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Abstract
Protein misfolding and aggregation are considered key features of many neurodegenerative
diseases, but biochemical mechanisms underlying protein misfolding and the propagation of
protein aggregates are not well understood. Prion disease is a classical neurodegenerative disorder
resulting from the misfolding of endogenously expressed normal cellular prion protein (PrPC).
Although the exact function of PrPC has not been fully elucidated, studies have suggested that it
can function as a metal binding protein. Interestingly, increased brain manganese (Mn) levels have
been reported in various prion diseases indicating divalent metals also may play a role in the
disease process. Recently, we reported that PrPC protects against Mn-induced cytotoxicity in a
neural cell culture model. To further understand the role of Mn in prion diseases, we examined Mn
neurotoxicity in an infectious cell culture model of prion disease. Our results show CAD5 scrapie-
infected cells were more resistant to Mn neurotoxicity as compared to uninfected cells (EC50 =
428.8 μM for CAD5 infected cells vs. 211.6 μM for uninfected cells). Additionally, treatment with
300 μM Mn in persistently infected CAD5 cells showed a reduction in mitochondrial impairment,
caspase-3 activation, and DNA fragmentation when compared to uninfected cells. Scrapie-infected
cells also showed significantly reduced Mn uptake as measured by inductively coupled plasma-
mass spectrometry (ICP-MS), and altered expression of metal transporting proteins DMT1 and
transferrin. Together, our data indicate that conversion of PrP to the pathogenic isoform enhances
its ability to regulate Mn homeostasis, and suggest that understanding the interaction of metals
with disease-specific proteins may provide further insight to protein aggregation in
neurodegenerative diseases.
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1. Introduction
A conformational isomer of the endogenously expressed prion protein is the putative
pathogenic agent in transmissible spongiform encephalopathy (TSE) or prion disease
(Prusiner, 1991). Normal cellular prion protein (PrPC) is converted to the pathogenic β-
sheet-rich conformation of scrapie prion (PrPSc) through a still unclear mechanism (Bolton
et al., 1985; Collinge, 2005; Prusiner and DeArmond, 1990). Prion diseases are fatal
neurodegenerative disorders that affect both humans and animals (Prusiner, 1991). The
regions of the brain that control motor function, including the basal ganglia, cerebral cortex,
thalamus, brain stem, and cerebellum, are severely affected in TSE. The major neurological
symptoms of TSE are extrapyramidal motor signs, including tremors, postural instability,
ataxia, and myoclonus (Aguzzi and Heikenwalder, 2006; Brandner, 2003; Brown, 2002;
Tatzelt and Schatzl, 2007). The neuropathological characterization of prion disease involves
massive neuronal degeneration and vacuolization associated with accumulation of PrPSc

giving neural tissue the diagnostic spongiform appearance when examined histologically
(Collinge, 2001; Owen et al., 1989; Palmer and Collinge, 1992). Increased oxidative stress
markers, such as malondialdehyde, 3-nitrotyrosine, 8-hydroxyguanosine, protein carbonyls,
and dysregulation of iron homeostasis were observed in the brain tissues of both animal and
human prion diseases, suggesting that oxidative damage plays an important role in the
pathogenesis of TSE (Freixes et al., 2006; Lee et al., 1999; Petersen et al., 2005; Yun et al.,
2006).

Although normal cellular PrPC is abundantly expressed in the central nervous system (CNS),
its biological function still remains unclear. PrPC is a glycosylphosphatidylinositol (GPI)-
anchored cell surface protein that is believed to function as an antioxidant, a cellular
adhesion molecule, a signal transducer, and a metal binding protein (Brown, 2004; Chen et
al., 2003; Chiarini et al., 2002; Collinge, 2005; Mange et al., 2002; Prusiner and Kingsbury,
1985; Prusiner et al., 1990; Sakudo et al., 2004). Properly folded prion protein is present on
lipid membrane rafts, and is believed to be internalized via clathrin-mediated endocytosis
(Nunziante et al., 2003; Peters et al., 2003; Prado et al., 2004). Recent evidence indicates
that PrPC is an important metal binding protein for divalent metals, such as copper (Cu),
manganese (Mn), and zinc (Zn) (Brazier et al., 2008; Brown, 2009; Choi et al., 2007;
Hornshaw et al., 1995; Viles et al., 1999). PrPC contains several octapeptide repeat
sequences (PHGGSWGQ) toward the N-terminus, which have binding affinity for divalent
metals with preferential binding for Cu (Hornshaw et al., 1995; Viles et al., 1999).
Additional higher affinity metal binding sites have been identified at His 95 and 110 (mouse
numbering) (Jackson et al., 2001; Jones et al., 2004), but the exact role of these higher
affinity metal binding sites remains elusive.

