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ABSTRACT

Prion diseases are fatal neurodegenerative disorders associated with the conversion of cellular prion protein (PrPC) into its aber-
rant infectious form (PrPSc). There is no treatment available for these diseases. The bile acids tauroursodeoxycholic acid
(TUDCA) and ursodeoxycholic acid (UDCA) have been recently shown to be neuroprotective in other protein misfolding disease
models, including Parkinson’s, Huntington’s and Alzheimer’s diseases, and also in humans with amyotrophic lateral sclerosis.
Here, we studied the therapeutic efficacy of these compounds in prion disease. We demonstrated that TUDCA and UDCA sub-
stantially reduced PrP conversion in cell-free aggregation assays, as well as in chronically and acutely infected cell cultures. This
effect was mediated through reduction of PrPSc seeding ability, rather than an effect on PrPC. We also demonstrated the ability
of TUDCA and UDCA to reduce neuronal loss in prion-infected cerebellar slice cultures. UDCA treatment reduced astrocytosis
and prolonged survival in RML prion-infected mice. Interestingly, these effects were limited to the males, implying a gender-
specific difference in drug metabolism. Beyond effects on PrPSc, we found that levels of phosphorylated eIF2� were increased at
early time points, with correlated reductions in postsynaptic density protein 95. As demonstrated for other neurodegenerative
diseases, we now show that TUDCA and UDCA may have a therapeutic role in prion diseases, with effects on both prion conver-
sion and neuroprotection. Our findings, together with the fact that these natural compounds are orally bioavailable, permeable
to the blood-brain barrier, and U.S. Food and Drug Administration-approved for use in humans, make these compounds prom-
ising alternatives for the treatment of prion diseases.

IMPORTANCE

Prion diseases are fatal neurodegenerative diseases that are transmissible to humans and other mammals. There are no disease-
modifying therapies available, despite decades of research. Treatment targets have included inhibition of protein accumulation,
clearance of toxic aggregates, and prevention of downstream neurodegeneration. No one target may be sufficient; rather, com-
pounds which have a multimodal mechanism, acting on different targets, would be ideal. TUDCA and UDCA are bile acids that
may fulfill this dual role. Previous studies have demonstrated their neuroprotective effects in several neurodegenerative disease
models, and we now demonstrate that this effect occurs in prion disease, with an added mechanistic target of upstream prion
seeding. Importantly, these are natural compounds which are orally bioavailable, permeable to the blood-brain barrier, and U.S.
Food and Drug Administration-approved for use in humans with primary biliary cirrhosis. They have recently been proven effi-
cacious in human amyotrophic lateral sclerosis. Therefore, these compounds are promising options for the treatment of prion
diseases.

Prion diseases are fatal neurodegenerative diseases that include
Creutzfeldt-Jakob disease in humans, bovine spongiform en-

cephalopathy in cattle, chronic wasting disease in deer, elk, and
moose, and scrapie in sheep. These diseases are associated with the
misfolding and accumulation of the naturally occurring prion
protein (PrPC). The misfolded form (PrPSc) is rich in beta sheet
and seeds the ongoing conversion of PrPC with the subsequent
development of pathological neuronal loss, astrogliosis, and spon-
giform change. Human patients usually experience ataxia, de-
mentia, with or without visual disturbances, and late-stage myoc-
lonus. Within months they become akinetic mute, and most die
within less than a year from onset. Despite decades of research,
there are no disease-modifying therapies available.

Many studies have used PrP as a therapeutic target, either
blocking conversion by directly binding PrP or PrPSc, sequestering
PrP to a location where it cannot be converted, suppressing PrP
expression, interfering with molecules that promote conversion,

or enhancing clearance of PrPSc (1). A major reason that these
attempts have failed is that by the time symptoms are apparent,
pathology is well established and cell death cascades may already
be initiated; preventing further PrPSc accumulation at this stage
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may be insufficient. Instead, compounds that target downstream
pathological cascades are required, possibly in combination with
PrP conversion inhibitors.

Bile acids are naturally synthesized molecules derived from
cholesterol which have recently been investigated as therapeutic
agents for a number of diseases. Although the primary function of
bile acids is the solubilization of dietary fats and fat-soluble vita-
mins in the intestinal lumen, the secondary bile acid ursodeoxy-
cholic acid (UDCA) and its taurine-conjugated form, taurour-
sodeoxycholic acid (TUDCA), have neuroprotective effects in a
number of neurodegenerative disease models (2).

TUDCA and UDCA may partially function as chaperones, re-
ducing the accumulation of toxic aggregates in protein folding
disease models (3). However, the actual mechanisms of action are
not clear and may be multiple, with evidence for reduction of
reactive oxygen species formation (4), prevention of mitochon-
drial dysfunction (5), and inhibition of apoptosis through intrin-
sic (6) or extrinsic (7) pathways. They can also alter gene expres-
sion via nuclear and G protein-coupled receptors, affecting the
regulation of many metabolic pathways (8). Of particular interest
to prion disease, these bile acids have been shown to reduce the
phosphorylation of eukaryotic initiation factor subunit alpha
(eIF2�), which has been implicated in prion pathogenesis in later
disease stages (9).

Efficacy has been demonstrated in several animal models of
protein folding neurodegenerative disease, including Alzheimer’s
disease (AD), Huntington’s disease (HD), and Parkinson’s disease
(PD). APP/PS1 transgenic mice (an AD model) fed TUDCA had
fewer deposits of pathological protein and fewer memory deficits
(10). TUDCA treatment of HD transgenic mice led to reduced
neuropathology and an improved clinical phenotype (11). Intra-
peritoneal injection of TUDCA into a PD mouse model activated
prosurvival pathways and prevented dopaminergic cell death
(12).

In addition to these promising studies, TUDCA and UDCA
have therapeutic advantages because they are orally bioavailable,
can cross the blood-brain barrier, and are relatively nontoxic. In
addition, TUDCA is a U.S. Food and Drug Administration
(FDA)-approved drug used in humans to treat primary biliary
cirrhosis. Very recently, TUDCA’s efficacy was demonstrated in
humans with amyotrophic lateral sclerosis (ALS) (13).

In the present study, we provide evidence for aggregation
inhibitory effects and demonstrate neuroprotective roles for
TUDCA and UDCA in prion disease in vitro, ex vivo, and in vivo.

MATERIALS AND METHODS
Ethics statement. This study was carried out in strict accordance with the
recommendations in the Canadian Council on Animal Care, as approved
by the Animal Care and Use Committee (ACUC) of the University of
Alberta (study IDs AUP00000335 and AUP00000914; Animal Welfare
Assurance Number A5070-01). All mice were bred in an ACUC approved
facility with environmental enrichment. Pups (10 to 12 days old) were
used for slice culture; 21- to 28-day-old weaned pups were used for intra-
cerebral inoculation. Any animal showing signs of distress, including the
loss of more than 20% body weight, were euthanized by CO2 asphyxia-
tion. Mouse pups were rapidly euthanized by cervical dislocation to pro-
vide healthy brain tissue for organotypic cultures.

