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Abstract
Prion disease associated neurotoxicity is mainly attributed to PrP-scrapie (PrPSc), the disease
associated isoform of a normal protein, the prion protein (PrPC). Participation of other proteins
and processes is suspected, but their identity and contribution to the pathogenic process is unclear.
Emerging evidence implicates imbalance of brain iron homeostasis as a significant cause of prion
disease-associated neurotoxicity. The underlying cause of this change, however, remains unclear.
We demonstrate that iron is sequestered in heat and SDS-stable protein complexes in sporadic-
Creutzfeldt-Jakob- disease (sCJD) brains, creating a phenotype of iron deficiency. The underlying
cause is change in the characteristics of ferritin, an iron storage protein that becomes aggregated,
detergent-insoluble, and partitions with denatured ferritin using conventional methods of ferritin
purification. A similar phenotype of iron deficiency is noted in the lumbar spinal cord (SC) tissue
of scrapie infected hamsters, a site unlikely to be affected by massive neuronal death and non-
specific iron deposition. As a result, the iron uptake protein transferrin (Tf) is upregulated in
scrapie infected SC tissue, and increases with disease progression. A direct correlation between Tf
and PrPSc suggests sequestration of iron in dysfunctional ferritin that either co-aggregates with
PrPSc or is rendered dysfunctional by PrPSc through an indirect process. Surprisingly,
amplification of PrPSc in vitro by the protein-misfolding-cyclic-amplification (PMCA) reaction
using normal brain homogenate as substrate does not increase the heat and SDS-stable pool of iron
even though both PrPSc and ferritin aggregate by this procedure. These observations highlight
important differences between PrPSc-protein complexes generated in vivo during disease
progression and in vitro by the PMCA reaction, and the significance of these complexes in PrPSc-
associated neurotoxicity.
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Introduction
Sporadic Creutzfeldt-Jakob disease (sCJD) is a progressive, fatal neurodegenerative
condition of humans that is included in the general category of prion disorders. Unlike most
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neurodegenerative conditions, prion disorders are transmissible in addition to their sporadic
and familial nature, a characteristic that has raised significant public health concern. sCJD is
the most common human prion disorder, comprising ~80% of all diagnosed cases. The
infectious and pathogenic agent in all prion disorders is believed to be PrP-scrapie (PrPSc), a
β-sheet rich isoform of a normal protein, the prion protein (PrPC). The conformational
switch from PrPC to PrPSc is triggered by exogenous PrPSc in transmissible disorders,
mutation in the prion protein gene in familial cases, and by a random event in sporadic
disorders. Unlike PrPC that is mainly α-helical, soluble in non-ionic detergents and sensitive
to proteases, PrPSc requires harsh conditions such as sodium dodecyl sulfate (SDS) or
guanidinium hydrochloride treatment for complete solubilization, and is resistant to limited
digestion by proteinase K (PK) (Prusiner 1998; Aguzzi and Callela, 2009; Caughey et al.,
2009; Soto and Satani, 2010). The recent amplification of PrPSc from recombinant PrPC in
vitro by the protein misfolding cyclic amplification reaction (PMCA) leaves little doubt that
PrPSc arises from PrPC, and is sufficient to transmit the disease in bioassays (Deleault et al.,
2007; Wang et al., 2010). The mechanism by which PrPSc induces neurotoxicity, however,
is less clear. Existing evidence suggests expression of host-encoded PrPC on neuronal
plasma membrane as an essential component of the toxic signal (Chesebro et al 2005;
Mallucci et al., 2007; Radford and Mallucci, 2007). Contribution of other proteins and
molecules, though speculated, has remained elusive (Resenberger et al., 2011).

Recent reports indicating mis-regulation of iron metabolism in sCJD and scrapie infected
animal brains implicate redox-iron in prion disease pathogenesis, an important observation
given the highly toxic nature of unliganded iron and its documented involvement in other
neurodegenerative conditions of protein misfolding such as Alzheimer’s disease (AD),
Parkinson’s disease, and Huntington’s disease (Singh et al, 2009a, 2010, 2011; Bonda et al.
2011; Kell, 2009, 2010; Das et al., 2010; Smith et al., 2010; Lee and Andersen 2010;
Altamura and Muckenthaler, 2009; Madsen and Gitlin, 2007; Molina-Holgado et al., 2007;
Kim et al., 2007; Berg and Youdim, 2006; Adlard and Bush 2006). The diverse etiology and
pathogenesis of these disorders has led to the general notion that brain iron dyshomeostasis
is an epiphenomenon of massive neuronal death associated with these conditions. However,
mounting evidence suggests that the change in brain iron precedes neuronal degeneration,
and is often the main trigger for neurotoxicity. Specific examples include inherited disorders
of brain iron imbalance such as neurodegeneration with brain iron accumulation,
neuroferritinopathy, infantile neuroaxonal dystrophy-1, aceruloplasminemia, Friedreich’s
ataxia, and Restless Leg Syndrome (RLS) (Johnstone and Milward, 2010). A similar
association between iron imbalance and neurotoxicity is less clear for sporadic disorders.
However, a recent study demonstrating inhibition of ferroxidase activity of Alzheimer
precursor protein (APP) as the underlying cause of iron accumulation in AD brains has re-
kindled this debate (Duce et al., 2010), necessitating reevaluation of the mechanism and
significance of brain iron imbalance in other neurodegenerative conditions of sporadic
origin.

