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Abstract
Considerable evidence suggests that oxidative stress may be involved in the pathogenesis of
Transmissible Spongiform Encephalopathies (TSEs). To investigate the involvement of iron
metabolism in TSEs, we examined the expression levels of iron regulatory proteins (IRPs), ferritins,
and binding activities of IRPs to iron-responsive element (IRE) in scrapie-infected mice. We found
that the IRPs–IRE-binding activities and ferritins were increased in the astrocytes of hippocampus
and cerebral cortex in the brains of scrapie-infected mice. These results suggest that alteration of iron
metabolism contributes to development of neurodegeneration and that some protective mechanisms
against iron-induced oxidative damage may occur during the pathogenesis of TSEs.
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Transmissible Spongiform Encephalopathies (TSEs) or prion diseases are a group of fatal
neurodegenerative disorders in humans and animals [4]. Although the pathogenic mechanisms
of TSEs are not fully understood, aberrant metabolism of prion protein (PrP), specifically
conversion of a host cellular PrP (PrPC) into an abnormal, protease-resistant isoform (PrPSc),
is believed to be an important molecular mechanism of TSEs [21].

Several neurodegenerative disorders, such as Alzheimer’s disease (AD) and Parkinson’s
disease (PD), are associated with oxidative stress [10,22]. Cumulated evidence reveals that
PrPC might play a role as an antioxidant; therefore, the brains of TSEs are likely to be more
susceptible to oxidative stress due to the conversion of PrPC into PrPSc [10,13].

Iron is physiologically essential for growth and survival, playing important roles in many
biological processes, such as electron and oxygen transport, and DNA replication [10].
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However, free iron can be toxic to cells due to the ability of iron to catalyze free radical
formations that can destroy lipid membranes and other cellular constituents [14]. Intracellular
iron homeostasis is mainly controlled by cytoplasmic IRPs (IRP1 and IRP2), which are known
as iron-sensing proteins; thus, iron regulatory proteins play a central role in iron metabolism
[7,14]. Although the two IRPs have similar IRE-binding affinities and are regulated by iron
valence and its association with other molecules within cells, their expression levels are
different in various cell types, indicating the possibility that the two IRPs may play different
roles or are involved in different mechanisms in the regulation of iron metabolism [19]. The
iron storage protein, ferritin, also plays a key role in iron metabolism. Its ability to sequester
iron gives ferritin the dual functions: iron detoxification and iron reserve [2,9].

In this study, the brains of control and scrapie-infected mice were analyzed for several key
components involved in iron metabolism: IRP1, IRP2, and H- and L-ferritins. We demonstrated
that there is disturbance of iron metabolism in brains of scrapie-positive mice.

Male C57BL/6J mice, 4–6 weeks of age, were obtained from the Experimental Animal Center
of Hallym University. ME7 scrapie strain was provided by Dr. Alan Dickinson
(Neuropathogenesis Unit, Edinburgh, UK). Mice were divided into two groups: control and
scrapie-infected. Mice were inoculated intracerebrally with 30 μl of 1% (w/v) brain
homogenates in 0.01 M PBS prepared from C57BL/6J mice in terminal stage of ME7 scrapie
infection [11]. Animal maintenance, injection, monitoring and euthanasia were carried out in
accordance with the NIH guidelines.

Western blot analysis was performed to detect the protein expression levels of IRP1, IRP2, H-
and L-ferritin in the brains of control and scrapie-infected mice. Brain homogenates were
prepared in homogenization buffer (1.15% KCl, 10 mM phosphate, 5 mM EDTA, pH 7.4)
[11,15]. Equal amounts (50 μg) of proteins were used to detect each protein. Antibodies used
were as follows: anti-IRP1 serum (1:5000), anti-IRP2 serum (1:3000), anti-ferritin serum
(1:3000; DAKO, Denmark), and anti-recombinant H-ferritin serum (1:3000) [8]. The
expression of a housekeeping gene, β-actin protein, was measured with anti-β-actin antibody
(1:10,000; Sigma). Each experiment was repeated at least three times.