PrP fibril formation. Recombinant full-length (residues 23 to 231)
and truncated (residues 90 to 231) mouse PrP was expressed and purified
as previously described (14). Lyophilized recombinant PrP was dissolved
in 6 M guanidine hydrochloride (GdnHCl) with a protein concentration

of 5 mg/ml. For aggregation under denaturing conditions, the stock solu-
tion was diluted in 50 mM sodium phosphate buffer (pH 7.0) to reach a
final concentration of 2 M GdnHCl and a final protein concentration of
0.5 mg/ml. For real-time quaking-induced conversion (RT-QuIC) condi-
tions, the stock solution was diluted in 20 mM sodium phosphate buffer
(pH 7.4) and 130 mM NaCl, 10 �M EDTA, 0.002% sodium dodecyl
sulfate (SDS; final concentration) for a final protein concentration of 0.2
mg/ml (and residual 0.2 M GdnHCl). The fibril formation reactions were
carried out in 96-well plates (white plate, clear bottom; Costar 3610) cov-
ered with thermal adhesive sealing film (08-408-240; Fisherbrand) using
reaction volumes of 200 �l/well. The samples were incubated in the pres-
ence of 10 �M thioflavin T (ThT) at 37°C with continuous shaking at 500
rpm for denaturing conditions or 41°C and 900 rpm for RT-QuIC condi-
tions. Fluorescence measurements were taken at 445/482-nm excitation/
emission, with a 475-nm cutoff (Victor 3 or Spectramax M5). For seeding
experiments, the reaction was carried out in the presence of 0.00025%
(wt/vol) preformed recombinant PrP fibrils or 0.0007% (wt/vol) RML
strain prion-infected brain homogenate. The lag phase was calculated as
previously reported (14). There were at least three technical replicates per
experiment.

Surface plasmon resonance (SPR) measurements. Interactions
between recombinant PrP and bile acids were studied using a Biacore
X100 system (Biacore, Uppsala, Sweden). Histidine-tagged PrP(90-231)
or PrP(23-231) was immobilized on an NTA sensor chip by injecting a
0.05 �M solution of protein for 150 s at a flow rate of 10 �l/min. On
average, 300 relative units (RU) of PrP were immobilized. Various con-
centrations of analytes were injected in running buffer (10 mM HEPES,
150 mM NaCl, 50 �M EDTA, 0.05% [vol/vol] surfactant P20). Bile acids
and Congo red were injected for 60 and 180 s, respectively, at a flow rate of
20 �l/min. The dissociation rate was monitored for 120 s.

CD. A total of 200 �l of PrP(90-231) at 0.5 mg/ml was incubated in the
aggregation assays buffers for 2 h at room temperature in the absence or
presence of 1 mM TUDCA and then transferred to a 1-mm cuvette for
circular dichroism (CD) measurements. The spectra were recorded on a
Chirascan CD spectrometer (Applied Photophysics) instrument between
200 and 260 nm, with sampling points every 1 nm. For each sample, 10
scans were averaged, and baseline spectra were subtracted. Thermal de-
naturation was monitored by heating the sample from 20 to 80°C at 1°C/
min in a 1-mm cuvette. The ellipticity was recorded at 222 nm, and the
percentage of unfolded protein was plotted. The data were processed us-
ing an Applied Photophysics Chirascan viewer and Microsoft Excel.

Cell culture conditions and treatment. ScN2a (scrapie-infected
mouse neuroblastoma cells) (15) were grown in Dulbecco modified Eagle
medium (DMEM; Invitrogen, Carlsbad, CA) containing 5% fetal bovine
serum (FBS) and 1% penicillin–streptomycin at 37°C with 5% CO2. For
treatment, the cells were seeded in a six-well plate at 40 to 50% confluence.
The cells were mechanically passaged every 2 to 3 days in the presence or
absence of bile acids for a total of 14 days.

Prion-infected brain homogenate for infection. For the infection of
L929 cells, cerebellar slice cultures, and animals, we used a 10% (wt/vol; in
water) brain homogenate prepared from a pool of RML prion-infected
C57BL/6 mice. Brains were collected from animals at the end-stage of
clinical prion disease, and infection was confirmed by proteinase K (PK)
digestion and Western blotting for PrP.

SSCA. The standard scrapie cell assay (SSCA) was performed as pre-
viously described (16) with the following modifications. In brief, L929
cells were exposed for 5 days in 96-well culture plates to 0.1% (wt/vol)
RML brain homogenates. The cells were passaged three times (1:4 and
1:7), with 20,000 cells collected at the third passage, and loaded onto
MultiscreenHTS IP 96-well, 0.45-�m-pore-size filter plates (Millipore,
Billerica, MA). The cells were first subjected to PK digestion (5 �g/ml) for
1 h, followed by denaturation with 3 M guanidine thiocyanate. The en-
zyme-linked immunospot (ELISPOT) reaction was performed with a
mouse anti-PrP antibody (SAF83, 1:1,000) and a goat anti-mouse alkaline
phosphatase (AP)-conjugated secondary antibody (1:5,000). The plates
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were developed using BCIP/NBT. The plates were analyzed using an Au-
toimmun Diagnostika GmbH ELISPOT plate reader (ELR07).

For bile acid treatments, 100 �M TUDCA or UDCA was either used as
a pretreatment before infection, added to cells immediately after infec-
tion, or added after the first passage. For pretreatment, 100 �M bile acid
was incubated with 1% (wt/vol) brain homogenate at 4°C for 24 h before
infection. Treatment concentrations were maintained by adding 100 �M
bile acids to the media at each cell passage.

Prion-infected organotypic slice culture assay (POSCA). Prion-in-
fected cerebellar slice cultures were established as previously described
(17, 18), using 10- to 12-day-old tga20/� mice (19). Sagittal slices (350
�m thick) of cerebellum were prepared and treated with 1.0 �g of RML
prion-infected or uninfected brain homogenates/ml as free-floating sec-
tions for 1 h on ice before washing and plating. The slices were cultured
in 50% (vol/vol) MEM, 25% (vol/vol) basal medium Eagle medium, and
25% (vol/vol) horse serum supplemented with 0.65% (wt/vol) glucose,
penicillin-streptomycin, and GlutaMAX (Invitrogen), with medium
changes three times per week.