At variance with AD, sCJD brains reveal a phenotype of ‘apparent’ iron deficiency as
indicated by upregulation of the iron uptake protein transferrin (Tf) despite minimal change
in total brain iron (Singh et al., 2009a). Tf levels increase with disease progression and
correlate with PrPSc levels, indicating a close association with the underlying disease
process. An unexpected change in Tf levels is also noted in the cerebrospinal fluid (CSF) of
sCJD cases, suggesting mis-regulation of iron homeostasis in cells of the blood-brain and
brain-CSF barriers in addition to brain parenchymal cells (Singh et al., 2011). Mis-
regulation of iron homeostasis has also been reported in PrPSc replicating cells lines, mouse
and hamster models of prion disease, and familial cases associated with PrP102L mutation,
demonstrating the generality of this phenomenon across species and experimental models
(Fernaeus et al., 2005; Fernaeus and Land, 2005; Petersen et al., 2005; Hur et al., 2002; Kim
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et al., 2007, Singh et al., 2009). A systems biology approach to this question reveals a
similar association between brain iron mis-metabolism and prion disorders, reinforcing the
significance of this phenomenon in prion disease pathogenesis (Hwang et al., 2009; Kell,
2009). The underlying cause of this change has been difficult to understand due to the
complex nature of brain iron homeostasis compounded further by disease pathogenesis.
Possible mechanisms include loss of normal function of PrPC in iron uptake and transport,
and/or disruption of brain iron metabolism by PrPSc directly or indirectly (Singh et al.,
2009a–c). In this regard, it is interesting to note that PrPSc co-purifies with ferritin, a major
iron storage protein using different experimental procedures (Saunders et al., 2007).
Although considered an artifact of experimental manipulation (Moore et al., 2010), PrPSc

and ferritin have been demonstrated to co-localize in the lysosomes of scrapie infected cell
lines, suggesting in vivo interaction and possible co-aggregation at that site (Singh et al.,
2009). Sequestration of iron in such PrPSc-ferritin aggregates is likely to induce iron
deficiency, resulting in the observed brain iron dyshomeostasis.

To evaluate whether sequestration of iron in PrPSc-ferritin complexes generated during
disease progression is the underlying cause of iron deficiency in prion disease affected
brains, the stability of iron in protein complexes precipitated from sCJD brain homogenates
was compared with age-matched dementia controls and with PrPSc-protein complexes
generated in vitro by the PMCA reaction using normal brain homogenate as substrate. We
report that iron is sequestered in heat and SDS-stable protein complexes in sCJD brain
homogenates, a characteristic that is specific to sCJD among the dementia cases included in
this study. In contrast, precipitated proteins from the PMCA reaction mix release associated
iron readily under similar conditions even though comparable amounts of aggregated and
PK-resistant ferritin and PrPSc are generated by this procedure. These observations highlight
important differences between PrPSc-protein complexes generated in vivo and in vitro, and
underscore the significance of PrPSc-associated proteins in the pathogenesis of sCJD.

Methods
Materials and antibodies

Antibodies to PrP (3F4) and GFAP were obtained from Abcam (Cambridge, MA, USA),
and anti-PrP antibody 8H4 was a kind gift from Man-Sun Sy (Case Western Reserve
University). Antibodies to other antigens were procured as follows: ferritin from Sigma
(Saint Louis, MO, USA), Tf from GeneTex (San Antonio, TX, USA), actin from Millipore
(Temecula, CA, USA), and ceruloplasmin from Dako (A/S Denmark). Horseradish
peroxidase (HRP)-conjugated secondary antibodies were purchased from GE Healthcare
(Little Chalfont, Buckinghamshire, UK). Iron estimation kit was procured from Stanbio
Laboratory (Boerne, TX, USA), and 59FeCl3 was obtained from Perkin Elmer (Boston, MA,
USA). All other chemicals were purchased from Sigma.

Human and animal samples
Autopsy confirmed frozen human brain tissue from the frontal cortex of sCJD (CJD+, n=20)
and age matched cases of dementia (CJD−, n=19) were obtained from the National Prion
Disease Pathology Surveillance Center at Case Western Reserve University. The samples
ranged in age from 37–80 years, with most in the 60–80 year range. The interval between
appearance of clinical symptoms and death ranged from 1–24 months in CJD− and 2 to 4
months in CJD+ cases. CJD− cases included extensive infarcts, granulomatous angiitis,
cerebral vascular disease, and necrotizing lymphoplasmacytic meningoencephalitis (1 case
each), Alzheimer's disease (6 cases), and no definitive diagnosis (9 cases). CJD+ cases were
classified as MM1 (11 cases), VV1 (2 cases), VV2 (4 cases), and MV2 (3 cases). Control
and prion infected hamster spinal cord samples were obtained from Jason Bartz (Department
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of Medical Microbiology and Immunology, Creighton University, Omaha, Nebraska), and
represented tissue from L4 and L6 lumbar spinal cord segments harvested at 28, 42, 55, and
70 days post inoculation (Bartz et al., 2007). Control mouse brain and liver was harvested
from 3–5 month old FVB/NJ mice (Jackson Laboratory) housed at Case Western Reserve
University. 59Fe-labeled brain liver samples for PMCA reactions were generated by
injecting 20µCi of 59FeCl3 to FVB/NJ mice via tail vein followed by a chase for 24h. Mice
were euthanized, perfused with cold PBS, and relevant organs were harvested. All tissue
was snap frozen and stored at −80°C until use. Tissue homogenates (10%) were prepared
either in lysis buffer (10 mM Tris, pH 7.5, 150 mM NaCl, 0.5% sodium deoxycholate, 0.5%
NP-40, and protease inhibitor cocktail), or PMCA buffer (phosphate buffered saline, pH
7.2–7.4, 0.15M NaCl, 1% Triton X-100, 4mM EDTA and protease inhibitor cocktail)
(Castilla et al., 2005).