Interestingly, increased Mn content has been observed in the blood and brain of humans
infected with Crueztfelt-Jacob Disease (CJD), mice infected with scrapie, and cattle infected
with bovine spongiform encephalopathy (BSE) (Hesketh et al., 2008; Hesketh et al., 2007;
Thackray et al., 2002; Wong et al., 2001b). Additionally, Mn-bound PrPSc can be isolated
from both humans and animals infected with prion disease. Despite these findings, the role
of Mn in the pathogenesis of prion disease is currently unknown. Recent studies using
recombinant PrP have shown that Mn can irreversibly displace Cu bound to PrP, despite an
apparent lower affinity, and this displacement causes conformational changes within the
protein (Brazier et al., 2008; Zhu et al., 2008). The biological consequence of Cu
replacement by Mn on the prion protein is yet to be established. Recently, we observed that
divalent Mn binds to PrP resulting in a reduced neurotoxic response during the early acute
phase of the Mn toxicity in an uninfected model of prion disease (Choi et al., 2007).
However, prolonged exposure to Mn upregulates PrPC by stabilizing the protein without any
change in gene transcription (Choi et al., 2010). In order to determine whether Mn plays a
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role in the infectious nature of PrP, in the present study we characterized the neurotoxic
effect of Mn in a cell culture model of infectious prion disease.

2. Materials and Methods
2.1 Chemicals

Manganese chloride (MnCl2), 3-(4,5-dimethylthiazol-3-yl)-2,5-diphenyltetrazolium bromide
(MTT), ethylenediaminetetraacetic acid (EDTA), phenylmethylsulfonyl fluoride (PMSF),
sodium chloride (NaCl), Tris HCl, Triton-X, sodium deoxycholate, dithiothreitol (DTT),
proteinase K (PK), were purchased from Sigma (St. Louis, MO); Sytox green nucleic dye
was purchased from Molecular Probes (Eugene, OR). Cell Death Detection ELISA plus
Assay Kit was purchased from Roche Molecular Biochemicals (Indianapolis, IN). Bradford
protein assay kit and acrylamide stock solution were purchased from Bio-Rad Laboratories
(Hercules, CA). Opti-MEM, fetal bovine serum, penicillin, and streptomycin were
purchased from Invitrogen (Carlsbad, CA). 6H4 anti-PrP monoclonal antibody was
purchased from Prionics (Schlieren, Switzerland). Anti-4-hydroxynonenal (4-HNE)
antibody was purchased from R&D Systems (Minneapolis, MN). Anti-mouse divalent metal
transporter (DMT-1) was purchased from Alpha Diagnostic International (San Antonio,
TX). Anti-mouse transferrin (Tf) was purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Anti-β-actin antibody was purchased from Sigma-Aldrich (St. Louis, MO).
Alexa Flour 680 conjugated goat anti-mouse IgG was purchased from Invitrogen (Carlsbad,
CA). Goat anti-rabbit IgG IR800 Conjugate was purchased from Rockland
Immunochemicals (Gilbertsville, PA)

2.2 Cell culture model of prion disease
The CAD-2A2D5 subclone of uninfected and infected Cath.a-differentiated cells (CAD5)
were a generous gift from Dr. Charles Weissmann of the Scripps Institute (Jupiter, FL).
Lack of suitable cell culture models for prion disease has hindered in vitro mechanistic
investigations over the past few decades. Recently, Dr. Weissmann's laboratory has
successfully created CAD cells with remarkable susceptibility for infection by the Rocky
Mountain Lab (RML) mouse scrapie strain. The development and characterization of CAD5
infectious prion cell culture model is described elsewhere (Mahal et al., 2007). Both
uninfected and RML scrapie-infected cells were grown in Opti-MEM media supplemented
with 50 units penicillin, 50 μg/ml streptomycin, and 10% qualified fetal bovine serum
(Invitrogen) and screened for retention of RML scrapie infection in CAD5 cells over five
subsequent passages. Cells were maintained in a humidified atmosphere of 5% CO2 at 37°C.

2.3 Limited proteolysis
Control and RML-infected CAD5 cells were seeded in a T175 flask and allowed to grow to
∼90% confluence. Cells were washed once with ice cold phosphate buffered saline (PBS)
and then lysed in the flask by adding 2 ml of lysis buffer (150 mM NaCl, 50 mM Tris-HCl
pH 7.4, 5 mM EDTA, 2% Triton X, and 2% sodium deoxycholate) and incubated at 4°C for
30 mins. Protein concentrations were determined by Bradford assay, and 2 mg of protein
from each sample were brought to equal volume with addition of excess lysis buffer.
Limited proteolysis was begun by addition of PK to each sample at a concentration of 20 μg/
ml and incubated at 37°C for 1 h. Reaction was quenched by the addition of 2 mM PMSF
(final concentration). After PK digestion, samples were ultracentrifuged at 120,000 × g for 2
h using an Optima Max Ultracentrifuge (Beckman-Coulter, Brea, CA) to pellet the PK-
resistant fraction. The supernatant was discarded and 30 μl of PAGE loading buffer and
DTT was added directly to the pellet. The samples were then sonicated for 5 mins in a cup
horn sonicator, boiled for 10 mins, and separated by SDS-PAGE on a 15% polyacrylamide
gel and transferred to nitrocellulose membrane. The membranes were treated with 6H4 anti-
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PrP monoclonal antibody for 2 h at room temperature. Detection was done with an
electrochemiluminescence (ECL) detection kit (GE Healthcare, Piscataway, NJ).