Immunofluorescence and microscopy. POSCA inserts were fixed
with fresh 4% paraformaldehyde (PFA; Invitrogen) for 15 min, washed
three times, permeabilized with 0.25% Triton X-100 for 15 min, and
washed three more times. Slices were blocked with 1% goat serum–1%
bovine serum albumin (BSA) for 1 h, treated with 1:4,000 anti-mouse
Calbindin (Abcam) in blocking buffer for 1 h, washed three times, treated
with 1:4,000 anti-goat Alexa Fluor 488 (Invitrogen) and 1 �g of DAPI
(4=,6=-diamidino-2-phenylindole; Roche)/ml for 30 min, and washed
three more times.

For the TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-
biotin nick end labeling) assay, a DeadEnd fluorometric TUNEL assay
(Promega) was used. Slices on inserts were fixed in 4% PFA in phosphate-
buffered saline (PBS) for 25 min at 4°C, washed three times, permeabil-
ized with 0.25% Triton X-100 at room temperature for 10 min, washed
three more times, equilibrated in equilibration buffer for 10 min, and then
treated with rTdT incubation buffer at 37°C for 1 h in a humidified cham-
ber to allow the tailing reaction to occur. The reaction was stopped using
2� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at room
temperature for 15 min, and the slices were washed three times. The im-
munofluorescence labeling then proceeded from the blocking step as de-
scribed above.

All washes were performed apically and basolaterally with PBS (pH
7.4). All stains were prepared in PBS (pH 7.4). After labeling, the mem-
branes were removed from the insert support and placed on a slide with
the apical surface of the tissue up. Three drops of Prolong gold (Invitro-
gen) were placed on the membrane insert, and a coverslip was affixed to
the slide. Slides were cured a minimum of 24 h. Twelve bit 2� images were
acquired using an InCell Analyser 2000 (GE Healthcare) and analyzed
using Imaris 7.1.1 software.

N2a and ScN2a neuroblastoma cells were grown on glass coverslips to
80 to 90% confluence in DMEM (high glucose; Gibco) supplemented
with 10% heat-inactivated FBS (Thermo Fisher) with Pen-Strep (Gibco)
and GlutaMAX (Gibco). The cells were fixed with fresh 4% PFA for 15
min, washed three times, permeabilized with 0.25% Triton X-100 for 10
min, washed three more times, immersed in 3 M guanidine thiocyanate
(Thermo Fisher) for 2 h at 4°C, and blocked with 1% BSA in PBS contain-
ing 0.25% Triton X-100 (PBST) for 30 min at room temperature. The
primary antibodies were diluted 1:1,000 in PBST, and the samples were
incubated in primary solution at 4°C overnight, washed three times,
treated with 1:2,000 anti-goat Alexa Fluor 488 (Invitrogen) and DAPI
(Roche) at 1 �g/ml for 30 min, and washed three more times. Two drops
of Prolong gold (Invitrogen) were added. After labeling, the coverslips
were removed from the well and placed on a slide. The slides were cured a
minimum of 24 h before imaging. Sixteen bit �20 images were acquired
with a Zeiss LSM 700, �20 objective lens, and analyzed using Imaris 7.1.1
software.

Cytotoxicity assay. Cytotoxicity of bile acids was measured according
to mitochondrial activity by the MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt]
assay. The cells were passaged into a 96-well plate at 40 to 50% confluence
and grown in the presence of the compounds for 48 h. Then, 20 �l of MTS
solution was added to the wells containing 100 �l of cell media, and the
plate was incubated at 37°C for 2 h in a humidified, 5% CO2 atmosphere.
The absorbance was measured at 490 nm.

ToxiLight assay. Inserts with two to three cerebellar slices were ex-
posed to plain media or media containing increasing concentrations of
TUDCA or UDCA. After 48 h, the medium was collected, and the toxicity
of the compounds was measured using a ToxiLight assay kit according to
the manufacturer’s protocol (Cambrex Bioscience Rockland). This assay
determines the number of dying cells based on the release of adenylate
kinase into the media.

Immunoblots. Cells or cerebellar slices were rinsed twice with PBS
buffer and then homogenized in 25 �l of ice-cold radioimmunoprecipi-
tation assay buffer. The total protein concentration was determined by a
bicinchoninic acid (BCA) assay. To detect PrPres, 8 to 12 �g of protein (in
10 �l) was treated with PK (20 �g/ml; Invitrogen) at 37°C for 1 h. Then,
2� loading buffer (187.5 mM Tris-HCl [pH 6.8], 15% glycerol, 15% SDS,
9 mM EDTA, 8 M urea, 8% �-mercaptoethanol) was added, the samples
were boiled for 10 min, and 15 �l was loaded onto a Novex 4 to 12%
Bis-Tris polyacrylamide gel (NuPAGE; Invitrogen). The gels were blotted
onto a polyvinylidene difluoride membrane and blocked with 5% milk in
TBS supplemented with Tween (TBS-T; 150 mM NaCl, 10 mM Tris-HCl,
0.1% [vol/vol] Tween 20). To determine total PrP, 5 �g of protein was
loaded onto the gel. PrP was detected using SAF83 antibody (1:10,000;
Cayman Chemical) in 5% BSA–TBS-T. Anti-GRP78/BiP and anti-�-actin
(Sigma-Aldrich) were used at a 1:5,000 dilution. Anti-PSD95 (Abcam)
was used at a 1:10,000 dilution. Anti-eIF2� (phospho S51; Abcam) was
used at a 1:3,000 dilution. Secondary antibodies used were AP-tagged
anti-mouse IgG (Promega). Blots were developed using AttoPhos sub-
strate (Promega) and detected on an ImageQuant LAS 4000 (GE Health-
care).

Source of mice and husbandry. Tg(FVB/N)-Tg(Gfap-luc)-Xen mice
or Tg(Gfap-luc) mice are hemizygous and are maintained on site by
breeding with FVB/N mice (20). The presence of the Gfap-luc transgene
in offspring was determined by PCR. Homozygous tga20 mice (C57BL/6
background) (19) and C57BL/6 mice are also bred on site.

Mouse inoculation and treatment. Portions (30 �l) of a 1% or 0.1%
RML prion-infected brain homogenate were injected into the anterior
fontanelles of Gfap-luc or C57BL/6 mice, respectively. UDCA was orally
administered by preparing a 0.03 and 0.05% (wt/vol) water solution for
Gfap and C57BL/6 mice, respectively. Based on the average water con-
sumption of 5 ml per mouse per day, this translates to daily dosages of
0.006 and 0.01% (wt/wt). In comparison, the recent human ALS pilot
study used doses of 1 g twice a day, which, in a 70-kg human, was 0.003%
(wt/wt) daily. The treatment was initiated at 14 and 35 days postinfection
(dpi) for Gfap mice and 35 dpi for C57BL/6 mice and continued until the
mice were euthanized. Timing of euthanasia was based on the loss of
coordinated motor function, specifically when mice could no longer es-
cape capture and lost their righting reflex.