Iron estimation
For determination of iron in heat and SDS insoluble complexes in CJD− and CJD+ cases,
homogenates prepared in lysis buffer were supplemented with SDS to a final concentration
of 1% and either kept at room temperature or heated at 100°C for 10 min. Samples were
cooled to room temperature, vortexed vigorously, and precipitated with five volumes of cold
methanol followed by centrifugation at 20,000 × g for 15 min. Likewise, samples from
spinal cord of tissue of scrapie infected hamsters and −/+PMCA reactions were precipitated
with cold methanol and centrifuged as above. Iron in protein pellets was quantified as
described by Rebouche et al. (2004) with modifications. Samples were mixed with equal
volume of 1 N HCl and 10% trichloroacetic acid, vortexed, and heated at 95°C for 1h.
Contents were cooled to room temperature, vortexed, and centrifuged at 12,000 × g for 20
min at 20°C. Iron in the supernatant was quantified by the Stanbio iron estimation kit as per
manufacturer’s instructions.

Differential centrifugation
To partition proteins in CJD− and CJD+ samples into detergent soluble and insoluble
fractions, homogenates prepared in lysis buffer were supplemented with SDS to 1% final
concentration and subjected to differential centrifugation. Samples in duplicate were initially
centrifuged at low speed (3,000 rpm) for 1 min to obtain low speed pellet (P1) and
supernatant (S1) fractions. One set of S1 and P1 samples was kept aside and the second S1
fraction was centrifuged at 20,000 × g for 3h to obtain high speed pellet (P2) and
supernatant (S2) fractions. The P1 and P2 fractions were reconstituted to original volume
with lysis buffer. All fractions were boiled with sample buffer and fractionated by SDS-
PAGE followed by Western blotting. A parallel set of samples were precipitated with cold
methanol and iron in the pellet was quantified as described above.

For partitioning of proteins from the PMCA reaction mix, −/+PMCA samples in PMCA
buffer were centrifuged at 20,000 × g for 3 h to obtain soluble (S) and insoluble pellet (P)
fractions. Where indicated, samples were treated with 50 or 100µg/ml of proteinase K at
37°C for 1h. Reaction was stopped by boiling in 5× SDS sample buffer.

Fractionation of soluble and insoluble ferritin
Normal and scrapie infected mouse brain homogenates (10%) were prepared in PBS and
heated at 75°C for 10 min as described (Harrison and Arosio 1996; Koorts and Viloen,
2007). Samples were vortexed and centrifuged at 10,000 × g for 15 min to obtain soluble
(supernatant) and insoluble (pellet) ferritin fractions. Pellets were dissolved in equivalent
volume of PBS, boiled with 5× SDS sample buffer, and subjected to Western blotting.
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PMCA and treatment with proteinase-K
PMCA reaction was carried out as described by Castilla et al. (2005) with modifications. In
short, 10% homogenates of perfused liver or brain tissue prepared in PMCA buffer were
clarified at 1500g for 30 sec. Samples were aliquoted in 0.2 ml PCR tubes and stored at
−80°C till further use. PMCA reaction was carried out in a programmable sonicator
(Misonix, USA, Model S3000MP) with a sonication pulse of 40 sec “ON” and 10 min
“OFF” at an amplitude of 60 for 24h. Reaction tubes were immersed in sonicator water bath
set at 40°C without shaking. Control (−PMCA) samples were kept at −80°C till completion
of reaction. Where indicated, mouse or hamster scrapie seed was used at a dilution of 1:100.
PMCA of 59Fe-labeled brain and liver homogenates was carried out as above.

SDS-PAGE and Western blotting
Samples were mixed with Lamelli SDS-PAGE sample buffer, heated at 95°C for 5 min, and
resolved by SDS-PAGE followed by electrotransfer to PVDF membranes. Membranes
containing transferred proteins were immunoreacted with the following antibodies
sequentially: PrP (3F4 or 8H4 for hamster and mouse tissue respectively), ferritin (1:1000),
Tf (1:6000), GFAP (1:2000), ceruloplasmin (1:2500) and β-actin (1:7500), followed by anti-
mouse or anti-rabbit secondary antibody conjugated to horseradish peroxidase (1:6000).
Immunoreactive bands were visualized by the ECL detection kit (Amersham Biosciences
Inc.).

Statistical analysis
Most experiments were performed in triplicate and all experiments were repeated at least
three times. The results are expressed as mean ± standard error of mean (SEM). Statistical
analysis was done by unpaired Student's t-test for comparing two groups. Comparison of
multiple groups was done by one way ANOVA followed by Bonferroni multiple
comparison post hoc test using GraphPad Prism software (Version 4.03, GraphPad Inc., San
Diego, CA, USA). Regression analysis was performed by standard statistical methods and
the Stata (2005) statistical package. Differences were considered significant at p<0.05.

Results
Iron is sequestered in heat and SDS-stable protein complexes in sCJD brain homogenates

To understand the cause of progressive iron deficiency in sCJD and scrapie infected hamster
brains despite minimal change in total iron (Singh et al., 2009a), possible sequestration of
iron in aggregated PrPSc-protein complexes was explored. Tissue from the frontal cortex of
sCJD (CJD+) and age-matched non-CJD dementia controls (CJD−) was homogenized in a
buffer containing non-ionic detergents (lysis buffer) supplemented with 1% SDS, and either
set aside at room temperature or boiled for 10 minutes. Since most iron binding proteins
release associated iron after boiling (Harrison and Arosio 1996; Koorts and Viloen, 2007),
iron content of methanol precipitated proteins from unboiled and boiled samples was
quantified. Unboiled CJD− and CJD+ samples revealed similar iron content. However,
boiled CJD− samples released 68% of associated iron while CJD+ samples lost minimal
iron relative to unboiled controls (Figure 1 A). A direct comparison of boiled samples
revealed 183% more iron in CJD+ relative to CJD− samples (Figure 1 A). Comparison with
Alzheimer’s disease (AD) brains that are known to accumulate iron revealed similar results
(Figure 1 B), suggesting that the heat and SDS stable pool of iron is specific to sCJD brains
(Duce et al., 2010).