Serial tissue sections (3 μm thick) were placed on slides coated with poly-L lysine, then
deparaffinzed and rehydrated. After inhibiting endogenous peroxidase activity with methanol
containing 3% H2O2, the slides were treated with 10% normal goat serum to block non-specific
binding. Then the slides were incubated with anti-IRP1 (1:200), anti-IRP2 (1:200), anti-ferritin
(1:1000), anti-recombinant H-ferritin (1:400) or antiglial fibrillary acidic protein (GFAP)
(1:100) serum. The sections were incubated with biotinylated secondary antibodies. Then the
slides were incubated with avidin–biotin complex and 3,3′-diaminobenzidine (DAB) was used
as a chromogen. The sections were counterstained with Harris hematoxylin. As a negative
control of the immunostaining, scrapie-positive sections were prepared and stained in the same
manner as that described above, except for the omission of primary antibodies. Sections from
mice infected with normal mouse brain were used as controls.

A 237 bp PCR product of mouse L-ferritin 5′UTR region was ligated into pBluesript II SK (+)
vector via BamHI and XhoI sites. After amplification, the cDNA was cut by SmaI and purified
by gel elution kit (QIAGEN, Germany). A 135 bp IRE RNA probe was made and radiolabeled
by T3 RNA polymerase and 32P-CTP (NEN, USA). After purification by Sephadex G-50
column (Roche, Germany), the specific radioactivity of the IRE RNA probe (5 × 104 cpm/μl)
was counted by Beckman scintillation counter. RNA band shift assay and electrophoresis of
the RNA–protein complexes were performed as described previously with slight modifications
[23].
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All results were representative of at least three separate experiments. Statistical analysis was
performed using the Student’s t-test. Values of p < 0.05 or p < 0.01 were considered statistically
significant.

Densitometry (Fig. 1C) of Western blots of IRP1 (Fig. 1A) and IRP2 (Fig. 1B) indicate that
protein expression levels were increased by 2.0-fold and 2.1-fold, respectively, in the brains
of scrapie-infected mice compared with levels in controls (Fig. 1C; p < 0.05). Intense
immunoreactive staining of IRP1 and IRP2 was found in the brains of scrapie-infected mice,
particularly in the hippocampus and cerebral cortex (Fig. 2B, E, H and K); in contrast, there
was only weak IRP1 and IRP2 immunoreactive staining in the brains of control mice (Fig. 2A,
D, G and J). Immunoreactive staining for IRP1 and IRP2 was found predominantly in the
cytoplasm of the cells, which morphologically appeared to be reactive astrocytes. As evidence
of this, IRP1 and IRP2 immunoreactivity was co-localized with GFAP staining in serial
sections of brains of scrapie-infected mice (Fig. 2C, F, I and L), indicating that IRP1- and IRP2-
immunolabled cells were reactive astrocytes.

To determine the relative IRE-binding activity of IRP1 and IRP2, we performed RNA gel shift
assays using brain preparations from control and scrapie-infected mice. As shown in Fig. 3,
IRE-binding activity of IRP2 is higher than that of IRP1 both in control and scrapie-infected
mice (lanes 2–5). This finding was also observed in brain samples in the presence of high levels
of 2-ME which can reveal total RNA binding capacity of IRPs (lanes 6–9). Significantly,
spontaneous IRE-binding activity (active form) of both IRP1 and IRP2 in the scrapie-infected
mice (lanes 4 and 5) is higher than that of the control mice (lanes 2 and 3). In addition, total
IRE-binding capacity of both IRP1 and IRP2 in scrapie-infected brains (lanes 8 and 9) is higher
than that in control brains (lanes 6 and 7). To confirm that the detected bands were true IRE–
IRP1 and IRE–IRP2 complexes, we performed competition assays using 2-ME-treated brain
samples. Competition with unlabeled IRE markedly reduced the formation of radioactive IRE–
protein complexes (lanes 10 and 11).

