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Abstract

Neuroinflammation is a prominent component of several neurodegenerative diseases, including multiple sclerosis,

Alzheimer’s disease, Parkinson’s disease, tauopathies, amyotrophic lateral sclerosis and prion diseases. In such conditions,

the ability to decrease neuroinflammation by drug therapy may influence disease progression. Statins have been used to

treat hyperlipidemia as well as reduce neuroinflammation and oxidative stress in various tissues. In previous studies,

treatment of scrapie-infected mice with the type 1 statins, simvastatin or pravastatin, showed a small beneficial effect on

survival time. In the current study, to increase the effectiveness of statin therapy, we treated infected mice with atorvastatin,

a type 2 statin that has improved pharmacokinetics over many type 1 statins. Treatments with either simvastatin or

pravastatin were tested for comparison. We evaluated scrapie-infected mice for protease-resistant PrP (PrPres)

accumulation, gliosis, neuroinflammation and time until advanced clinical disease requiring euthanasia. All three statin

treatments reduced total serum cholesterol �40% in mice. However, gliosis and PrPres deposition were similar in statin-

treated and untreated infected mice. Time to euthanasia due to advanced clinical signs was not changed in statin-treated

mice relative to untreated mice, a finding at odds with previous reports. Expression of 84 inflammatory genes involved in

neuroinflammation was also quantitated. Seven genes were reduced by pravastatin, and one gene was reduced by

atorvastatin. In contrast, simvastatin therapy did not reduce any of the tested genes, but did slightly increase the expression

of Ccl2 and Cxcl13. Our studies indicate that none of the three statins tested were effective in reducing scrapie-induced

neuroinflammation or neuropathogenesis.

INTRODUCTION

Prion diseases are transmissible fatal brain disorders that

are characterized by the accumulation of a misfolded host

protein (PrP) in the CNS, accompanied by grey matter

spongiosis and neuroinflammation consisting of astro- and

micro-gliosis [1, 2]. Although prion pathogenesis is not

completely understood, damage and/or loss of neurons dur-

ing disease is likely a major contributing factor. Neuronal

damage after prion infection may occur through multiple

mechanisms, including excitotoxicity [3, 4], inflammatory

cytokine exposure [5–7], mitochondrial dysfunction [8–12],

or targeted cell death through direct interaction with the

prion protein [13–15].

Neurodegeneration and neuroinflammation are also com-
mon in multiple sclerosis (MS), and prion-like diseases,
such as Alzheimer’s disease (AD), Parkinson’s disease and

tauopathies [5, 6, 16–21]. In these diseases, as well as in
prion diseases, neuroinflammation might contribute to the
pathogenic process. Therefore, treatment to reduce neuroin-
flammation may be useful. One class of drugs shown to
lessen inflammation in various models of neurodegenerative
disease are statins [22, 23].

Statins have been utilized to treat atherosclerosis, where the
primary mechanism is reduction of hyperlipidemia. How-
ever, statins also have anti-inflammatory effects that
increase their effectiveness against atherosclerosis. These
effects include modulation of endothelial function and dis-
ruption of signalling pathways, resulting in reduction of
inflammation [24]. Atorvastatin and simvastatin affect neu-
roinflammation in mouse models of Parkinson’s disease by
reducing proinflammatory cytokines in the brain [25–28].
Furthermore, in rodent models of AD, atorvastatin
reduces the production of pro-inflammatory cytokines and
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decreases the number of microglia in the hippocampus [29,
30]. Similarly, in studies using the experimental autoim-
mune encephalomyelitis (EAE) rodent model for MS,
statins reduced proinflammatory cytokines, increased anti-
inflammatory responses, decreased infiltration of mono-
cytes into the central nervous system (CNS) and decreased
adhesion molecule expression on immune cells [31–34].
Therefore, statin treatment has shown promise in reducing
the neuroinflammation associated with several neurodegen-
erative disease models.