Among the iron rich proteins likely to contribute to the heat stable pool of iron, ferritin
stands out since it is known to co-purify with PrPSc and resists denaturation at 75–80°C, a
property often exploited to enrich tissue fractions for iron rich ferritin (Moore et al., 2010;

Singh et al. Page 5

Neurobiol Dis. Author manuscript; available in PMC 2013 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Harrison and Arosio 1996; Koorts and Viloen, 2007). To evaluate a possible change in the
characteristics of ferritin due to a direct or indirect interaction with PrPSc, brain samples
prepared as above were centrifuged at low speed to separate detergent soluble proteins (S1)
from insoluble debris in the pellet (P1), and soluble proteins in the S1 fraction were re-
centrifuged at high speed to isolate detergent soluble (S2) and insoluble (P2) proteins.
Pellets were re-dissolved in lysis buffer and all samples were subjected to SDS-PAGE and
Western blotting. As expected, almost all of PrPC from CJD− samples partitioned in
detergent soluble S1 and S2 fractions (Figure 1 C, lanes 1 & 3). Minimal reactivity for PrP
was detected in P1 and almost no reactivity in the P2 fraction (Figure 1 C, lanes 2 & 4). In
contrast, a significant amount of PrPSc from CJD+ samples fractionated in the low and high
speed pellet fractions (P1 and P2) (Figure 1C, lanes 6 & 8). The shift of PrPSc from high
speed detergent soluble S2 to the detergent insoluble P2 fraction was most dramatic relative
to controls (Figure 1 C, lanes 7 & 8, *). Re-probing for ferritin revealed most of the
reactivity in S1 and S2 fractions of CJD− cases (Figure 1 C, lanes 1 & 3), and a significant
shift from S2 to the P2 fraction of CJD+ cases as observed for PrPSc (Figure 1 C, lanes 7 &
8, arrow-head). Transferrin (Tf), a major iron uptake protein, and ceruloplasmin (Cp), a
copper containing ferroxidase, partitioned in the detergent soluble S1 and S2 fractions in
both CJD− and CJD+ cases, indicating selective partitioning of ferritin in the P2 fraction of
CJD+ samples among the three iron management proteins tested (Figure 1 C, lanes 1, 3, 5,
& 7). Re-probing for β-actin revealed similar protein loading in S1 and S2 fractions of CJD−
and CJD+ samples (Figure 1 C, lanes 1, 3, 5, & 7). (Partitioning of β-actin in P1 and P2
fractions varies with detergent composition and centrifugation speed, and is therefore
unreliable (unpublished observations).

Quantification by densitometry revealed 182% more PrP in the S1 fraction of CJD+ relative
to CJD− samples as expected. Ferritin levels were similar in the two groups (Figure 1 D).
Estimation of iron in methanol precipitated proteins from soluble and insoluble fractions of
CJD+ samples revealed almost complete correspondence with ferritin, indicating that the
major iron containing protein in the brain tissue is ferritin, and aggregated ferritin in CJD+
samples is loaded with iron (Figure 1 E).

To rule out artifactual co-sedimentation of ferritin with PrPSc (Moore et al., 2010), ferritin
was fractionated in PBS or water, conditions normally used for the enrichment of tissue
ferritin. Under these condition, ferritin partitions in the soluble phase, while denatured
ferritin and hemosiderin sediment as insoluble proteins (Kontoghiorghes et al., 1987;
Harrison and Arosio 1996). PrPC and PrPSc, being membrane proteins, are likely to remain
attached to the lipid bilayer in the absence of detergent and sediment in chunks of membrane
or in lipid micelles. Thus, soluble ferritin and PrPC or PrPSc are unlikely to interact and co-
aggregate non-specifically under these conditions. To compare the solubility of ferritin from
normal and diseased brains, whole brains from scrapie infected mice (MSc) and matched
controls (NH) were homogenized in PBS and heated at 75°C for 10 minutes, a treatment that
spares ferritin but denatures most other proteins. After vigorous vortexing, samples were
centrifuged to pellet denatured proteins, and soluble and insoluble fractions were boiled in
sample buffer and analyzed (Figure 2 A). Probing for ferritin showed insignificant
difference between soluble and insoluble fractions of NH samples, and a significant shift to
the insoluble fraction in MSc samples (Figure 2 A, lanes 1–5 vs. 10–14 & lanes 6–9 vs. 15–
18 respectively). Re-probing for PrP revealed most of the reactivity in the insoluble fraction
as expected (Figure 2 A, lanes 10–18). Minimal or no reactivity for PrP was detected in the
soluble fraction (Figure 2 A, lanes 1–9). Actin partitioned mainly in the insoluble fraction
under these conditions (Figure 2 A, lanes 1–18).
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Quantification revealed 4.0 fold more ferritin in the insoluble fraction of MSc samples
relative to only 0.9 fold increase in NH samples (Figure 2 B), indicating that a significant
amount of ferritin in scrapie infected brains is denatured.

Together, the above results suggest that the increase in heat and SDS stable iron in CJD+
brains is probably due to sequestration of iron in aggregated, dysfunctional ferritin subunits.