Bioluminescence imaging. Mice were imaged weekly, as previously
described (21). In brief, mice were injected intraperitoneally with a solu-
tion of D-luciferin potassium salt in PBS (pH 7.4), receiving 150 mg of
D-luciferin per kg of body weight. The mice were then anesthetized using
an isoflurane-oxygen gas mix and imaged after 15 min for 30 s under
anesthesia. Bioluminescence was quantified from images using Living Im-
age 3.0 software (Caliper).

RESULTS
Antiaggregation effect of TUDCA in Gdn-IF with or without
seeding by recPrP fibrils. The inhibitory effect of TUDCA on
thermal aggregation of other proteins has been reported (22, 23),
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so we first assessed TUDCA’s ability to prevent the aggregation of
prion protein in a range of concentrations from 10 �M to 1 mM.
Guanidinium-induced fibrillization (Gdn-IF) assays were per-
formed at pH 7.0 in the presence of 2 M GdnHCl to facilitate
amyloid formation (14) and the kinetics of amyloid formation
were followed by changes in thioflavin T (ThT) fluorescence in-
tensity. The formation of amyloids is a nucleated polymerization
where the rate-limiting step is nucleus formation, seen as a lag
phase in our ThT fluorescence assay, followed by exponential
growth of the fibrils. The expected sigmoidal curve of amyloid
fibril formation was obtained (Fig. 1A) with a lag phase of 23 � 1.5
h (mean � the standard error [SE]) in untreated samples and in
samples treated with 10 or 100 �M TUDCA. Only at 1 mM
TUDCA was a significant increase in the lag phase seen (47 � 1.5
h) with an �20% reduction in ThT intensity by the end of the
reaction. Although this could indicate an interaction between
TUDCA and the recombinant PrP monomer or other early oli-
gomer (prior to seed formation), no change in growth rate (slope
of the curve) was seen, indicating that, once formed, the seed was
able to outcompete TUDCA for the monomer/oligomer sub-
strate.

To better test whether 1 mM TUDCA could alter aggregation
kinetics in the presence of seeds, we seeded the reactions with
0.00025% (wt/vol) preformed fibrils of PrP(90-231). As expected,
the addition of seeds reduced the lag phase of control reactions

from 23 � 1.5 h to 11 � 0.8 h (Fig. 1B). A 1 mM concentration of
TUDCA did not prolong the lag phase or alter the growth rate in
these seeded assays, confirming that TUDCA did not significantly
affect monomer incorporation into the fibrils. However, it did
lead to a final reduction in ThT intensity by 	50% (Fig. 1B).

To determine whether this reduction in ThT was due to a
quenching effect of TUDCA, the ThT fluorescence of preformed
fibrils was measured before and after addition of 1 mM TUDCA.
No significant changes in fluorescence were observed (1,324 �
7.320 arbitrary units (a.u.) before, 1,309 � 30.23 arbitrary units
after; mean � the SE; n 
 5). We also ultracentrifuged the final
product of the samples from Fig. 1B and performed an immuno-
blot on the pellet. Banding was less intense for the fibrils formed in
the presence of TUDCA (Fig. 1C), indicating that the lower ThT
fluorescence did in fact reflect fewer fibrils.

Antiaggregation effect of 1 mM TUDCA in RT-QuIC seeded
with three prion strains. Because TUDCA was able to reduce the
total amount of ThT-positive aggregates formed, without a de-
monstrable effect on the kinetics, we wanted to test TUDCA’s
effect in more relevant systems. Recombinant PrP fibrils are not
infectious under the conditions formed in our study because they
are structurally distinct from the infectious form of prion protein
(PrPSc) (24). Because aggregation reactions are based on struc-
tural conversion, it follows that the structure of the seed might
influence the kinetics of aggregation and the efficacy of a conver-

FIG 1 Effect of TUDCA on PrP(90-231) fibril formation, as monitored by ThT fluorescence. (A and B) PrP(90-231) at 22 �M was incubated under Gdn-IF
conditions (50 mM phosphate buffer [pH 7.0] and 2 M GdnHCl at 37°C and 500 rpm) in the absence (A) or presence (B) of seeds. (A) Unseeded PrP(90-231)
was aggregated alone (Œ) or with the addition of 0.01 mM (�), 0.1 mM (o), and 1 mM (�) TUDCA. B, PrP(90-231) seeded with 0.00025% (wt/vol) preformed
fibrils was aggregated with (}) or without (�) the addition of 1 mM TUDCA. (C) Immunoblot of total aggregated PrP(90-231) formed from under seeded
conditions (corresponding to the kinetics curves from panel B) with (�) or without (�) 1 mM TUDCA. The total volume of the aggregation reaction was
centrifuged at 10,000 � g for 30 min, and the pellet was resuspended in sample buffer and analyzed by immunoblotting with SAF83. (D and E) PrP(90-231) at
10 �M was incubated under RT-QuIC conditions (10 mM phosphate buffer [pH 7.4], 130 mM NaCl, 10 �M EDTA, and 0.002% SDS at 41°C and 900 rpm) in
the presence of normal mouse brain homogenate (NBH) or prion-infected brain homogenate. (D) PrP(90-231) was aggregated in the presence of 0.0007%
(wt/vol) NBH (Œ) or RML brain homogenate with (}) or without (�) 1 mM TUDCA. (E) PrP(90-231) was unseeded (asterisk) or seeded with 0.0007% (wt/vol)
RML (circles), ME7 (squares) and 22L (triangle) strains with (empty symbols) or without (filled symbols) 1 mM TUDCA. Each kinetic was performed in
triplicate, and the means � the standard errors of the mean (SEM) are shown.
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sion inhibitor. We therefore decided to test whether the TUDCA
would have any effect on the kinetics induced by infectious seeds,
while still using recombinant PrP monomer substrate.

The RT-QuIC assay was developed as a highly sensitive ampli-
fication reaction for detection of the infectious form of prion pro-
tein (PrPSc) in different prion-infected samples. Although the end
products of the reaction do not share all of the morphological and
infectious properties of the input PrPSc (25), the assay has been
used to evaluate the efficacy of antiprion compounds (26). Using
a modified version of RT-QuIC, we tested TUDCA’s antiaggrega-
tion effect in the presence of infectious prions (Fig. 1D and E). As
expected, control reactions incubated with normal brain homog-
enate (NBH) had a lag phase of at least 30 h (spontaneous seed
formation), whereas in the presence of RML-infected brain ho-
mogenate (seeded reaction) the lag phase was reduced to 2 h (Fig.
1D). Surprisingly, the presence of 1 mM TUDCA abolished the
seeding effect of RML, extending the lag phase to 30 h, which
equaled that of spontaneous seed formation in the control. In
addition, as seen in the Gdn-IF reactions, the final ThT fluores-
cence was reduced to �30% that of the RML-seeded reaction.
Note, this final ThT value was also reduced (by �50%) compared
to the control spontaneous seed reaction (Fig. 1D).