In the present study of scrapie-infected mice, we tested ator-
vastatin, a commonly prescribed type 2 lipophilic statin,
which is structurally different from and pharmacokinetically
superior to many of the type 1 statins [35], and has not been
studied in prion diseases. For comparison, we performed
similar treatment experiments using simvastatin and prava-
statin (type 1 statins) that had been tested previously by
others and showed modest statistically significant improve-
ments for survival times [36–39]. We hypothesized that
treatment of scrapie-infected mice with atorvastatin would
be an improvement on treatment with simvastatin or prava-
statin. Various aspects of scrapie pathogenesis were ana-
lysed using biochemical, histological and immunological
means to determine whether statin treatment could reduce
chronic neuroinflammation and alter survival following
scrapie infection.

RESULTS

Evaluation of serum cholesterol in mice with statin
treatment

Serum cholesterol levels were measured in uninfected
C57BL/10 mice that were either untreated or treated with
statins for approximately 150 days (Fig. 1). Untreated mice
had a mean serum cholesterol of 91mg dl�1. Oral treatment
with pravastatin, atorvastatin, or simvastatin similarly
reduced serum cholesterol in mice by �40%. These results
indicated the statin doses in our mice were sufficient to
affect the target enzyme HMG-CoA reductase and signifi-
cantly reduced serum cholesterol in treated mice after
150 days of therapy. Thus, the food pellets formulated with
drug used in this study appeared to be an effective method
to administer statins to mice.

Scrapie disease in mice treated with statins

Mice inoculated with scrapie strain 22L and treated with
statins were compared with untreated scrapie-inoculated
control mice to assess whether treatment with pravastatin,
atorvastatin, or simvastatin altered scrapie pathogenesis or
disease tempo. None of the statins tested showed differences
between drug-treated and untreated mice in the time for
developing advanced clinical disease requiring euthanasia
(Fig. 2a, b, c and Table 1). In addition, immunoblot analysis
of representative brain homogenates of mice from this study
demonstrated that the amounts of protease-resistant PrP
(PrPres) in the drug-treated and untreated mice were simi-
lar (Fig. 2d). Therefore, statin treatment did not affect either

the tempo of the prion disease or the brain accumulation of
PrPres in infected mice.

Neuropathology and assessment of gliosis and
PrPSc by immunohistochemistry

H and E staining of brain sections showed a similar spongi-
form change in the cortex of all the scrapie-infected mice,
regardless of statin treatment (Fig. 3a, last column). To eval-
uate the amount of reactive gliosis and PrPSc accumulation
in the brains of scrapie-infected mice, histological sections
were probed with antibodies that specifically recognized
GFAP, IBA-1, or PrP. The immunoreactive staining for
GFAP, IBA-1, or PrP appeared similar in terminally
infected mice, regardless of statin treatment (Fig. 3a). Fur-
thermore, quantifiable pixel intensity analysis of individual
sagittal sections of whole brain indicated that increases of
GFAP, IBA-1 and PrP reactivity in all scrapie-infected
cohorts were similar and significantly greater than for iden-
tically probed uninfected control brain sections (Fig. 3b).
Thus, treatment with simvastatin, pravastatin, or atorvasta-
tin did not substantially change the amount of gliosis in the
brain. Furthermore, histology showed that PrPSc deposition
was equivalent in drug-treated and untreated infected mice.
This agreed with our earlier findings by immunoblot
(Fig 2d).

Effect of statin treatment on neuroinflammation
during scrapie infection

To evaluate whether statin treatment altered the expression
of neuroinflammatory markers during scrapie infection, we
assayed the transcription levels of 84 genes associated with
inflammation by qRT-PCR array. Only 10 of the 84 genes
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Fig. 1. Mouse serum cholesterol levels with simvastatin (SMV), prava-

statin (PRV), or atorvastatin (ATV) treatment. Total serum cholesterol

was measured in statin-treated and untreated mice after 150 days of

consuming statin-supplemented or control chow. There was a �40%

reduction in the average cholesterol in all three statins tested relative

to control, indicating an effect on the mevalonate pathway. Each dot

represents a single mouse. Error bars indicate one standard deviation.