H/L-ferritin (Fig. 4A) and H-ferritin (Fig. 4B) protein expression levels were examined by
Western blot in Fig. 4A and B, respectively. The expression of both proteins was significantly
increased in the brains of scrapie-infected mice compared to the levels in brains of control mice
(Fig. 4C; p < 0.05 and p < 0.01).

By immunohistochemistry, intense expression of H/L-ferritin and H-ferritin was seen in
scrapie-infected group (Fig. 5). Intense ferritin immunoreactivity was co-localized with GFAP-
positive cells in the brains of scrapie-infected mice. In contrast, there was only weak ferritin
immunoreactivity in the brain cells of the control group.

In this study, we demonstrated that the expression levels of several key proteins involved in
iron metabolism, IRP1, IRP2, H- and H/L-ferritins, were significantly increased in the brains
of scrapie-infected mice compared to the brains of control mice. It has been reported that IRP1
is expressed constitutively in cells [3,16] and regulated posttranslationally by switching
between cytoplasmic aconitase and IRE-binding form [12,16]. On the other hand, IRP1 gene
expression was downregulated by NO, indicating that IRP1 can also be modulated by both
transcriptional and translational pathways [1,6,17]. We previously reported that total iron and
ferric iron (Fe3+) content were elevated in the brains of scrapie-infected mice [14]; although
the origin of increased iron content is not known, it could result from the alteration of blood-
brain barrier caused by scrapie infection or from an increase of inflammatory cytokines, such
as IL-β and TNF-α [13,24]. Our results together with previous findings suggest that disturbance
of iron metabolism and related oxidative stress are closely associated with neurodegeneration
in TSEs.
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Intracellular IRPs are either intrinsically active or latent with respect to their ability to bind to
IRE-containing RNA. A variety of factors including valence and association of iron and
oxidative stress can affect functions of IRPs and alter the distribution of both IRP1 and IRP2
with regard to active and latent forms; these factors can also influence the total amount of
intracellular IRPs. Therefore, it was important to determine the proportion of active and latent
forms of IRP1 and IRP2 as well as their protein expression levels in the brains of scrapie-
infected mice in order to examine their effects on the pathogenic process of neurodegeneration
in TSEs. RNA gel shift assay showed that IRP1 and IRP2 may function together in response
to scrapie infection. Since IRP2 changed more dramatically than IRP1 in scrapie infection,
IRP2 may act as a principal regulator of iron metabolism in both physiological and pathological
conditions, whereas IRP1 may act as a supplementary regulator.

H-and H/L-ferritins, in the brains of scrapie-infected mice, are seen in the cytoplasm of reactive
astrocytes in brains of scrapie-infected mice. Because ferritin, especially H-ferritin is known
to reduce iron-induced oxidative stress by capturing and decreasing intracellular free iron,
increased ferritin in reactive astrocytes of our model could play a role in protecting brain from
oxidative damage. The increase in ferritin synthesis is mediated by heme oxygenase (HO), an
enzyme induced by oxidative stress that liberates iron from heme [12]. The released iron
stimulates ferritin synthesis through the IRE–IRP machinery and the newly synthesized ferritin
reduces the amount of iron available for ROS production and cellular damage. Our previous
report showing that there is increased expression of HO-1 in reactive astrocytes of scrapie-
infected rodents [5] further supports the concept that ferritin synthesis may be closely
associated with protection against iron-induced oxidative stress.