Iron deficiency increases with disease progression in the lumbar spinal cord of scrapie
infected hamsters

To evaluate whether sequestration of iron in dysfunctional ferritin influences iron
homeostasis in diseased tissue, expression of Tf, a major iron uptake protein, and iron
content were monitored in scrapie infected samples during disease progression. To avoid
artifacts due to hemosiderin deposits from massive neuronal death in the brain and possible
leakage from the blood brain barrier (BBB), lumbar spinal cord tissue of hamsters
inoculated with scrapie in the sciatic nerve was evaluated (Bartz et al., 2007; Goodbrand et
al., 1995; Iwasaki et al., 2005). Samples harvested at 28, 42, 55, and 70 days post-
inoculation (pi) were homogenized in lysis buffer and analyzed by SDS-PAGE and Western
blotting. Membranes were probed for PrP to track accumulation of PrPSc, and for Tf and
ferritin to detect change(s) in intracellular labile iron pool (LIP). Tf is normally up regulated
and ferritin down regulated during iron deficiency to replenish depleted LIP, and the
opposite scenario takes effect under conditions of iron excess (Rouault and Cooperman,
2006). Expression of glial fibrillary acidic protein (GFAP) was checked to estimate
astrogliosis during disease progression. As expected, levels of PrP showed a significant
increase after 55 days pi and continued to increase till 70 days (Figure 3, lanes 1–11).
Surprisingly, Tf levels showed a similar pattern of increase, rising significantly at 55 and 70
days pi relative to the 28 day sample (Figure 3, lanes 1–11). The increase was more
significant in brain specific β2 form of Tf, ruling out any artifacts due to leakage from the
BBB (Irjala et al., 1979; Meurman et al., 1979). Levels of ferritin did not change
significantly during the disease course although GFAP levels increased after 55 days and
continued to rise till 70 days pi (Figure 3, lanes 1–11). Re-probing for β-actin confirmed that
the observed differences were not an artifact of protein loading (Figure 3, lanes 1–11).

Quantification by densitometry revealed that the increase in PrP, Tf, and GFAP expression
was significant at 55 and 70 days pi relative to the 28 day time point, while ferritin did not
show a significant change at any time point. PrP increased by 66% and 127%, GFAP by
117% and 193%, and Tf by 110% and 385% after 55 and 70 days relative to 28 days pi
respectively (Figure 4 A). Total iron showed a modest increase of 26.6% after 70 days
relative to 28 days pi (Figures 4 B). Regression plot of Tf and PrP during disease
progression showed a strong correlation (R2=.801, 95% confidence interval (CI)), indicating
that Tf increases as PrPSc accumulates (Figure 4 C).

These results indicate that iron deficiency becomes apparent in scrapie infected spinal cord
tissue at 55 days pi, and continues to increase till end stage of disease despite minimal
change in brain iron levels. More importantly, a positive correlation between Tf and PrPSc

suggests that iron deficiency increases as PrPSc accumulates.

Amplification of PrPSc in vitro does not alter the heat and SDS stable pool of iron
To evaluate whether insolubility of ferritin is due to direct interaction with PrPSc, brain
homogenate from wild type mice was used as substrate to amplify PrPSc in vitro by the
PMCA reaction (Castilla et al., 2005). This procedure replicates PrPSc several thousand-fold
by converting normal PrPC to PrPSc, mimicking prion propagation in vivo. Two
experimental paradigms were attempted: 1) mouse PrPSc was amplified using ME7 strain of
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mouse scrapie as seed and normal mouse brain as substrate, and 2) hamster PrPSc was
amplified using hamster scrapie as seed and a 1:1 mixture of hamster brain and mouse liver
as substrate. Addition of mouse liver in the second experimental paradigm provided a source
of L-ferritin from a heterologous species, providing an opportunity to determine whether the
interaction with PrPSc is specific to H-chain rich brain ferritin from a homologous species,
and whether PrPSc seeds the aggregation of ferritin and vice-versa.

Brain homogenates from FVB wild-type mice prepared in PMCA buffer (Castilla et al.,
2005) were seeded with mouse scrapie and set aside (−PMCA), or subjected to PMCA for
24 hours (+PMCA). Half of each sample was treated with 50µg/ml of proteinase-K (PK) or
buffer for 1 hour at 37°C and analyzed by Western blotting. Probing for PrP revealed
complete degradation in −PMCA samples (Figure 5 A, lanes 2 and 6), while +PMCA
samples showed a significant amount of PK-resistant PrPSc (Figure 5 A, lanes 4 and 8). Re-
probing for ferritin showed a surprisingly similar pattern; ferritin was completely degraded
by PK in −PMCA samples (Figure 5 A, lanes 2 and 6), whereas +PMCA samples revealed
prominent PK-resistant H- and L-forms of ferritin, of which the L-form appeared more
resistant (Figure 5 A, lanes 4 and 8, arrow-head). In addition, a partially digested, faster
migrating band of ferritin appeared after PK-digestion (Figure 5 A, lanes 4 and 8). It is
difficult to assess whether this fragment arose from H- or L-chain ferritin because their ratio
changes after PMCA, and both forms decrease in intensity after PK (Figure 5 A, compare
lane 1 with 3 & 4, and lane 5 with 7 & 8). Ponceu-S staining of the PVDF membrane
revealed degradation of most proteins by PK in −PMCA samples (Figure 5 B, lanes 2 and 6,
*), and several PK-resistant bands in +PK samples despite an overall decrease in total
proteins due to sonication (Figure 5 B, compare lanes 1 & 5 with 4 & 8, arrow-head).