*** P value �0.001 by one-way ANOVA relative to untreated.
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assayed changed in expression with statin therapy (Table 2).
Treatment with pravastatin reduced the expression of the
greatest number of inflammatory genes relative to infected
untreated mice (Table 3), but the expression of three of
these reduced genes (Csf3, IL3 and Tnfsf4) is typically
unchanged during scrapie infection [5]. Conversely, prava-
statin therapy increased the expression of Cxcl13. In con-
trast, treatment with simvastatin did not reduce the
expression of any of the 84 proinflammatory genes tested,
but Ccl2 and Cxcl13 were slightly elevated during scrapie
infection in simvastatin-treated mice (Table 3). Atorvastatin
treatment decreased the expression of only one gene, Cxcr3,
during scrapie infection (Table 3). Most of the inflamma-
tory genes that we previously reported to be elevated in
scrapie-infected brain (i.e. Cxcl10, IL1rn, Ccl4 and Ccl5) [5,

6, 40] were unchanged in statin-treated mice relative to the
untreated infected controls (Tables 2, S1 and S2, available in
the online Supplementary Material). Although the statin
treatments varied in their ability to alter the expression of a
small number of the 84 inflammatory genes tested, therapy
did not affect time until euthanasia due to clinical disease,
PrPres accumulation, or gliosis in the scrapie-infected brain.

DISCUSSION

In the present blinded study, we tested the ability of simva-
statin, pravastatin and atorvastatin to influence scrapie
pathogenesis in a mouse-adapted scrapie model. All three of
these statins have been shown to penetrate the blood–brain
barrier in mice [41, 42]. However, in our experiments there
was no increase in the time of survival after long-term oral
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Fig. 2. Euthanasia plots and immunoblot detection of PrPres in 22L-infected mice treated with simvastatin, pravastatin, or atorvasta-

tin. The time until euthanasia for untreated control scrapie-infected C57BL/10 mice was compared to that for mice treated with simva-

statin (a), pravastatin (b), or atorvastatin (c). Mice were inoculated intracerebrally with scrapie strain 22L, and the x-axis shows the day

post-inoculation (p.i.) when animals were euthanized due to advanced signs of clinical scrapie (see the Methods section for details).

Curves were statistically analysed using the Mantel–Cox log rank. The number of mice per group (n) is indicated in each graph. (d)

Brain protein samples from representative end-stage 22L-infected C57BL/10 mice treated with simvastatin, pravastatin, or atorvasta-

tin, or untreated, were separated by SDS-PAGE. All samples were treated with proteinase K prior to separation as described in the

Methods section. Each lane was loaded with 0.36mg whole-brain equivalents and probed with anti-PrP antibody D13. The 21 and 31

kiloDalton protein standards are indicated to the left of the immunoblot.

Table 1. Survival times of statin-treated and untreated scrapie-infected C57BL/10 mice

Treatment Survival times (day p.i.)* Median day p.i.±SD

Simvastatin (n†=12) 147, 152, 152, 152, 154, 158, 159, 160, 161, 164, 164, 166 158.5±6.0

Atorvastatin (n=12) 152, 152, 153, 153, 154, 154, 154, 158, 164, 164, 164, 164 154.0±5.3

Pravastatin (n=10) 140, 143, 147, 153, 153, 154, 154, 154, 161, 161 153.5±6.8

Untreated (n=10) 143, 152, 152, 152, 152, 153, 154, 154, 156, 161 152.5±4.5

*Number of days post-infection when individual mice were euthanized due to presence of advanced clinical signs.

†Number of mice in the study group.
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treatment with atorvastatin, simvastatin, or pravastatin.

This was surprising because both simvastatin and prava-

statin treatment were previously shown to extend survival

time after scrapie infection by 10 to 20 days (Table 4) in a

disease model that has a typical duration ranging from 140

to 180 days. However, in these earlier studies, the investiga-

tors gave no indication that they were blinded to the experi-

mental cohorts of mice [36–39]. This may have influenced

the results because of the difficulty in objectively determin-

ing the time until euthanasia in clinical prion disease mod-

els. Our use of a blinded protocol to reduce experimental

bias may be a factor in explaining why we did not see the

same beneficial effect of statin therapy reported by others.

