP-A116V. Because this was evident during the late symptom-
atic and presymptomatic phases of disease, we speculate that
rapamycin limits production, facilitates elimination, or seques-
ters misfolded PrP away from the pathway that would otherwise
contribute to the generation of extracellular PrP plaques. This
argument is strengthened by the dramatic reduction in plaque
burden observed in rapamycin-treated mice. At ~160 d of age,
when PrP plaques are normally plentiful, they were barely detect-
able in mice that received the 10 mg/kg dose, while virtually none
were detectable in mice that received the 20 mg/kg dose. Remark-
ably, plaque pathology was also absent in terminal stage mice
treated with rapamycin, suggesting it acts to eliminate plaque
production rather than simply delay their development. This has
important implications with respect to the underlying pathogen-
esis of GSS. PrP amyloid plaques are an invariant feature of GSS
that distinguishes it from other prion disease subtypes, and their
presence is required for the histopathological diagnosis of GSS
(for review, see Mastrianni, 2010). Whether plaque pathology
contributes to the phenotypic expression of GSS has long been
questioned. Our results show that, despite the absence of plaques
in rapamycin-treated mice, the course of disease, although de-
layed, was phenotypically similar to that of untreated mice. These
results complement those in transgenic mice that express PrP
lacking the glycosylphosphatidylinositol (GPI) anchor and de-
velop abundant extracellular PrP plaques, but no obvious pheno-
type (Chesebro et al., 2005). Our findings clearly demonstrate
that plaque pathology is not essential for the expression of GSS,
and the pathogenesis of GSS must be linked to a feature that
precedes or parallels plaque deposition.

Unlike most neurodegenerative proteins that produce cytoso-
lic aggregates susceptible to clearance by rapamycin-induced
macroautophagy, PrP is a GPI-anchored protein that follows the
secretory pathway to the plasma membrane (Campana et al.,
2005). Plaques in Tg(PrP-A116V) mice appear to be comprised
of full-length PrP-A116V molecules (Yang et al., 2009), suggest-
ing it is cleaved from the plasma membrane at the GPI anchor, or
secreted, as in PrP(GPI-) mice (Chesebro et al., 2005). Where
autophagy might specifically function in this pathway is, as yet,
unclear. However, because PrP carrying familial mutations is
known to misfold within the ER, and our findings support a
reduction in misfolded PrP during the presymptomatic phase, we
speculate that autophagy might act to eliminate misfolded PrP
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that accumulates within this compartment, as an early quality
control mechanism, as has been reported with al-antitrypsin z
mutant (Teckman and Perlmutter, 2000; Kamimoto et al., 2006),
vasopressin (Castino et al., 2005), and dysferlin (Fujita et al.,
2007). In addition, we acknowledge that an additional nonauto-
phagic mechanism contributing to the effect of rapamycin can-
not be completely ruled out.

Despite the overall beneficial effect of rapamycin, we detected
an increase in apoptosis within the cerebellum, as assessed by
TUNEL staining. Interestingly, this effect was not related to the
dose of rapamycin, nor did it correlate with disease progression,
since it did not significantly increase at end stage, compared with
the 160 d time point. This paradox was initially difficult to ex-
plain. Although a reduction in PrP € is predicted to have an apo-
ptotic effect, based on its known antiapoptotic effect against
serum deprivation (Kuwahara et al., 1999) and Bax-mediated cell
death (Bounhar etal., 2001; Roucou et al., 2003), Tg(PrP-A116V)
mice express only mutated PrP, the levels of which were not
significantly affected by rapamycin. Prior reports suggested rapa-
mycin can induce apoptosis in several cell lines and xenograft
tumor models (Huang et al., 2001; Tirado et al., 2005), and in a
transgenic mouse model of ALS, it induced apoptosis within the
spinal cord with associated acceleration of motor neuron disease,
manifested as enhanced motor dysfunction (Zhang et al., 2011).
However, our mice exhibited improvement in all disease measures,
which led us to consider that non-neuronal cells might be selectively
affected and, therefore, not contribute to disease manifestation. In
fact, costaining cerebellar sections with TUNEL and markers for
neurons or glia revealed astrocytes to be the predominant cell type
undergoing apoptosis. Although this finding helps to resolve the
paradoxical increase in CNS apoptosis with an improvement in clin-
ical and histopathological features, the etiology of glial cell apoptosis
is, as yet, unclear. Whether this is a direct result of long-duration
rapamycin treatment, or it is directly linked to the expression of
PrP-A116V, is currently under study.

In summary, we provide the first evidence for a therapeutic
benefit of rapamycin in a genetic model of prion disease. To our
knowledge, all prion disease therapies have been tested using
models of scrapie infection. An array of therapies has been tested,
with mixed results, including aggregate-inhibiting compounds, an-
timalarial dugs, B-sheet breaker peptides, and immunotherapy (for
review, see Trevitt and Collinge, 2006; Aguzzi and O’Connor, 2010),
in addition to the limited studies of autophagy-inducing drugs noted
above. A consistent finding among these studies is that initiation of
treatment before, or simultaneously with, prion inoculation, pre-
dicts a better response. Genetic screening in advance of disease onset
can identify individuals at risk for inherited prion diseases, which
makes this group ideally suited for preventative therapies that delay
the onset of disease. Based on our results, the benefit for human
carriers of the PrP-A117V mutation could be substantial; the 18%
delay in onset observed in GSS mice could translate to atleasta 7 year
delayin a carrier of a GSS mutation who would normally develop the
disease by age 40. Because rapamycin and its analogs are already
approved for use in humans, their application to prion disease could
be quickly adapted.
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