2.4 SDS-PAGE and Western blot
Western blot analysis was performed as described previously (Anantharam et al., 2002;
Kitazawa et al., 2005; Latchoumycandane et al., 2005). Following Mn treatment, cells were
collected by scraping and washed once with ice cold PBS, and then lysed in RIPA (Radio-
Immunoprecipitation Assay) buffer with phosphatase and protease inhibitor cocktail
(Thermo Scientific, Rockfort, IL). Protein concentrations of samples were determined using
Bradford assay. Samples were then separated by SDS-PAGE using a 12% polyacrylamide
gel and transferred onto nitrocellulose membrane. After 1 h in blocking buffer, the
membranes were treated with either anti-4-hydroxynonenal antibody, anti-transferrin
antibody, or anti-divalent metal transporter 1 at 4°C overnight. Membranes were co-treated
with anti-β-actin antibody in blocking buffer to ensure equal protein loading. Membranes
were then treated with anti-mouse and anti-rabbit fluorescent secondary antibodies for 1 h at
room temperature. Visualization and band quantification was done using an Odyssey
scanner (Licor, Lincoln, NE).

2.5 MTT Assay
The MTT cell viability assay was performed as described previously (Choi et al., 2007;
Latchoumycandane et al., 2005). 100,000 uninfected and RML scrapie-infected CAD5 cells
were seeded on a 96-well microplate, allowed to adhere for 12 h, and then treated for 16 h
with manganese chloride (MnCl2) in Opti-MEM in the following concentrations: 0, 10μM,
30μM, 50μM, 100μM, 300μM, 500μM, 1mM, 2mM, 3mM, and 5mM. Following the
treatment, the cells were washed with warm PBS and then incubated with 200 μl 0.25% (w/
v) MTT in serum free Opti-MEM for 30 mins at 37°C. MTT treatment was removed, cells
were washed with warm PBS, and 200 μl of 100% dimethyl sulfoxide (DMSO) was added
to each well and pipetted up and down to dissolve the contents of the wells. Yellow MTT is
reduced by a mitochondrial dehydrogenase in living cells to dark blue formazan crystals that
accumulate in the mitochondria. Absorbance was read at 570 and 630 nm using a
SpectroMax microplate reader (model 190; Molecular Devices, Sunnyvale, CA).

2.6 Sytox Staining
One million uninfected and RML scrapie-infected CAD5 cells were plated in a 6-well plate,
allowed to adhere to the plate for 12 h, and then were treated with 300 μM and 500 μM
MnCl2 in Opti-MEM supplemented with 1 μM Sytox green dye for 24 h. Sytox green is a
cell-impermeable nucleic acid dye that intercalates with DNA and produces green
fluorescence in dead or dying cells. Pictures were taken with a Nikon inverted fluorescence
microscope (model TE-2000U; Nikon, Tokyo, Japan); images were captured with a SPOT
digital camera (Diagnostic Instruments, Sterling Heights, MI.)

2.7 Caspase-3 Time Course
Caspase-3 activity assay was performed as described previously (Anantharam et al., 2002;
Kitazawa et al., 2005; Latchoumycandane et al., 2005). One million uninfected and RML
scrapie-infected CAD5 cells were plated per well in a 6-well plate, allowed to adhere for 12
h, and were then treated with 300 μM MnCl2 in Opti-MEM for 8, 12, 16, 20, and 24 h. Cells
were collected with 0.25% trypsin-EDTA, spun down at 300 × g for 5 mins, and the cell
pellet was washed with PBS. Cells were resuspended in caspase buffer (50 mM Tris-HCl
(pH 7.4), 1 mM EDTA, and 10 mM EGTA) with 10 μM digitonin added and incubated for
30 mins on ice to lyse cells. The lysate was quickly spun down and supernatant was
collected. 95 μl of the lysate was incubated with 5 μl of caspase-3 specific substrate Ac-
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DEVD-AFC for 1 h in a 96-well plate at 37°C. AFC fluorescence was measured with
excitation at 400 nm and emission at 505 nm with a SpectraMax fluorescent plate reader
(model GeminiXSE; Molecular Devices, Sunnyvale, CA). Protein concentration was
determined by Bradford protein assay and data was expressed as fluorescent units per mg of
protein per hour.