Differences between the scrapie strains used in our study
and those used in the previous studies may also have been a
confounding factor when comparing these experiments. We
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Fig. 3. Neuropathology and immunohistochemical assessment of gliosis and PrP deposition in cortex brain sections from 22L-infected

mice treated with simvastatin, pravastatin, or atorvastatin. (a) Brain sections from 22L-infected mice treated with simvastatin, prava-

statin, atorvastatin, or untreated, were probed with antibodies specific for GFAP, IBA-1, or PrP. A representative H and E stained sec-

tion shows that similar amounts of spongiform change (arrow heads) were observed in all scrapie-infected mice. Sections from the

brain of untreated uninfected mice were similarly probed as a negative control. Representative images of the cerebral cortex are

shown for all at the same scale as indicated. (b) Sagittal sections from brains of 22L-infected mice treated with statins or untreated as

indicated were scanned to quantitatively assess the percentage of positive pixels after probing with antibodies specific for GFAP, IBA-

1, or PrP. Uninfected mice were included as a negative control. The background represents several brain sections from 22L-infected

mice that were analysed with the primary antibody omitted. Each character represents an independent sagittal section from a single

mouse. Bars indicate the mean, and error bars indicate one standard deviation. GFAP, IBA-1 and PrP were not decreased in the statin-

treated infected mice versus the untreated infected mice, indicating that statin treatment was not highly effective at reducing the pres-

ence of activated microglia or astroglia, or in reducing the amount of PrPSc observed. All 22L-infected mice, regardless of treatment,

showed significantly higher staining for GFAP, IBA-1 and PrP relative to the uninfected controls. Data were analysed by one-way

ANOVA. ***P�0.0001.
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infected our mice with scrapie strain 22L, while previous
studies used strains ME7 (38), RML [37], or 139A [36, 39]
(Table 4). However, in our earlier studies of the neuroin-
flammatory response in scrapie-infected brain, mice
infected with strains ME7, 22L and RML all showed upregu-
lation of similar neuroinflammatory genes [6]. Thus, the
neuroinflammatory response to scrapie infection in mice
does not appear to be unique for these scrapie strains.
Therefore, the use of different scrapie strains in these statin
treatment experiments is unlikely to be responsible for the
lack of effectiveness of the treatment in our experiments.

In the previous studies using simvastatin to treat scrapie-
infected mice, various drug doses were used, ranging from
1.0 to 100mg kg�1 day�1 [38, 39]. Furthermore, Haviv et al.
treated mice with three different doses (2, 10 and 20mg kg�1

day�1) [37]. Oddly, similar changes in scrapie incubation
period were seen among the studies (Table 4), regardless of
the dose. In our studies, we used the highest of these doses
and still saw no effect on incubation period and no reduction
in pro-inflammatory gene expression with treatment.

There were notable differences between our gene expression

results and those of Haviv et al. [37] when comparing

simvastatin-treated mice. Although we saw a similar
increase in Ccl2 expression with simvastatin treatment of
scrapie-infected mice to Haviv et al., we did not see
increases in the expression of Ccl5, Cxcr3, or IL1b, even

though we treated with up to 5 times more drug. These dis-
crepancies could be due to differences in the mice used,
since the FVB/N mice used by Haviv et al. [37] have a muta-
tion in the C5 complement allele that has been associated

with immunological hyper-responsiveness in asthma disease
models [43, 44]. This might account for the increased
expression of several inflammatory genes in their study
[37]. Furthermore, the 2week difference in time until eutha-
nasia in the statin-treated and untreated mice of Haviv et al.

could also account for the slight increase in a few genes,
since neuroinflammatory gene expression is known to
increase with time during scrapie infection [5, 6]. Nonethe-
less, we both assessed over 80 genes associated with inflam-
mation and found that most these genes were unchanged

with simvastatin treatment of scrapie-infected mice.