Since antiprion compounds can have strain-specific efficacy
(27), we compared the antiaggregation properties of TUDCA
when RT-QuIC was seeded with three different mouse prion
strains: RML, 22L, and ME7 (Fig. 1E). Whereas the spontaneous
reaction did not aggregate at all within the first 20 h, reaction
mixtures seeded with RML, 22L, and ME7 all had lag phases of 2 to
4 h. When 1 mM TUDCA was added, the same extension of the lag
phase was observed for all three strains, with no exponential phase
observed over the 20 h (Fig. 1E). Of note, when using this modi-
fied form of RT-QuIC, we found that there is inherent kinetic
variability between different preparations of recombinant PrP, as
demonstrated by the kinetic profile differences between Fig. 1D
and E, where a different preparation was used for each. Impor-
tantly, the kinetics were reproducible within a given preparation,
and the inhibitory effects of TUDCA were preserved across the
different preparations.

Assessments of TUDCA: PrP binding and structural stabil-
ity. The fact that TUDCA could efficiently block aggregation re-
actions seeded with infectious prions, but not with recombinant
PrP fibrils, suggested that TUDCA has a seed-specific effect.
Another explanation is that TUDCA was better able to bind
monomer under RT-QuIC buffer conditions, which contain less
guanidinium. Using surface plasmon resonance (SPR)-based
technology, CD, and thermal denaturation, we evaluated interac-
tions between recombinant PrP monomer and TUDCA and the
effect of buffer conditions on the structure and stability of recom-
binant PrP in the presence of TUDCA.

For SPR studies, PrP(90-231) was immobilized on an NTA-
sensor chip. As a control, we used Congo red at concentrations
ranging from 4 to 250 �M and measured a dissociation equilib-
rium constant (KD) of 23.3 � 3.8 �M (Fig. 2A). In contrast,
TUDCA interacted very weakly with PrP(90-231), as reflected by
the much lower response and the inability to reach a saturation
response even at millimolar concentrations (Fig. 2B). Based on
our results, any KD for TUDCA must be 	200 �M. Similar results
were obtained when the full-length version of PrP(23-231) was
used (data not shown).

Using far-UV CD under the buffer conditions for RT-QuIC

and for Gdn-IF, we assessed whether TUDCA could induce
changes in the secondary structure of PrP(90-231). As expected,
PrP(90-231) showed a predominant �-helical signal with minima
at 208 and 222 nm (Fig. 2C). The addition of 1 mM TUDCA
induced a small loss of signal intensity, but overall the spectrum
remained unaltered (Fig. 2C), indicating no significant structural
change.

Lastly, because TUDCA has been reported to act as a chaperone
and stabilize protein structure (3), we used CD to compare the
thermal denaturation profile of PrP(90-231) in the presence and
absence of 1 mM TUDCA by monitoring the 222-nm intensity as
a function of temperature. In the absence of TUDCA, the melting
temperature (Tm) for PrP(90-231) was 66°C. The presence of 1
mM TUDCA did not substantially affect the thermal stability of
PrP, only producing a 2°C decrease in Tm (Fig. 2D). Therefore, the
ability of TUDCA to reduce seeding efficiency in the RT-QuIC
reactions was not explained by an interaction with the monomer.

Ability of bile acids to clear PrPSc in chronically infected cell
culture. If TUDCA’s ability to reduce infectious prion seed effi-
ciency is not dependent on an interaction with monomer, then we
should be able to substitute cellular PrP (PrPC) as the substrate
and still see an effect. For this experiment, we turned to prion-
infected cell cultures, in which cells express membrane-associated
PrPC substrate under physiological conditions and replicate true
infectious prions (unlike the aggregation assays, which contain
denaturant, are shaken, and lack membrane-associated PrPC sub-
strate).

We evaluated the ability of TUDCA and its precursor, UDCA,
to inhibit the propagation of PrPSc in RML-infected mouse neu-
roblastoma cells (ScN2a) and measured the levels of PK-resistant
PrP (PrPres), which correlates with PrPSc levels. After performing
toxicity profiles of TUDCA and UDCA in uninfected N2a cells
(data not shown), we determined that, while TUDCA was non-
toxic at 1 mM, UDCA caused �60% cell death at this concentra-
tion. We therefore chose to treat cultures with 100 �M. Both bile
acids decreased the levels of PrPres by 40% after the second pas-
sage; the amount of PrPres then remained constant for the follow-
ing passages (Fig. 3). Neither compound completely cleared PrPres

after six passages. There was also no discernible effect on PrPC

distribution with TUDCA or UDCA treatment (Fig. 4).
Effect of bile acids on the efficiency of PrPSc infection in

SSCA. Given the ability for TUDCA and UDCA to reduce PrPres

propagation cells without a direct interaction with monomeric
PrP, we sought to determine whether the bile acids might interfere
instead with PrPSc, altering its ability to infect cells or cause PrP
conversion. To assess this possibility, we performed infections us-
ing infected brain homogenate preincubated with TUDCA or
UDCA. We could not do this experiment with ScN2a cells, since
they are chronically infected, so we instead use the standard
scrapie cell assay (SSCA) based on acute infection and subsequent
passage of L929 fibroblast cultures. The SSCA is a powerful tool
for quantifying the amount of infectivity in a sample (28, 29).

We first demonstrated an antiprion effect of 100 �M TUDCA
or UDCA in the SSCA after infection with 0.1% (wt/vol) RML-
infected brain homogenate (Fig. 5). Cultures were treated either
starting immediately after infection (D0) or 5 days later at the first
passage (P1). Both bile acids reduced PrPres levels and were more
effective when given immediately after infection. TUDCA re-
duced PrPres levels to 57% � 9% and 73% � 11% (mean � the SE)
that of the control when treatment started at D0 or P1, respec-
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tively. For UDCA, the levels were 38% � 4% and 62% � 6%,
respectively. We then preincubated 100 �M TUDCA or UDCA in
1% RML-infected brain homogenate at 4°C for 24 h and then used
this homogenate to infect the cells (Fig. 5, Pre-Rx only). Because
the homogenate is diluted in the process of infection, the final
concentration of bile acid in the medium was only 15 �M during
the first passage in these preincubated samples. Despite the lower
final concentration of bile acid in the media, preincubated sam-
ples produced PrPres levels comparable to cells treated with 100
�M bile acid at D0. Further supplementing the culture medium to
reach 100 �M bile acid after preincubation did not lead to further
inhibition (Fig. 5, Pre � Post-Rx), indicating that maximal inhi-
bition was achieved from contact between the inoculum and bile
acid.