A similar reaction was performed using a mixture of hamster brain and mouse liver (1:1) as
substrate and hamster scrapie as seed. Treatment with 50µg/ml of PK resulted in almost
complete degradation of PrP and ferritin in −PMCA samples (Figure 5 C, lanes 2, 6, & 10),
and gave rise to typical PK-resistant forms of PrPSc and a PK-resistant ferritin band in
+PMCA samples (Figure 5 C, lanes 4, 8, & 12). In contrast to mouse brain ferritin, liver
ferritin required twice the amount of PK to generate the 15kDa degradation product of
ferritin (Figure 5 C, lanes 4, 8, & 12).

Surprisingly, the heat stable pool of iron did not change significantly in PMCA products
from scrapie seeded mouse and hamster brain homogenates even though significant amounts
of aggregated and PK-resistant PrPSc and ferritin were generated (Figure 5 D). Similar
results were obtained when 59Fe-labeled mouse brain homogenates were seeded with mouse
PrPSc in a PMCA reaction to increase the sensitivity of detection (data not shown).

It was surprising that brain and liver ferritin acquired PK-resistance following PMCA. To
evaluate whether ferritin aggregates regardless of PrPSc, liver tissue that expresses minimal
amounts of PrPC was subjected to PMCA without added PrPSc seed. An aliquot from each
reaction mix was set aside to control for total protein (T). The rest was centrifuged to
separate soluble (S) and aggregated pellet (P) fractions. All samples were analyzed by
Western blotting. Probing of T samples for ferritin, Tf, and Cp showed similar protein levels
in −PMCA and +PMCA samples, indicating minimal degradation of these proteins by
PMCA (Figure 6 A, lanes 1–6). After centrifugation, ferritin partitioned equally between S
and P fractions in −PMCA samples, and shifted completely to the P fraction in +PMCA
samples (Figure 6 A, lanes 7–18, *). In contrast, Tf and Cp partitioned exclusively in the S
fraction in both −PMCA and +PMCA samples (Figure 6 A, lanes 7, 9, 11, 13, 15, & 17). As
observed in Figure 5 B above, Ponceu-S stained proteins showed an overall decrease in
+PMCA samples relative to −PMCA controls (Figure 6 A, lanes 1–18), and aggregation of
several proteins following PMCA (Figure 6 A, lanes 10, 14, and 18, *).
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Quantification of ferritin and protein associated iron in S and P fractions of −PMCA and
+PMCA samples revealed almost equal distribution in the former, and a shift to the P
fraction in the latter. Distribution of ferritin in the S and P fractions of −PMCA samples was
56.6% and 43.4%, and of iron 53.1% and 46.9%. In +PMCA samples the distribution of
ferritin in S and P fractions was 2.5% and 97.5%, and that of iron 30% and 70% respectively
(Figure 6 B C). Thus, aggregated ferritin in the P fraction of +PMCA samples is loaded with
iron. The presence of relatively more iron relative to ferritin in the S fraction of +PMCA
samples indicates contribution from Tf and perhaps other iron associated proteins that do not
aggregate by PMCA. A similar evaluation of 59Fe-radiolabeled liver samples revealed shift
of 59Fe counts to the P fraction following PMCA, confirming the above results (data not
shown).

Together, these results indicate that in vitro generation of potentially infectious and PK-
resistant PrPSc or aggregated and PK-resistant ferritin in brain homogenates by the PMCA
reaction either singly or in combination are insufficient to render associated iron resistant to
heat and SDS.

Discussion
We demonstrate that a significant amount of iron in sCJD brain homogenates is associated
with protein complexes in a heat and SDS-stable form, creating brain iron bio-insufficiency
and a phenotype of iron deficiency that increases with disease progression. The underlying
cause is change in the characteristics of brain ferritin that becomes insoluble in detergents,
co-sediments with PrPSc, and partitions with dysfunctional ferritin or hemosiderin in the
presence of PBS or water (Kontoghiorghes et al., 1987; Harrison and Arosio 1996).
Upregulation of Tf in diseased brain and spinal cord tissue suggests that dysfunctional
ferritin accumulates in an intracellular compartment in viable cells that respond
appropriately to the functional iron deficiency (Singh et al., 2009a). A direct correlation
between Tf and PrPSc suggests co-aggregation of ferritin with PrPSc or an indirect influence
of PrPSc on ferritin function. However, amplification of infectious PrPSc in vitro by the
PMCA reaction using normal brain homogenate as substrate does not increase the heat and
SDS stable pool of iron although comparable amounts of aggregated and PK-resistant PrPSc

and ferritin are generated by this method. These data suggest that in vivo interaction of PrPSc

with ferritin or other iron modulating protein(s) induces brain iron deficiency, highlighting
important differences between potentially infectious PrPSc generated in vitro by the PMCA
reaction and pathogenic PrPSc-protein complexes in diseased brains that are likely to play a
significant role in delivering the toxic signal of PrPSc.