Most of the genes that we previously described as being
highly increased in the brains of scrapie-infected mice (i.e.
Ccl4, Ccl5, Ccl8, Ccl12, Cxcl9, Cxcl10, IL1 and IL1rn) [5, 6]

Table 2. Comparison of the effects of scrapie infection and statin treatment on the expression of neuroinflammatory genes in the brain

Changed with statin therapy Unchanged with statin therapy

Reduced expression Increased expression

Changed with scrapie infection 5* 2 32†

Unchanged with scrapie infection 3 0 42‡

*Number of neuroinflammatory genes is shown in each box. Data for change in expression with scrapie infection are from [5, 6]. Data for change in

expression with statin treatment are from the present paper.

†Genes can be found in Table S1.

‡Genes can be found in Table S2.

Table 3. Inflammatory genes significantly altered with statin treatment of 22L-infected mice compared to untreated 22L-infected control mice

Simvastatin Pravastatin Atorvastatin

Gene Increased in scrapie [5] FC† FC FC Description

Ccl2 Yes 2.5* 1.5 1.7 Chemokine (C-C motif) ligand 2

Cxcl11 Yes 1.6 �2.1* �1.1 Chemokine (C-X-C motif) ligand 11

Cxcl13 Yes 2.3* 2.0* 1.6 Chemokine (C-X-C motif) ligand 13

Cxcr3 Yes �1.6 �1.9 �4.0* Chemokine (C-X-C motif) receptor 3

Cxcr5 Yes 1.1 �2.7* �1.8 Chemokine (C-X-C motif) receptor 5

Osm Yes �1.1 �4.3* �1.5 Oncostatin M

Tnf Yes 1.2 �2.5* �1.5 Tumour necrosis factor

Csf3 No 1.2 �2.7*** �1.2 Colony stimulating factor 3

Il3 No �1.1 �2.8* �1.8 Interleukin 3

Tnfsf4 No 1.1 �2.3* �1.5 Tumour necrosis factor superfamily, member 4

Bold numerals represent significant changes that met our criteria of a minimum twofold change.

Underlined bold numerals are changes where treatment increased chemokine expression.

†Fold change in gene expression in infected statin-treated versus infected untreated mice.

*P value � 0.05, ***P value �0.001.
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were unaffected by simvastatin, pravastatin, or atorvastatin
therapy (Table S1). This was contrary to our original
hypothesis that the expression of genes involved in neuroin-
flammation in scrapie-infected mice might be reduced with
long-term statin therapy. We were especially surprised at
the lack of immunomodulation with atorvastatin treatment
in our scrapie-infected mice, since atorvastatin treatment
significantly decreased expression of Cxcl10 in cerebral
malaria [45], IL1 and Tnf in AD [30], and Tnf in EAE [31]
rodent models. Possibly the inflammatory response in prion
disease differs from the neuroinflammation in cerebral
malaria, AD and EAE, as these diseases demonstrate sub-
stantial leukocyte transmigration into the brain [46–49]. In
contrast, infiltration of leukocytes is rare or low-level in
prion diseases [50–52]. The neuroinflammation in the CNS
in response to scrapie is likely the direct response of glia to
neuronal damage, with limited involvement of the periph-
eral immune response. This might explain why the anti-
neuroinflammatory effects of statins, which reduce the
penetration of peripheral immune cells into the CNS [32,
33, 45, 53], were not effective in our scrapie experiments.

Although statin treatment in many animal models of neuro-
inflammation has shown promise, its efficacy in human
clinical trials remains controversial. Some clinical investiga-
tions reported that statin therapy reduced the incidence of
Parkinson’s disease [54–56], but others concluded that sta-
tins are ineffective in halting progression, risk, or associated
dementia in Parkinson’s disease [57, 58]. Clinical trials to
assess the effectiveness of statins on AD progression have
also produced mixed findings, with some groups reporting

that statin therapy improved cognition and enhanced mem-
ory in AD patients [22, 24, 59, 60], but others reporting no
benefit from statin treatment [22, 61–63]. Likewise, the
findings from clinical trials with MS patients [64–68] led
investigators to conclude that statin treatment may offer lit-
tle benefit in MS.