2.8 DNA fragmentation ELISA on Mn treated CAD5 cells
1 million uninfected and RML scrapie-infected CAD5 cells were plated per well in a 6-well
plate, allowed to adhere for 12 h, and were then treated with 300 μM of MnCl2 in Opti-
MEM for 24 h. Cells were collected with 0.25% trypsin-EDTA and spun down at 300 × g
for 5 mins and the cell pellet was washed with PBS. The amount of histone-associated low
molecular weight DNA in the cytoplasm of the cells was determined with the Cell Death
Detection ELISA PLUS Kit (Roche, Indianapolis, IN) as described previously (Anantharam
et al., 2002; Choi et al., 2007; Kaul et al., 2003). Briefly, cells were lysed in provided lysis
buffer for 30 mins at RT. Lysate was centrifuged for 10 mins at 200 × g and 20 μl of
supernatant was incubated for 2 h with the mixture of HRP (horseradish peroxidase)-
conjugated antibodies that recognize histones and single and double-stranded DNA. After
washing away the unbound components, the final reaction product was measured
colorimetrically with 2,2′-azino-di-[3-ethylbenzthiazoline sulfonate] as an HRP substrate
using a spectrophotometer at 405 nm and 490 nm. The difference in absorbance between
405 and 490 nm was used to determine the amount of DNA fragmentation in each sample.
All sample concentrations were normalized to protein concentration using the Bradford
protein assay.

2.9 Determination of intracellular manganese levels by IC-PMS
Three million uninfected and RML scrapie-infected CAD5 cells were seeded in a T175,
allowed to adhere for 12 h, and then were treated for 16 h with 300 μM MnCl2 in Opti-
MEM media. Cells were then collected by scraping and washed twice with PBS.
Intracellular Mn concentration was measured at m/z 55 by inductively coupled plasma mass
spectrometry (ICP-MS) as described in our previous publications (Afeseh Ngwa et al., 2009;
Choi et al., 2007). A magnetic sector instrument (ELEMENT 1, Thermo Finnigan) was
operated in medium resolution (m/Δm = 4,000) to resolve the isotope of interest from
possible interferences (Shum et al., 1992). Each sample was placed in an acid-washed 5 ml
Teflon vial and digested in 200 μl triply distilled high purity nitric acid (TraceMetal Grade,
Fisher Scientific, Pittsburg, PA). The digested samples were then diluted to a final volume
of 5 ml with 18.2 MΩ deionized water (Elix and Milli-Q Gradient, Millipore, Billerica, MA)
resulting in a final acid concentration of 4%. An internal standard method was used for
quantification. Gallium (Ga) at m/z 69 was chosen as the internal standard because its m/z
ratio is similar to that of Mn, and it has no major spectroscopic interferences. A small spike
of Ga standard solution was added to each sample for a final Ga concentration of 10 ppb. A
10 ppb multi-element standard (Mn and Ga) was prepared. The nitric acid blank, the multi-
element standard, and each of the samples were introduced into the ICP-MS via a 100 μl/
min self-aspirating perfluoroalkoxy (PFA) nebulizer (Elemental Scientific, Inc., Appleton,
WI). The nitric acid blank was used to rinse the nebulizer between each sample. The results
for each sample were calculated using the integrated average background-subtracted peak
intensities from 70 consecutive scans. A normalization factor for Mn was derived from the
multi-element standard to account for differences in the ionization efficiency of each
element. The Mn concentration was then calculated for each sample.

2.10 Data Analysis
Statistical analysis was performed with Prism 4.0 software (GraphPad Software, San Diego,
CA). Statistical significance among treatments was determined by one-way ANOVA
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analysis with Tukey's multiple comparison testing and is indicated by asterisks with
*p<0.05, **p<0.01, and ***p<0.001. Analyses between two data sets were done using
Student's t-test. EC50 values were determined by the fitting of a nonlinear regression curve
to the data from the MTT assay. Data typically represent three separate experiments and are
expressed as mean ± S.E.M.

3. Results
3.1 CAD5 characterization and limited proteolysis

First, we examined the morphological features and prion infection of CAD5 cell model used
in our experiments. Fig. 1A details the tendency for the RML scrapie-infected CAD5 cells to
grow as aggregate colonies, while the uninfected cells form a more uniform monolayer.
Additionally, the RML scrapie-infected cells have an increased doubling time compared to
the uninfected cells when cultured over several days (data not shown). We do not see any
differences in the growth characteristics such as doubling time, morphology, etc. between
infected and uninfected cells because entire treatment is less than 36 hrs. Importantly, the
CAD5 strain was able to retain persistent RML scrapie infection over multiple passages as
determined by limited proteolytic digestion with PK and subsequent immunoblot using the
6H4 anti-PrP MAb (Fig. 1B). An abundant proteolytically resistant PrPSc was detected in
scrapie-infected cells as compared to uninfected cells (Fig. 1B).