It was expected that increased IRP/IRE-binding activity would decrease ferritin synthesis.
However, in the present study, the upregulation of IRP1 and IRP2 RNA binding activity in
scrapie-infected brain did not lead to a decrease in ferritin. The elevation of iron level in scrapie
brain [14] could counteract the effect of increased IRP1 and IRP2 binding activity. It has been
shown that ferritin H chain is transcriptionally regulated by oxidative stress [18,20]. In this
regard, it is likely that the increased oxidative stress in scrapie brain led to the increase in ferritin
level by affecting its transcriptional process. It is possible that, under particular patho-
physiological conditions, iron release from ferritin may be unregulated. Thus, there are many
conflicting factors that can lead to either deterioration or protection from oxidative damage in
the brains of the ME7 scrapie-infected model. Although the precise role of IRPs and ferritin
in TSEs is uncertain, it is feasible that the redox state in the microenvironment in brain may
be one of the key modulators that determine their effects as pro-oxidants or anti-oxidants.
Considering the fact that the topographical distribution of the pathological lesions was
generally in accord with the location of components involved in iron metabolism, i.e., IRP1,
IRP2 and ferritins, it is probable that disturbances of iron metabolism and related oxidative
stress contribute to the pathogenic mechanism of neurodegeneration in TSEs, probably through
the action of activated astrocytes. Therefore, disclosing the location of IRPs and ferritins inside
the activated astrocytes maybe explain the aberrant metabolism of iron in TSE, thus remain as
a further study.
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Fig. 1.
Western blots of protein expression levels of IRP1 (A) and IRP2 (B) in the brains of control
(n = 18) and scrapie-infected mice (n = 18). The IRP1 and IRP2 protein expression levels in
(A and B) were measured by densitometry (C); expression levels were increased by 2.0-fold
and 2.1-fold, respectively, in the brains of scrapie-infected mice compared with control mice.
*Values significantly different from control (p < 0.05). Expression of the housekeeping gene,
β-actin, was measured in (A and B).
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Fig. 2.
Immunohistochemical localization of IRP1 and IRP2 in the brains of control and scrapie-
infected mice. Intense immunolabeling of IRP1 and IRP2 appear in the hippocampus and
cerebral cortex of scrapie-infected mice. Black arrows: vacuoles, white arrows: immunolabeled
cells with IRP1 (B and E) and IRP2 (H and K). In (C, F, I and L) white arrows indicate
immunolabeling of GFAP and black arrows indicate vacuoles. In sequential sections,
immunoreactivity of IRP1 and IRP2 is colocalized with GFAP-positive reactive astrocytes.
Sequential sections are B and C, E and F, H and I, K and L. Asterisk (*) indicates landmark
blood vessels in the adjacent tissue section.
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Fig. 3.
IRE-binding activities of IRP1 and IRP2 in the brains of control (n = 12) and ME7 scrapie-
infected C57BL mice (n = 12) by REMSA. IRE-binding activities of IRP1 and IRP2 are
increased in scrapie-infected brains (lanes 4, 5, 8 and 9), compared with control brains (lanes
2, 3, 6 and 7). Lane 1: IRE probe only; lanes 2, 3, 6, 7 and 10: control; lanes 4, 5, 8, 9 and 11:
scrapie-infected; lanes 6–9: full activation of IRPs detected by addition of 2% 2-ME; lanes 10
and 11: competition assay using 2-ME-treated brain samples as unlabeled IRE added to IRE
probe: compare lanes 10 and 11 to 6, 7 and 8, 9, respectively. P: probe; C: control; I: infected;
NS: non-specific bands.
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Fig. 4.
Protein expression levels of H/L- (A) and H-ferritin (B) in the brains of control (n = 18) and
scrapie-infected mice (n = 18). The H/L- and H-ferritin protein expression in (A and B) were
measured by densitometry in (C); expression levels were increased significantly in the brains
of scrapie-infected mice compared with controls. *Values significantly different from control
(*p < 0.05; **p < 0.01). Lanes 1–3: control; lanes 4–6: scrapie-infected mice. Expression of
the housekeeping gene, β-actin, was measured in (A and B).
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Fig. 5.
Immunohistochemical localization of H/L- and H-ferritin in the hippocampus of control and
scrapie-infected C57BL mice. Black arrows: vacoulation; white arrows: immunolabeled cells
with H/L- (B) and H-ferritin (E). In (C and F) white arrows indicate GFAP immunolabeled
cells and black arrows indicate vacuoles. In sequential sections, immunoreactivity for H/L-
and H-ferritin is colocalized with GFAP-positive astrocytes. Sequential reactions are B and C,
E and F. Asterisk (*) indicates landmark blood vessels in the adjacent tissue sections.
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