Based on our results, simvastatin, pravastatin, or atorvasta-
tin therapy alone were not effective in reducing the neuroin-
flammation or increasing the survival time associated with
scrapie infection with strain 22L. In animal models the
treatment of prion disorders has been difficult, and only
treatments near the time of infection or prior to clinical
signs have slowed disease progression [69–71]. Perhaps
future experiments should investigate the combination of
drugs with different mechanisms, such as statins or other
anti-inflammatory drugs to target neuroinflammation, given
together with drugs capable of delaying prion replication or
blocking neurotoxicity. Such combinations have been useful
in the treatment of cancer and various infectious diseases,
and might also be useful in treating prion diseases.

METHODS

Ethics statement

All mice were housed at the Rocky Mountain Laboratory
(RML) in an AAALAC-accredited facility in compliance
with guidelines provided by the Guide for the Care and Use
of Laboratory Animals (Institute for Laboratory Animal
Research Council). Experimentation followed RML Animal
Care and Use Committee approved protocol 2015-034.

Table 4. Comparison of published studies performed with statins on mice inoculated intracerebrally with scrapie

Mok et al. 2006* Kempster et al.

2007

Haviv et al. 2008 Vetrugno et al.

2009

This study

Statin† (dose‡) SMV

(100)

SMV

(1.0)

SMV

(20, 10, 2)

PRV

(200)

SMV (100)

PRV (200)

ATV (50)

Route of statin delivery Chow Drinking water Drinking water Drinking water Chow

Start of treatment At 100 days p.i. At inoculation At 41 or 72 days p.i. At inoculation At inoculation

Mouse strain C57BL/6 C57BL/6 j FVB/N C57BL/6 C57BL/10

Scrapie strain 139A ME7 RML 139A 22L

Inoculum 20 ul of 0.1 % or 0.01%

BH

20 ul of 10% BH 30 ul of 1.0% BH ? ul of 1.0% BH 30 ul of 1.0% BH

Cytokines ND ND Assessed 94§ ND Assessed 84

(see Tables 2 and

S1)

Average survival time

improvement

0.1 %=16 day

0.01%=20 day

10 days 14 days (Cumulative) 17 days None

PrP-res deposition Unaffected Unaffected Increased in treatment

group

Unaffected Unaffected

BH, brain homogenate; ND, not determined.

*Author and year of publication.

†SMV, simvastatin; PRV, pravastatin; ATV, atorvastatin.

‡mg kg�1 day�1

§With treatment: increase in Ccl2, Ccl5, IL1b and Cxcr3, and decrease in Cxcl11 and Cox2.
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Mice and scrapie inoculations

The C57BL/10 (C57) mice were originally obtained from
Jackson Laboratories and have been inbred at RML for sev-
eral years. They were gender and age matched. All experi-
mental mice were inoculated i.c. in the left hemisphere with
30 µl of a 1.0% (w/v) strain 22L scrapie brain homogenate
stock (final of 6.0�105 LD50) in phosphate-buffered bal-
anced saline with 2% foetal bovine serum on the same day.
Mice were scored weekly for clinical signs beginning at 116
days p.i. and biweekly once clinical signs became more
prominent. Observers were blinded to the drug treatment
groups. A single score was assigned to each individual
mouse based on the extent and level of clinical signs
observed. Scorers paid particular attention to the severity of
somnolence, kyphosis, gait abnormalities and decrease in
body condition [72]. Scores were as follows: 0 = normal; 1 =
subtle clinical signs; 2 = moderate clinical signs; and 3 =
advanced clinical signs. Mice were euthanized when they
reached a score of 3. Brain tissue was dissected for future
use in histology, Western blot, or RNA gene expression
assays. Survival curves were created using GraphPad Prism
7, and statistical analysis was performed on the curves by
Mantel–Cox log rank.