The presence of heat and SDS-stable protein-associated pool of iron in sCJD brains is
unexpected, and contrasts with other dementias associated with iron accumulation. This is
surprising since the course of sCJD is rapid relative to other dementias, giving little
opportunity for iron to accumulate in insoluble hemosiderin deposits. Moreover, unlike
several other dementias where hemosiderin collects in a relatively inactive form in the
extracellular milieu and does not influence the expression of iron management proteins,
sCJD brain and scrapie infected hamster spinal cord tissue shows upregulation of Tf without
a significant decrease in brain iron levels, indicating intracellular accumulation of bio-
unavailable iron. AD brains also accumulate iron due to the compromised ferroxidase
activity of APP, but unlike sCJD, cells are able to sense accumulated iron and respond
appropriately by down-regulating iron uptake proteins Tf and TfR and upregulating the iron
storage protein ferritin (Duce et al., 2010). Furthermore, iron from AD brain homogenates is
released readily by boiling in the presence of SDS, indicating a distinct mechanism of
accumulation. The unusual resilience of protein-associated iron in sCJD brains could be
attributed to dysfunctional ferritin as a result of direct or indirect interaction with PrPSc, or
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co-precipitation of iron released from dead cells with PrPSc aggregates (Prusiner, 1998).
Since Tf is upregulated in diseased brains, the latter possibility is less likely. The absence of
heat and SDS-stable pool of iron in the PMCA reaction mix despite the presence of
aggregated PrPSc and ferritin further suggests that in vivo interaction of these proteins is
responsible for sequestering iron in stable protein aggregates, not non-specific co-
aggregation due to the sticky nature of PrPSc (Moore et al., 2010). Co-localization of PrPSc

and ferritin in the lysosomes of scrapie infected cell lines and increase in the
autophagosomal marker LC3 II in sCJD and scrapie infected hamster brains suggests
possible co-aggregation at this locale, a site where both PrPSc and ferritin turnover (Singh et
al., 2009a; Das et al., 2010; Heiseke et al., 2010).

Surprisingly, PMCA induces aggregation and PK resistance of ferritin regardless of its
heavy and light chain ratio or the presence of PrPSc in the reaction mix. Aggregated ferritin
thus generated is loaded with iron that is released readily by boiling. Several other proteins
also aggregate and acquire PK resistance following PMCA, a property that depends on the
aggregation state of a specific protein under the buffer conditions used and the intensity of
sonication (unpublished observations). However, unlike PrPC that needs homologous PrPSc

seed for aggregation and replication, ferritin undergoes aggregation without seed after one
cycle and does not catalyze the aggregation of additional ferritin under the conditions used
for the amplification of PrPSc (unpublished observations). Other iron management proteins
such as Tf, TfR, and Cp do not aggregate following PMCA or in sCJD brain homogenates,
suggesting that ferritin is probably the only iron rich protein that is prone to aggregation.

Whether co-aggregation of ferritin with PrPSc is the sole cause of iron deficiency in sCJD
brains cannot be concluded unequivocally from our data. It is likely that ferritin becomes
dysfunctional by disease specific processes that are related indirectly to PrPSc accumulation.
Other possibilities include loss of normal function of PrPC in iron uptake due to aggregation
to the PrPSc form (Singh et al., 2009b), functional impairment of copper containing
ferroxidases due to sequestration of PrPC-associated Cu ions within PrPSc (Singh et al.,
2010), or co-aggregation of other proteins involved directly or indirectly in maintaining
brain iron homeostasis. Although not mutually exclusive, our observations favor co-
aggregation of PrPSc with ferritin as the most likely possibility. Stabilization of PrPSc by
iron and a strong affinity of PrPSc for iron oxide support this assumption (Basu et al., 2007;
Miller and Supattapone, 2011). Relative stabilization and acquisition of PK-resistance by
PrPC has also been reported due to interaction with manganese (Mn), another divalent cation
implicated in the pathogenesis of prion disorders (Hesketh et al., 2008; Choi et al., 2010).
Moreover, levels of divalent metal transporter (DMT1) and Tf are altered in scrapie infected
cell lines, suggesting mis-metabolism of several other metals besides iron during prion
disease pathogenesis (Choi et al., 2006, 2007; Martin et al., 2011).

In conclusion, our data underscore the significance of PrPSc-protein complexes formed
during disease progression in vivo, and suggest that the nature of the toxic signal by PrPSc is
likely to be determined by the associated proteins rather than PrPSc per se, an area that
requires further investigation.

Highlights

• Iron is trapped in heat and SDS-stable protein complexes in sCJD brains

• This causes iron deficiency that correlates with PrPSc

• Iron may be trapped in PrPSc-ferritin complexes in an intracellular compartment

• PrPSc and ferritin do not co-aggregate in a PMCA reaction
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• PrPSc-protein complexes formed in vivo differ from PrPSc generated by PMCA