Effect of bile acids on infected cerebellar slice culture. Given
the partial efficacy of the bile acids in two cell culture models of
prion infection, we examined their effect on the replication of
PrPSc in cerebellar slice culture. The prion organotypic slice cul-
ture assay (POSCA) allows prion replication ex vivo under condi-
tions that closely resemble intracerebral infection (17, 18). In ad-
dition, it has been demonstrated that this assay predicts in vivo
efficacy of drug treatment more accurately than cell-based assays
(30).

We first confirmed that 100 �M TUDCA or UDCA was not
toxic to POSCA (data not shown). We then infected cerebellar
slices with 1% RML-infected brain homogenate and treated with
TUDCA starting at day 0. As expected, in untreated samples,
PrPres was detected by day 17 postinfection, and the levels of PrPres

continued to increase for the following 10 days (Fig. 6A). In
treated samples, PrPres was still first detectable by day 17 postin-
fection, but the PrPres levels remained stable from day 21 onward,
with the total amount of PrPres reduced by ca. 50% (Fig. 6B). This
reduction was not because of a reduction of PrPC, since the total
amount of PrP remained relatively constant over 28 days, and it
was the same in both treated and untreated cultures (Fig. 6A). This
effect was dose dependent, since treatment with a lower dose of
TUDCA (10 �M), starting at day 7, did not affect PrPSc levels (data
not shown).

Neuroprotective effect of bile acids on cerebellar slice cul-
ture. Another advantage of POSCA is that it not only propagates
PrPres but also closely reproduces prion pathogenesis (18, 30). To
evaluate whether the antiprion propagation effect observed for the
bile acids was accompanied by a neuroprotective effect, we as-
sessed neuronal viability and overall levels of cell death in the
cerebellar slice cultures over the course of the infection. When the
slices where exposed to noninfectious brain homogenate (NBH),

FIG 2 Interaction of TUDCA with PrP(90-231) as measured by SPR and CD analyses. (A and B) Sensograms of His-tagged PrP(90-231), captured on an
NTA-sensor chip, interacting with serial dilutions of Congo red (A) or TUDCA (B). (C) Ellipticity of monomeric PrP(90-231) in the absence (dashed line) or
presence (filled line) of 1 mM TUDCA determined under the RT-QuIC and Gdn-IF (inset) buffer conditions. Ten spectra were recorded at 25°C and averaged.
(D) Thermal denaturation of PrP(90-231) in the absence (triangles) or presence (squares) of 1 mM TUDCA was monitored by measuring ellipticity at 222 nm.

Bile Acids Reduce Prion Conversion and Neuronal Death

August 2015 Volume 89 Number 15 jvi.asm.org 7665Journal of Virology

http://jvi.asm.org


the slices maintained a stable density of neurons, including Pur-
kinje and cerebellar granule cells, for 49 dpi (Fig. 7). TUDCA and
UDCA treatment did not induce neuronal loss or affect overall
viability relative to controls, as measured by TUNEL staining. As
expected, infection with 10 �g of RML-infected brain homoge-
nate/ml induced the loss of granule neurons and Purkinje cells,
beginning at day 42 and progressing through day 49 postinfection.

For our treatment applications, we chose to maximize tolera-
ble dosages and also test delayed treatments, because effective
prion therapies need to have efficacy if started after symptom on-
set. Based on toxicity profiles (data not shown), we used 500 �M
TUDCA and 100 �M UDCA and tested treatments starting at day
14 (D14), which is �3 days before PrPres is first detectable, or at
day 21 (D21), when the levels of PrPres are clearly detectable.
Treatment with either bile acid starting at day 14 had a neuropro-
tective effect in infected cultures, maintaining the levels of granule
and Purkinje cells for 49 days. Less neuroprotection was observed
when treatment was started at day 21 postinfection. Comparing

the two compounds, a qualitatively greater neuroprotective effect
was seen with UDCA than with TUDCA when treatment started at
day 21.

UDCA treatment reduces astrogliosis in male Gfap-luc mice.
Based on the marked astrogliosis observed in prion diseases, Tam-
guney et al. demonstrated that prion infection could be measured
by bioluminescence of prion-inoculated mice that express lucifer-
ase under the Gfap gene promoter (21). We used this mouse
model here to test the efficacy of orally administered UDCA
against prion infection. We infected the mice with 1% RML brain
homogenate and scanned the animals approximately weekly start-
ing at day 49 postinfection. As previously reported (21), infected
mice started to show bioluminescence at �60 dpi, reaching a max-
imum between 80 and 90 dpi. Taking advantage of the water sol-
ubility and ability of UDCA to cross BBB, we supplied the mice
with water containing 0.03% (wt/vol) UDCA. Starting UDCA
treatment at day 7 or 35 postinfection significantly reduced bio-
luminescence in the male mice (Fig. 8A and B), indicating possible

FIG 3 TUDCA and UDCA treatment of N2a cells chronically infected with RML (ScN2a cells). (A) Representative immunoblots of PrPres in ScN2a cells through
six passages (3 to 4 days each) in the presence of 100 �M TUDCA (top panel) or 100 �M UDCA (bottom panel). Cells were harvested and treated with 20 �g of
PK/ml for 1 h at 37°C. (B) Mean � the SE densitometries of PrPres from two experiments (*, P � 0.05 [statistically significant difference from control]). TUDCA,
diamonds; UDCA, triangles. Signal was normalized to untreated control cells (P0).

FIG 4 Effect of bile acids on PrPC distribution and cell morphology. N2a cells were exposed to 100 �M UDCA or 500 �M TUDCA for 24 h and then fixed,
permeabilized, and labeled with SAF83 for PrPC (green) and DAPI (blue). Images were obtained at �20 using a Zeiss LSM. Scale bars, 40 �m.
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protection of UDCA against the inflammatory reaction induced
by prion infection. Starting treatment at day 35 postinfection also
significantly reduces bioluminescence in Gfap-luc male mice
brain (Fig. 8B). Surprisingly, astrogliosis inhibition was gender
dependent, being only observed in male mice and not in females
(Fig. 8B).

UDCA treatment increases the survival time in male
C57BL/6 mice. Based on the promising reduction in biolumines-
cence in UDCA-treated Gfap-luc mice, we decided to adjust the
conditions to maximize the UDCA effects. In this case, C57BL/6
mice were infected with 0.1% (wt/vol) RML (instead of 1% [wt/
vol] used for Gfap-luc mice). We increased the concentration of
UDCA from 0.03 to 0.05%, the maximal concentration at which
this bile acid remains soluble. Since UDCA treatment in Gfap-luc

mice reduced bioluminescence whether started at day 7 or 35
postinfection, we started treatment at day 35 for this experiment.
The mice tolerated the daily treatment without signs of distress or
weight loss. The mean survival was 169 � 1 dpi (mean � the SE)
for untreated animals, with no difference between male and fe-
male mice. Treatment with UDCA extended the mean survival of
male mice to 180 � 1 dpi without effect on the female mice, whose
mean survival was 166 � 3 dpi (Fig. 8C).