3.2 RML scrapie-infected CAD5 cells are more resistant to Mn-induced toxicity
Several lines of evidence from our lab and others have shown that Mn-induced toxicity in
neuronal cell models is associated with mitochondrial dysfunction and subsequent
generation of reactive oxygen species (ROS) leading to cell death (Aschner et al., 2009;
Kitazawa et al., 2005; Latchoumycandane et al., 2005; Roth et al., 2002; Worley et al.,
2002). In an effort to establish a cytotoxic dose of Mn for further cell viability studies in the
CAD5 cell culture model of prion disease, both uninfected and RML scrapie-infected CAD5
cells were exposed to a full dose range of 10-5000 μM Mn for 16 h and viability was
measured by MTT assay. As shown in Fig. 2A, a concentration-dependent decrease in cell
viability for both uninfected and RML scrapie-infected cells was observed. A statistically
significant difference (p<0.05) was observed between the EC50 values for uninfected and
RML-infected cells, as calculated by a three-parameter nonlinear regression of dose
response curves. Unexpectedly, the RML scrapie-infected cells showed increased resistance
to Mn treatment with a calculated EC50 value of 428.8 μM, greater than double the EC50
value of the uninfected cells, 211.6 μM. The cytotoxicity results were further confirmed by
qualitative analysis using Sytox green staining. Uninfected and RML-infected cells were
exposed to 300 and 500 μM Mn for 24 h and pictures were taken using a Nikon inverted
fluorescent microscope. The difference in the number of Sytox positive cells is evident at
both concentrations of Mn, with uninfected CAD5 cells showing a much greater number of
Sytox stained cells (Fig. 2B). These studies led us to further examine this disparity in the
cytotoxic doses of Mn on the uninfected and RML scrapie-infected CAD5 cell line. Based
upon these data, we selected 300 μM Mn as an optimal dose for comparative studies of Mn-
induced cytotoxicity.

3.3 RML scrapie-infected CAD5 cells are more resistant to Mn-induced apoptotic cell death
Mn-induced neurotoxicity is a known activator of proapoptotic signaling cascades in
neuronal cells (Aschner et al., 2009; Kitazawa et al., 2005; Latchoumycandane et al., 2005;
Stredrick et al., 2004). In order to explore the activation of proapoptotic caspases by Mn-
induced neurotoxicity in uninfected and RML scrapie-infected CAD5 cells, we assayed the
activity of the effector caspase, caspase-3, at 8, 12, 16, 20, and 24 h treatments with 300 μM
of Mn. At 24 h treatment, a statistically significant increase in the activation of caspase-3 in

Martin et al. Page 6

Neurotoxicology. Author manuscript; available in PMC 2012 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



uninfected cells (p<0.001) was observed, but no such increase was noted in RML-infected
cells (Fig. 3A). Furthermore, we quantitatively assessed the level of DNA fragmentation on
cells treated for 24 h with 300 μM Mn using a Cell Death Detection ELISA Kit. We found a
statistically significant increase in the level of histone-associated low molecular weight
DNA in uninfected cells at this time point (p<0.001), while the RML-infected cells showed
no significant increase (Fig. 3B). These results indicate that RML scrapie-infected CAD5
cells are more resistant to Mn-induced apoptotic cell death than uninfected cells.

3.4 RML scrapie infection attenuates Mn-induced oxidative damage
To further probe the decreased susceptibility of RML-infected CAD5 cells to Mn-induced
toxicity, we evaluated the incidence of Mn-induced oxidative stress by examining a product
of lipid peroxidation, 4-hydroxynonenal (4-HNE), in Mn-treated CAD5 cells (Alikunju et
al., 2011; Sango et al., 2008). Multiple studies have shown that neuronal cell lines
persistently infected with PrPSc show increased susceptibility to oxidative stress (Fernaeus
et al., 2005; Milhavet et al., 2000). As shown in Fig. 4A, uninfected CAD5 cells showed a
time-dependent increase in the levels of 4-HNE in response to treatment with 300 μM of
Mn. Surprisingly, scrapie-infected CAD5 cells treated with Mn showed reduced levels of 4-
HNE when compared to uninfected cells (Fig. 4A). Densitometric analysis revealed a
statistically significant (p<0.05) decrease in the 4-HNE band intensity of RML scrapie-
infected cells at 24 h (Fig. 4B).