Abbreviations

PrPSc PrP-scrapie

PrPC normal cellular PrP

Tf transferrin

Cp ceruloplasmin
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Figure 1. sCJD brain homogenates contain heat and SDS-stable pool of iron
(A) Methanol precipitated proteins from CJD− brain homogenates contain significantly less
iron after boiling in the presence of SDS relative to unboiled samples. In contrast,
precipitated proteins from CJD+ samples show minimal loss of associated iron after boiling.
n=19 for CJD−, 20 for CJD+. ***p<.001. (B) Similar loss of protein associated iron is noted
in AD samples after boiling with SDS, but not in CJD+ samples. n=6 for AD, 20 for CJD+.
***p<.001. (C) Differential centrifugation in the presence of SDS shows relatively more
PrPSc relative to PrPC in the low speed detergent soluble fraction (Figure 1 C, lanes 1 vs. 5),
and partitioning of almost all PrPC from CJD− samples in the high speed detergent soluble
S2 fraction (lanes 3 & 4). In contrast, majority of PrPSc from CJD+ samples partitions in the
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high speed detergent insoluble P2 fraction (lanes 7 & 8). Majority of Tf and Cp from both
CJD− and CJD+ samples is detergent soluble and partitions in the high speed S2 fraction
(lanes 3 & 7). Ferritin from CJD− samples partitions mainly in the S2 fraction, but a
significant amount moves to the P2 fraction in CJD+ samples (lanes 3 & 4 vs. 7 & 8). β-
actin shows similar intensity in S1 and S2 fractions of CJD− and CJD+ samples, indicating
equal protein loading (lanes 1, 3, 5, & 7). (Representative data from 3 separate experiments
is shown). (D) Quantification by densitometry after normalization with actin shows
significantly more PrP in the S1 fraction of CJD+ relative to CJD− cases as expected, and
insignificant difference in ferritin levels. (E) Percent distribution of protein associated iron
in different fractions of CJD+ samples shows correspondence to ferritin levels.
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Figure 2. Ferritin in prion disease affected brains is denatured
(A) Fractionation in PBS reveals significantly more ferritin in the insoluble fraction of MSc
samples relative to NH controls. PrP from both NH and MSc samples partitions in the
insoluble fraction as expected. Actin mainly partitions in the insoluble fraction under these
conditions. (B) Quantification by densitometry after normalization with actin reveals
insignificant difference between soluble and insoluble fractions of ferritin from NH samples,
while a significant amount of ferritin from MSc samples partitions in the insoluble fraction.
n=5 for NH and 4 for MSc. ***p<.001.
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Figure 3. PrP and Tf increase with scrapie progression
Lumbar spinal cord tissue of scrapie inoculated hamsters was harvested at 28, 42, 55, and 70
days pi and subjected to Western blotting. Probing for PrP, Tf, and GFAP shows increase in
expression with disease progression while ferritin shows minimal change despite significant
astrogliosis (lanes 1–11). Re-probing for β-actin provides a control for protein loading.
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Figure 4. PrP and Tf show a direct correlation during disease progression
(A) Quantification by densitometry following normalization with actin shows a significant
increase in PrP, GFAP, and Tf at 55 and 70 days pi relative to the 28 day sample. Ferritin
levels do not show a significant change during disease progression. n=3. **p<0.01,
***p<0.001. (B) Estimation of iron shows a significant increase at 70 days pi. n=3.
***p<0.001. (C) Linear regression of Tf and PrP shows a significant correlation during
disease progression. R2=.801. n=3.
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Figure 5. Amplification of PrPSc in vitro does not increase the heat stable pool of iron
(A) Normal mouse brain homogenate seeded with mouse scrapie was either set aside
(−PMCA) or subjected to PMCA (+PMCA). Samples were treated with buffer (−PK) or PK
(+PK) and subjected to Western blotting. Probing for PrP reveals the expected glycoforms in
−PK samples (lanes 1, 3, 5, & 7). Treatment with PK causes complete degradation of PrP in
−PMCA samples (lanes 2, & 6, *), and typical PK-resistant C-terminal fragments of PrPSc

in +PMCA samples (lanes 4 & 8). Re-probing for ferritin shows similar pattern as PrP. Both
isoforms of ferritin (H- and L-chain) are detected in −PK samples (lanes 1, 3, 5, & 7). PK
treatment degrades both isoforms of ferritin in −PMCA samples (lanes 2 & 6), while
+PMCA samples resist PK and show a faster migrating 15kDa form (lanes 4 & 8). A
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representative blot from five separate experiments is shown. (B) Visualization of transferred
proteins by Ponceu-S stain shows an overall decrease in +PMCA samples (lanes 3, 4, 7, & 8,
*), and increased PK resistance of several proteins in PMCA samples (lanes 4 & 8 vs. 2 & 6,
white arrow-heads). (C) Similar evaluation of hamster brain and mouse liver homogenates
seeded with hamster scrapie reveals PK-resistant PrPSc and ferritin in +PMCA samples
(lanes 4, 8, & 12), not in −PMCA samples (lanes 2, 6, & 10). Increase in the concentration
of PK reveals a faster migrating PK resistant fragment of ferritin (lanes 4, 8, & 12). (D) Iron
associated with methanol precipitated protein pellet from −PMCA and +PMCA samples
decreases significantly after boiling as expected. However, there is no difference in the iron
content of boiled −PMCA and +PMCA samples despite successful amplification of PrPSc. A
and C are representative blots of 3 different experiments. n=5. *p<0.05.
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Figure 6. PMCA reaction induces aggregation of ferritin in liver homogenates
(A) Normal mouse liver homogenates subjected to PMCA (+PMCA) or not (−PMCA) were
centrifuged to separate detergent soluble (S) and insoluble (P) fractions, and analyzed by
Western blotting. Probing of total (T) samples before centrifugation reveals equal
distribution of ferritin in −PMCA and +PMCA samples (lanes 1–6). Following
centrifugation, ferritin partitions equally between S and P fractions in −PMCA samples
(lanes 7, 8, 11, 12, 15, & 16), but shifts almost completely to the P fraction following PMCA
(lanes 10, 14, & 18, *). Unlike ferritin, Tf and Cp remain in the S fraction even after PMCA
(lanes 7, 9, 11, 13, 15, & 17). Surprisingly, β-actin also aggregates by PMCA (lanes 10, 14,
& 18). Ponceu-S staining of all proteins reveals slight degradation by PMCA (lanes 2, 4, &
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6) and PK resistance of several proteins in the P fraction (lanes 10, 14, & 18). A
representative blot of 3 different experiments is shown. (B) Percent distribution of ferritin
shows 97.5% in the P fraction following PMCA. Since β-actin aggregates by PMCA, lanes
1–6 were used as loading controls for lanes 7–18. n=3. ***p<.001. (C) Protein-associated
iron shows similar distribution as ferritin. Non-correspondence of ferritin and iron in the S
fraction of +PMCA samples is due to contribution from low molecular weight iron
compounds and soluble iron rich proteins such as Tf. n=3. ***p<.001.
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