Oral statin administration

The pharmaceutical-grade statins used in this study were
manufactured by Accord BioPharma, Inc. (simvastatin,
National Drug Code (NDC) # 16729-006-17); Glenmark
Pharmaceuticals, Inc. (pravastatin, NDC # 68462-197-90);
and Mylan Institutional, Inc. (atorvastatin, NDC # 0378-
3952-09). The statins were formulated into rodent chow
(Teklad Diets, Envigo) to deliver approximately 100, 200, or
50mg kg�1 day�1 respectively for simvastatin, pravastatin
and atorvastatin based on an average consumption of 5 g
day�1 and an average weight of 25 g/mouse. The drug doses
for simvastatin and pravastatin were chosen to mimic the
levels achieved in mice by Mok et al. and Ventrugna et al.
[36, 39]. Atorvastatin has a half-life of ~14 h, which is longer
than that of simvastatin (~3 h) or pravastatin (~2 h) and
allows drug accumulation to occur. To achieve equal effec-
tiveness based on pharmacokinetics, the dose relative to
simvastatin was halved [35]. Treated mice were fed drug-
supplemented chow from the time of scrapie inoculation
until the experimental endpoint. Control mice were fed
identical chow without drug. Each treatment group con-
sisted of 10 to 12 mice. For the duration of the study, inves-
tigators were blinded as to the treatment of each group of
mice to avoid potential experimental bias.

Serum cholesterol analysis

Whole blood (approximately 0.5ml) was collected from
age-matched, uninfected control mice that were treated (or
mock-treated) for 150 days with the same statin-medicated
chows that were fed to the scrapie-infected mice. Blood
samples were allowed to clot and then centrifuged for 7min
at 650 g. Serum was removed for cholesterol analysis. Cho-
lesterol was measured using an IDEXX VetTest 8008 chem-
istry analyser and cholesterol slides (IDEXX product code

98-20365), while the investigator was blinded to the treat-
ment of the mouse cohorts. Data were evaluated using
GraphPad Prism 7 and statistical significance was assessed
by one-way analysis of variance (ANOVA).

RNA isolation and qRT-PCR analysis

Mouse brain halves were homogenized in 3.0ml ZR RNA
buffer (Zymo Research) and stored for up to 5 days at
�80

�
C before processing. Total RNA was isolated using the

Quick-RNA MidiPrep (Zymo Research) and treated with 4
units of DNase I (Ambion) for 1 h at 37

�
C. RNA was stored

with 1 x RNase inhibitor (SUPERase-In; Ambion) at �80
�
C

until use. For quantitative analysis of changes in tran-
scription using qRT-PCR arrays, 400 ng of high-quality
RNA from each sample was reverse-transcribed to synthe-
size cDNA using the RT2 First Stand kit per the manufac-
turer’s instructions (Qiagen). Each cDNA reaction was
mixed with 2� RT2 SYBR Green Mastermix purchased
from Qiagen with RNase-free water to a final volume of
1.3ml. Ten microlitres of the mixture was then added to
each well of a 384-well format plate of the mouse inflamma-
tory cytokine and receptors super array PAMM-011ZE
(Qiagen). The analysis was carried out on an Applied Bio-
systems ViiA 7 real-time PCR system with a 384-well block
using the following conditions: 1 cycle at 10min, 95

�
C; 40

cycles at 15 s, 95
�
C; and then 1min, 60

�
C with fluorescence

data collection. Melting curves were generated at the end of
the completed run to determine the quality of the reaction
products. Raw threshold cycle (Ct) data were collected with
a Ct of 35 as the cutoff. Ct data were analysed using the
web-based RT2 Profiler PCR array data analysis (http://
pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php).
All Ct values were normalized to the average of the Ct val-
ues for the housekeeping genes Actb, Gapdh and Hsp90ab1.
Changes in transcription were calculated by the software
using the DDCt-based method. Statistical analysis was per-
formed using the unpaired Student’s t-test to compare the
replicate 2�DCt values for each gene in the infected group
versus the infected statin-treated groups. A mean of �2.0-
fold change and a P-value of �0.05 was considered signifi-
cant. Each treatment and control group consisted of a
minimum of three independent RNA samples.