3.5 RML Infected CAD5 cells Have Reduced Manganese Accumulation
The binding of divalent cations to PrPC induces clathrin-mediated endocytosis of lipid raft
domains and this process is dependent upon the metal binding sites of PrPC (Brown and
Harris, 2003; Hooper et al., 2008; Pauly and Harris, 1998; Perera and Hooper, 2001). A
recent study from our group showed that knockout of PrPC alters Cu and Mn levels in a
neuronal cell culture model (Choi et al., 2007). Also, other studies have shown altered
divalent metal content in the brains of PrPC null and TSE-infected animals. These results
indicate that PrPC may have a role in divalent metal homeostasis, and that conversion to the
disease isoform alters the ability of PrPC to regulate intracellular concentrations. In order to
examine the consequence of RML scrapie infection on Mn homeostasis, we treated
uninfected and RML scrapie-infected CAD5 cells with 300 μM Mn for 16 h and determined
the intracellular Mn concentration by inductively coupled plasma mass spectrometry (ICP-
MS). Uninfected and RML cells had similar basal levels of cytoplasmic Mn; however, Mn
treatment increased intracellular Mn levels 187-fold in uninfected CAD5 cells and 130-fold
in RML infected cells (Fig. 5A). This difference was statistically significant p<0.01.

In order to determine a mechanism for the difference in intracellular Mn concentration, we
assessed the levels of DMT1 and transferrin in control and Mn-treated CAD5 cells. As seen
in Fig. 5B-C, the basal level of DMT1 was increased in RML scrapie-infected CAD5 cells
as compared to uninfected cells. However, Mn treatment did not cause any significant
change in DMT1 levels in either cell types (Fig. 5B and 5D). Also, the basal level of
expression of TF in uninfected and RML scrapie-infected cells is not significantly different
(Fig. 5E-F). However, upon Mn treatment, there is a statistically significant, time-dependent
increase in the level of TF in RML scrapie-infected cells. There was a slight but not
significant increase in the levels of TF in uninfected cells at 24 h (Fig. 5E and 5G). These
results show some differences existing in metal transporter protein between uninfected and
RML scrapie-infected cells. However, the altered expression of these proteins between the
uninfected and infected CAD5 cells are contradictory to the expected intracellular Mn
concentrations since both DMT1 and TF are involved in Mn influx yet are increased in the
infected cells that have a decreased Mn content. These results indicate that there are other
factors influencing the intracellular level of Mn. Altered expression of proteins that are
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involved in Mn efflux may also play role in Mn-homeostasis. The mechanisms of regulation
that are affected by conversion from PrPC to PrPSc remain an interesting target for further
study.

4. Discussion
In this study we have shown that RML scrapie-infected catecholaminergic cells are more
resistant to Mn-induced neurotoxicity than uninfected cells. Consistent with cytotoxicity,
caspase-3 activation, DNA fragmentation, and ROS generation are attenuated in Mn-treated
RML scrapie-infected CAD5 cells. Another notable finding of our study was that metal
transport proteins DMT and transferrin are altered in scrapie-infected cells as compared to
uninfected cells. To our knowledge, this is the first report demonstrating reduced metal
neurotoxicity in an infectious model of prion disease.

Our understanding of the role of metals in key neurobiological processes, as well as in the
pathogenesis of various neurodegenerative diseases, has greatly expanded over the last two
decades. Studies overwhelmingly demonstrate that metal dyshomeostasis, protein
aggregation, and oxidative stress are interconnected pathophysiological mechanisms of all
neurodegenerative diseases associated with proteinopathies. Significant imbalances in major
transition metals such as iron, copper, and zinc are implicated in other major
neurodegenerative conditions such as Parkinson's disease (PD), Alzheimer's disease (AD),
Amyotrophic lateral sclerosis (ALS) and Huntington Disease (HD) (Bishop et al., 2002;
Bossy-Wetzel et al., 2004; Brown, 2009; Bush and Curtain, 2008; Cahill et al., 2009; Gaeta
and Hider, 2005; Molina-Holgado et al., 2007; Sayre et al., 1999). Another common
pathological feature of these neurodegenerative disorders is the aggregation of β-sheet-rich
synaptic proteins associated with each disease (e.g., α-synuclein in PD, a-beta in AD, and
huntingtin in HD). Environmental exposure to transition metals is linked to pathological
processes of various neurodegenerative conditions since metal exposure is known to
augment key degenerative changes including ionic imbalance, oxidative stress, and protein
aggregation (Afeseh Ngwa et al., 2009; Anantharam et al., 2002; Aschner et al., 2009;
Crossgrove and Zheng, 2004; Kitazawa et al., 2001; Park et al., 2005; Wu et al., 2008).