Levels of PSD95 and p-eIF2� after TUDCA treatment. Al-
though it is possible that the reduction in PrPres levels alone ac-
counts for the neuroprotective effects seen in POSCA and the
change in survival curves, TUDCA, and UDCA have been re-
ported to have a number of downstream effects on the pathogen-
esis in other diseases (2). Using POSCA, we have previously ob-
served early changes in postsynaptic density protein 95 (PSD95)
induced by prion infection, occurring around the time of first
PrPres detection (18). We therefore chose to examine whether this
early marker is affected by TUDCA. When we examined PSD95
levels in infected slices treated with or without 100 �M TUDCA,
we found that TUDCA reduced the usual increase in PSD95 seen
at day 24 (Fig. 9A), although this effect was not statistically signif-
icant (P 
 0.051).

To test whether any effect could simply be secondary to the
reduced PrPres levels in treated slices, we studied the levels of
PSD95 in samples treated with 10 �M TUDCA at day 7 postinfec-
tion, a treatment condition that we previously found had no effect
on PrPres accumulation. A similar trend to reduce PSD95 levels
was observed in these samples (Fig. 9B), again not reaching statis-
tical significance (P 
 0.126).

Because eIF2� phosphorylation has been implicated in prion
disease pathogenesis (9), and TUDCA has been reported to de-
crease p-eIF2� (31, 32), we also examined p-eIF2� in our slices.
Interestingly, TUDCA induced a significant increase in p-eIF2�
by day 27 (Fig. 6A). In addition, a lower-molecular-weight band of
p-eIF2� (the cleaved form [33]) became more prominent in
treated samples at day 21. When misfolded proteins accumulate in
the endoplasmic reticulum (ER), binding immunoglobulin pro-
tein (BiP) expression increases, and this is used as a marker of ER
stress. Elevation of BiP is one trigger for the phosphorylation of
eIF2�. However, no significant changes in BiP were observed in
our model (Fig. 6A).

DISCUSSION

The bile acids TUDCA and UDCA have protective effects in sev-
eral protein folding neurodegenerative disease models, including
AD, HD, and PD (10–12). In the present study, we tested the
efficacy of these compounds in prion disease, both in terms of
their effect on prion protein aggregation and their ability to pre-
vent neuronal loss induced by prion infection.

We demonstrated that TUDCA has antiaggregation effects on
recombinant prion protein (recPrP) in vitro without any direct
interaction with monomeric recPrP, as determined by our aggre-
gation kinetics, CD, and SPR studies. This inhibitory effect was
interesting in that TUDCA interfered with the seeding ability of
three strains of infectious prions (seen as a prolongation of the lag
phase in RT-QuIC), but not of recPrP fibrils. This effect of
TUDCA on PrPSc seeds was confirmed by preincubation experi-
ments using the scrapie cell assay. Interestingly, the level of PrPres

produced by the cells was reduced to the same degree whether the
cells were exposed to RML-infected brain homogenate preincu-

FIG 5 TUDCA and UDCA treatment of L929 cells acutely infected with RML
(scrapie cell assay). Levels of PrPres after three passages (5 days each) in a
scrapie cell assay in the presence of 100 �M TUDCA (A) or UDCA (B). The
cells were treated immediately after RML infection (D0), starting after the first
passage (P1), or were exposed to infected brain homogenate preincubated with
bile acid (Pre-Rx), followed by no further addition (Pre-Rx only) or the addi-
tion of 100 �M TUDCA at passage 1 (Pre � Post-Rx). The readout was nor-
malized to untreated infected control wells. The data represent mean � the
SEM. n 
 8 for D0 and P1; n 
 4 for Pre-Rx only and Pre � Post-Rx. ***, P �
0.001; **, P � 0.01 (statistically significant difference from the control). n.s.,
P 	 0.05.
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bated with bile acid or whether they were treated with 100 �M bile
acid starting immediately after infection. Treating cells with 100
�M bile acid after exposure to preincubated brain homogenate
did not reduce levels any further. Thus, preincubation was as ef-
fective a method of inhibition as was immediate treatment, imply-
ing an interaction between TUDCA and the PrPSc seeds was oc-
curring, as seen in our RT-QuIC experiments.

In addition to interfering with PrPSc seeding efficiency,
TUDCA reduced by half the total amount of ThT-positive aggre-
gates produced in kinetic studies and the amount of PrPres pro-
duced in chronically infected cell culture and POSCA. Given that
TUDCA does not bind monomeric PrP, explanations for this re-
duction include either a sequestration or a breakdown of substrate
(other than monomer) that would normally be incorporated into
the fibrils. Given the maximal reduction in infection of the scrapie
cell assay by preincubation of TUDCA with the brain homoge-
nate, it is most likely that this substrate is the seed itself. This is
why, in the RT-QuIC reactions, the addition of TUDCA does not
delay the lag phase beyond that of the normal brain homogenate
(spontaneous seed formation) control; TUDCA does not affect
the formation of the seed itself. Whether TUDCA actually seques-
ters the seed or enhances its breakdown (or its clearance in cells) is
not clear, but the balance between production and clearance is
definitely altered, because we see lower levels of PrPres maintained
over serial passage in chronically infected N2a cells treated with
TUDCA or UDCA, and we see steady-state levels maintained in
POSCA over time.

Because neuropathology does not necessarily correlate with
the levels of PrPres, and because bile acids have proposed mecha-
nisms of action beyond effects on protein aggregation, we looked
for evidence of bile acid neuroprotection in POSCA. Encourag-
ingly, for slices treated starting at day 14 (�3 days before PrPres is
detectable), neuronal loss was reduced. This effect was more pro-
nounced for UDCA than TUDCA. When treatment started later,

at day 21 (when the levels of PrPres are clearly detectable), the
effect was not seen for TUDCA but was still apparent for UDCA.
This change in efficacy with delayed treatment was also apparent
in our scrapie cell assay, where cells treated starting at day 5 (first
passage) produced more PrPres than those treated on day 0.

In our animal studies, mice received daily dosages of 0.006 to
0.01% (wt/wt) UDCA. By comparison, a recent study showing
efficacy of TUDCA in human ALS patients used 1 g twice a day,
which translates to 0.003% (wt/wt) daily. TUDCA has been shown
to reduce both astrocytosis (10) and glial activation (34). The re-
duction in bioluminescence seen in UDCA-treated Gfap-luc mice
was consistent with these other studies. What was striking was the
gender predominance of the effect. This benefit to males was also
seen in the prolonged incubation periods of male C57BL/6 mice.
There are no prior studies that have observed this gender bias, but
we speculate that the most likely reason is a gender difference in
the metabolism of the drug itself. The absorption of UDCA from
the intestine is incomplete but when it is absorbed, it is extracted
by the liver, conjugated with glycerine and taurine, secreted in
bile, and then undergoes enterohepatic circulation with the en-
dogenous bile acids. The enterohepatic circulation is efficient,
which results in relatively low serum concentrations (35). The
more hydrophilic TUDCA is better absorbed than UDCA, and,
although it can be partially deconjugated and reconjugated with
glycine, it has reduced biotransformation to hydrophobic metab-
olites which leads to higher bioavailability (36). Therefore, we
have now begun studies of TUDCA at higher dosages in mice to
determine whether we can overcome this gender bias.