Immunohistochemistry and quantitation

After the mice were euthanized, the brains were removed
and half of each brain placed in 3.7% phosphate-buffered
formalin for 3 to 5 days before dehydration and embedding
in paraffin. Serial 5 µm sections were cut using a standard
Leica microtome, placed on positively charged glass slides,
and dried overnight at 56

�
C. Slides were stained with a

standard protocol of hematoxylin and eosin (H and E) for
observation of the overall pathology. For the detection of
microglia, sections were probed with a 1 : 2000 dilution of
polyclonal rabbit antibodies against ionized calcium-bind-
ing adapter-1 (IBA-1) provided by Dr John Portis. For
detection of astrocytes, sections were probed with a 1 : 3500
dilution of polyclonal rabbit antibodies to glial fibrillary
acidic protein (GFAP) from Dako (Z0334). The secondary
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antibody, biotinylated goat anti-rabbit (Biogenex Ready-to-
use Super Sensitive Rabbit Link) was applied undiluted to
the slides. Detection was performed using the REDMap
detection kit (Ventana #760–123). Slide processing was
completed in a Discovery XT slide stainer (Ventana,) and
read, with the treatments blinded to the investigator, by
microscopy as previously described [40].

Scrapie-associated PrP (PrPSc) antigens were exposed by
incubation in CC1 buffer (Ventana) containing Tris-borate-
EDTA, pH 8.0, for 100min at 95

�
C as previously described

[6]. PrP was stained with the human anti-PrP monoclonal
antibody D13, where D13 culture supernatant was used at a
dilution of 1 : 100 for 2 h at 37

�
C. The secondary antibody

was biotinylated goat anti-human IgG at a 1 : 250 dilution
(Jackson ImmunoResearch), and streptavidin–biotin perox-
idase was used with 3, 3¢-diaminobenzidine (DAB) as the
chromogen (DAB map kit; Ventana). Hematoxylin was
used as a counterstain for all slides.

Sections stained for GFAP, IBA-1, and PrP were scanned
with an Aperio ScanScope XT (Aperio Technologies, Inc.)
and quantified using the ImageScope positive pixel count
algorithm (version 9.1). This algorithm interprets the dark-
ness (brown or red hue) of the pixel and parcels the positive
pixel intensities into three categories based on designated
intensity ranges: weak–positive (176–220), positive (101–
175), and strong–positive (0–100). For each stained brain
section, a 5-micron thick median sagittal section represent-
ing approximately 55mm2 was evaluated at 1� magnifica-
tion with the treatments blinded to the investigator. For the
GFAP and IBA-1 stained sections all three pixel intensity
categories were used to calculate the percentage of positive
pixels (positive pixels/total pixels � 100). For the PrP-
stained sections, only strong positive pixel intensities were
counted to calculate the percentage of positive pixels. This
adjustment was made to minimize the contribution of posi-
tive pixels detected due to normal PrP-sen staining. Control
slides of brain sections from scrapie-infected mice were
taken through the antibody staining procedure with the pri-
mary antibody omitted to assess background due to the sec-
ondary antibody and chromogenic substrate deposition.
Data were analysed using GraphPad Prism 7 and statistical
analysis was performed by one-way ANOVA.

SDS-PAGE and immunoblotting

Brains were homogenized (20%w/v) using a Mini Bead
Beater (BioSpec Products) as previously described [7] in ice-
cold cell lysis buffer (Bio-Rad) supplemented with 2� Com-
plete EDTA-free protease inhibitor cocktail (Roche) and 1�
cell lysis factors 1 and 2 (Bio-Rad) consisting of sodium
orthovanadate and sodium fluoride to prevent the dephos-
phorylation of proteins. For the detection of PrPres by
immunoblot, tissue samples were analysed as described pre-
viously [40, 73]. Briefly, 0.36mg of whole-brain equivalents
were treated with proteinase K, separated by SDS-PAGE,
transferred to polyvinylidene difluoride and probed with a
1 : 100 dilution of monoclonal human anti-PrP antibody
D13. The secondary antibody was peroxidase-conjugated

anti-human IgG used at 1 : 5000 (Sigma), and immunoreac-
tive bands were visualized using an enhanced chemilumi-
nescence detection system (Thermo Scientific).
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