Emerging evidence indicates that dysregulation of divalent cation homeostasis may play a
role in the pathogenesis of prion diseases (Basu et al., 2007; Brown, 2009; Choi et al., 2006;
Singh et al., 2009). PrPC contains multiple octapeptide repeat sequences (PHGGSWGQ)
toward the N-terminus that have binding affinity for various divalent metals including
copper and manganese (Hornshaw et al., 1995; Viles et al., 1999). The number of
octapeptide repeats differs from species to species; however, point mutations, deletions or
multiple insertions of the octapeptide repeats in the prion protein gene have been linked to
inherited prion disease in humans (Krasemann et al., 1995; Mead et al., 2007; Palmer and
Collinge, 1993; Yin et al., 2007). Structural studies have suggested that most of the N-
terminus of prion protein is rather unstructured, while the C-terminus is highly structured
(Di Natale et al., 2005; Jones et al., 2005; Renner et al., 2004; Viles et al., 2001). Binding of
divalent cations to PrPC has been speculated to facilitate the folding of the largely
unstructured N-terminus, thereby stabilizing the protein conformation (Cereghetti et al.,
2003). The antioxidant properties of PrPC have been linked to Cu residency in the
octapeptide repeat domain (Brown et al., 2001; Brown et al., 1999; Gaggelli et al., 2008;
Treiber et al., 2007). Cu bound by PrPC is able to undergo full and reversible redox
chemistry, allowing for the detoxification of superoxide and the reduction of hydroxyl
radicals (Nadal et al., 2007). Recently, we showed that prion protein expressing cells are
more resistant to oxidative damage as compared to prion knockout cells (Anantharam et al.,
2008).
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Mn is an important trace elemental metal that is required by most organisms for normal
functioning; however, continued exposure to high concentrations of Mn results in adverse
neurological deficits commonly referred to manganism. Interestingly, elevated Mn levels
have been observed in the brain and blood of humans and animals afflicted with prion
diseases and Mn-bound PrPSc has been isolated from TSE-infected neural tissue (Hesketh et
al., 2008; Hesketh et al., 2007; Thackray et al., 2002; Wong et al., 2001a). In vitro titration
calorimetry studies done using recombinant PrP have shown that Mn can replace Cu
residency in the metal binding sites despite a calculated lower affinity (Brazier et al., 2008;
Zhu et al., 2008). Mn binding to PrPC induces biophysical properties similar to PrPSc,
including increased β-sheet content, proteolytic resistance, and the ability to seed
aggregation of soluble oligomers, yet the role of metals in the disease is not very well
understood (Abdelraheim et al., 2006; Brazier et al., 2008; Brown et al., 2000; Giese et al.,
2004; Kim et al., 2005). Recently, we demonstrated that PrPC effectively attenuates Mn
transport into neuronal cells and protects against Mn-induced oxidative stress, mitochondrial
dysfunction, cellular antioxidant depletion, and apoptosis (Choi et al., 2007). In addition, we
found that Mn treatment upregulates PrPC levels independently of transcription (Choi et al.,
2010). Further mechanistic studies revealed that Mn increases stability of prion protein,
suggesting that Mn may promote the conversion of PrPC to PrPSc. Our present study shows
that the scrapie-infected cells are more resistant to Mn neurotoxicity and the infected cells
have altered metal transport as compared to uninfected cells. Taken together, these results
suggest that conversion to PrPSc may result in greater affinity for Mn and increased ability
for PrPSc to sequester and export excess Mn through the exosomal pathway in neuronal cells
(Fevrier et al., 2005). Additionally, the resistance of prion-infected cells to Mn neurotoxicity
may aid the propagation of prion protein aggregation from infected cells to healthy cells.
Further studies are on-going in our laboratory to address these possibilities. However, the
possibility of other factors such as altered expression of Mn efflux proteins or the increase or
activation of other survival factors influencing Mn toxicity in infected cells cannot be
completely ruled out.