There is a wealth of data from studies looking at TUDCA and
UDCA in other models of disease, with many mechanisms of ac-
tion proposed (3–8, 31, 32). It is beyond the scope of this study to
present a definitive and unifying mechanism for these bile acids,
since it would appear that effects can depend to some extent on

FIG 6 TUDCA treatment of RML-infected cerebellar slice cultures. (A) Immunoblot for PrPres, total PrP, BiP, and p-eIF2� of RML-infected cerebellar slice
cultures left untreated or treated with 100 �M TUDCA starting immediately after infection. Samples were harvested at days 14, 17, 24, and 27 postinfection. (B)
Quantification of PrPres and p-eIF2� signals from three independent samples harvested at 27 dpi. The data represent means � the SEM. *, P � 0.05 (statistically
significant difference from the control).
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cell type and disease process. Nevertheless, several results from
our study are worth discussing in light of previous findings.

In POSCA, we have previously identified a transient increase in
postsynaptic density 95 protein (PSD95) after prion infection
(18). This transient early increase has also been found in prion-
infected Tg37 mouse models, occurring 1 week before PrPres de-
tection by Western blotting (9), and in the related protein folding
neurodegenerative disease, Alzheimer’s disease (AD) (37). PSD95
interacts with N-methyl-D-aspartate (NMDA) receptors to mod-
ulate their activity and this modulation is deregulated during the
excitotoxicity associated with neurodegenerative diseases. Given
this, the modulation of PSD95 levels has been proposed as a ther-

apeutic strategy to treat NMDA receptor-mediated excitotoxicity
(37). We found that TUDCA may reduce this increase in PSD95,
independent of its effect on PrPres, although the change in POSCA
is subtle, not reaching statistical significance, so it will need to be
confirmed in animal studies.

Related to this, and perhaps of more interest, is TUDCA’s effect
on the phosphorylation of eIF2� in POSCA. There is a wealth of
data supporting TUDCA’s ability to reduce ER stress in models of
bowel inflammation, liver disease, and pulmonary fibrosis (22, 31,
32, 38). Some of these effects have been observed as a reduction in
levels of phosphorylated eIF2�. In our study, by contrast, we have
found a consistent and statistically significant increase in p-eIF2�

FIG 7 Bile acid-induced neuroprotection ex vivo. Cerebellar slices were stained with antibodies to Calbindin (green) and NeuN (white), in addition to TUNEL
(red) and DAPI (blue) counterstains. n 
 3 (representative images are shown). RML-infected slices were treated with 500 �M TUDCA or 100 �M starting at day
14 (D14) or 21 (D21) postinfection. Slices were collected at days 35 (D35), 42 (D42), and 49 (D49), stained, and analyzed by confocal microscopy. Prion infection
elicited a significant loss of granule cell neurons (NeuN�) and Purkinje cells (Calbindin�). Uninfected controls were inoculated with normal brain homogenate
(NBH) and were either left untreated or treated with TUDCA or UDCA starting at day 14 or 21.
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in the early stages of POSCA infection. eIF2� regulates protein
translation and, in its phosphorylated form, it prevents the trans-
lation of a number of proteins, one of which is PSD-95 (9). The
modest increase in p-eIF2� that we observed in the early stages of
POSCA infection did in fact correlate well in time with the lack of

increase in PSD-95. This reduction of translation is thought to
reduce protein burden in a cell. The accumulation of misfolded
protein in the ER is one cause of ER stress that can lead to phos-
phorylation of eIF2�. However, the chaperone BiP is usually up-
regulated under such circumstances, an upregulation that is up-

FIG 8 Bioluminescence and survival curves of RML-infected Tg(Gfap-luc) and C57BL/6 mice treated with UDCA. Tg(Gfap-luc) mice were intracerebrally
inoculated with 1% RML-infected brain homogenate and treated with 0.03% (wt/vol) UDCA, whereas C57BL/6 mice were intracerebrally inoculated with 0.1%
RML-infected brain homogenate and treated with 0.05% (wt/vol) UDCA. (A) Representative scans of one infected untreated male mouse (top panels) and one
infected treated male mouse (bottom panel). Treatment started at 7 dpi. Scans were taken at 49, 68, 71, 78, 85, 91, and 98 dpi. (B) Bioluminescence quantification
from the brains of male (left) and female (right) infected Tg(Gfap-luc) mice untreated (circles) and treated starting at 7 dpi (diamonds) or 35 dpi (triangles). The
data show means � the SEM (n 
 6 for control and n 
 4 for mice treated at day 35 and females treated at day 7; n 
 3 for males treated at day 7; **, P � 0.01).
(C) Kaplan-Meier plots for survival time of male (left) and female (right) infected C57BL/6 mice untreated (dashed curve) and treated starting at day 35 (solid
curve). Log-rank (Mantel-Cox) and Gehan-Breslow-Wilcoxon tests were applied for statistical analysis obtaining P values of 0.021 and 0.039, respectively (n 

6 for control [3 males, 3 females]; n 
 5 for treated males; n 
 5 for treated females; *, P � 0.05).
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stream of eIF2� phosphorylation. In POSCA, BiP levels did not
change, suggesting that the increasing p-eIF2� levels were induced
by a different pathway, one induced by TUDCA. Thus, an early
increase in p-eIF2� may actually be a protective and adaptive re-
sponse, while sustained phosphorylation may be detrimental late
in prion disease (9). Further studies of TUDCA’s effect on p-eIF2�
levels in early and late prion disease in vivo will help confirm this
effect.

To conclude, we present here evidence that TUDCA and
UDCA can interfere with the seeding efficiency of prions and pro-
vide neuroprotection in prion-infected brain slice cultures, with
pilot studies indicating some efficacy in vivo. The upstream effect
that we describe in the present study complements the diverse
array of downstream neuroprotective mechanisms of these bile
acids and increases the potential for efficacy in human prion dis-
ease. Further studies in prion-infected animals will be required to
fully elucidate all other mechanisms of action in prion disease, but
the fact that these agents may act at different levels of the patho-
genic cascade, coupled with the advantages of being orally bio-
available, permeable to the blood-brain barrier, nontoxic and
FDA-approved for human use, make these natural compounds
promising alternatives for the treatment of prion diseases.
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