In this study we focused on the CAD cell line, which is derived from catecholaminergic
neurons; whereas in humans and animals with prion disease, higher Mn levels in brain tissue
may be attributed to an increase in Mn-levels in microglia and astrocytes which constitute at
least 90% of the total brain cell population. Consequence of prion infection on glial cells
remains an interesting area of study. Unfortunately, the mechanisms involved in the
regulation of cellular Mn homeostasis are still not well understood. Influx of Mn across the
plasma membrane is believed to be mediated by divalent metal transporter 1 (DMT1) and
transferrin (TF), despite dissociation constants in the millimolar range (Aschner et al., 1999;
Erikson and Aschner, 2006; Fitsanakis et al., 2007; Garrick et al., 2006; Yokel, 2009). It is
possible that ferroportin and ion channels are involved in Mn efflux (Yin et al., 2010).
Increased resistance to oxidative stress in RML scrapie-infected cells is not likely to be a
contributing factor in reducing the Mn toxicity observed in this work since prion infection
has been shown to increase susceptibility of neuronal cells to oxidative stress (Fernaeus and
Land, 2005; Fernaeus et al., 2005). Finally, a large body of evidence indicates that presence
of dopamine in SH-SY5Y and other dopaminergic cell lines may directly influence the
degree of Mn toxicity (For review see (Aschner et al., 2009; Smargiassi and Mutti, 1999.).
However, in Cath.a cells, suppression of dopamine production with alpha-methyl-para-
tyrosine offered no significant protection from Mn exposure suggesting that dopamine
content was not responsible for the enhanced sensitivity to Mn toxicity which rules out the
utilization of Mn as a co-factor (Stredrick et al., 2004). Further work is clearly needed to
elucidate the interconnectivity of metal dyshomeostasis and protein aggregation in
neurodegenerative disorders.
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Fig. 1.
Characterization of CAD5 cells and RML scrapie infection. A) Phase contrast image of
uninfected and RML scrapie-infected CAD5 cells. Scrapie-infected cells tend to grow in
aggregated colonies and grow more slowly than uninfected cells. B) Lysate from uninfected
and infected CAD5 cells was proteolytically digested by addition of 20 μg/ml PK for 1 h at
37°C. Immunoblot with anti-PrP MAb showed complete digestion of PrPC in uninfected
cells, and the presence of proteolytically resistant PrPSc in infected cells. The multiple bands
represent the three glycoforms of PrP.
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Fig. 2.
RML scrapie-infected CAD5 cells are more resistant to Mn-induced toxicity. A) Uninfected
and RML scrapie-infected CAD5 cells were treated with 10, 30, 50, 100, 300, 500, 1000,
and 5000 μM Mn for 16 h and cell viability was measured by MTT assay. The LD50 value
of the control cells was determined to be 211.6 μM (95% CI 136.8-304.8 μM, logEC50:
-3.675±0.081) while in RML scrapie infected cells the LD50 was calculated to be 428.8 μM
(95% CI 290.9-632 μM, logEC50: -3.368±0.086). RML scrapie-infected cells showed
reduced susceptibility to Mn-induced toxicity as evidenced by the statistically significant
(p<0.05) increase in the EC50 value. Data shown represent two repeats with a total of 16
individual data points per concentration. B) Uninfected and RML scrapie-infected CAD5
cells were treated with 300 μM and 500 μM Mn for 24 h. Qualitative analysis of Mn-
induced toxicity was done by Sytox green staining of dead and dying cells. We observed
reduced staining by Sytox in RML scrapie-infected CAD5 cells when compared to
uninfected cells.
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Fig. 3.
RML scrapie-infected CAD5 cells are more resistant to Mn-induced apoptotic cell death.
Uninfected and RML scrapie-infected CAD5 cells were treated with 300 μM Mn and the
activity of caspase-3 was determined by caspase-3 specific fluorogenic substrate over time.
DNA fragmentation was assayed after 24 h of Mn treatment by ELISA. A) Uninfected
CAD5 cells showed a time-dependent increase in caspase-3 activity in response to Mn
treatment (p<0.001), while RML scrapie-infected CAD5 cells showed no increase at 24 h.
Data shown represents three repeats with a total n=7. B) DNA fragmentation was
significantly increased (p<0.001) in uninfected cells treated with Mn when compared to
RML scrapie-infected cells.
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Fig. 4.
RML scrapie infection attenuates Mn-induced ROS generation. Uninfected and RML
scrapie-infected CAD5 cells were treated with 300 μM Mn for 16, 20, and 24 h. A)
Generation of Mn-induced ROS was determined by the presence of lipid peroxidation
product 4-HNE. Lysate from treated cells was probed after Western blot with anti-4-HNE
antibody. To ensure equal protein loading, blots were co-treated with β-actin antibody. B)
Uninfected CAD5 cells showed a time-dependent increase in 4-HNE levels as determined
by densitometric analysis of three individual repeats. A statistically significantly difference
in increases of 4-HNE levels is seen between uninfected and infected cells at 24 h (p<0.01).
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Fig. 5.
Mn-induced increases in intracellular Mn levels are reduced while the levels of metal uptake
proteins are increased in RML-infected CAD5 cells. A) Uninfected and RML scrapie-
infected CAD5 cells were treated with 300 μM Mn for 16 h and intracellular Mn levels were
determined by ICP-MS. Basal levels of Mn in uninfected and infected CAD5 cells were not
significantly different; however, a 187-fold increase was observed in uninfected CAD5 cells
while RML infected cells saw a 130-fold increase. This difference was significantly
different with p<0.01. B-G) The level of divalent metal regulator proteins, DMT1 and TF
were determined by immunoblot. The basal level of DMT1 (C) was significantly increased
in RML scrapie-infected cells (p<0.01), while the basal level of TF (E) was unchanged
between uninfected and infected cells. After 16, 20, and 24 h of treatment with 300 μM Mn,
the level of TF was increased in a time-dependent manner in RML scrapie-infected cells
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(p<0.01) (G). D) The level of DMT1 was not significantly increased with Mn treatment.
These data represent a mean ± S.E.M. from quantification of three individual experiments.
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