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Abstract

Haemopexin (Hx) is an acute phase plasma glycoprotein, mainly produced by the liver and released into plasma where it binds heme with
high affinity and delivers it to the liver. This system provides protection against free heme-mediated oxidative stress, limits access by
pathogens to heme and contributes to iron homeostasis by recycling heme iron. Hx protein has been found in the sciatic nerve, skeletal
muscle, retina, brain and cerebrospinal fluid (CSF). Recently, a comparative proteomic analysis has shown an increase of Hx in CSF from
patients with Alzheimer’s disease, thus suggesting its involvement in heme detoxification in brain. Here, we report that Hx is synthesised
in brain by the ventricular ependymal cells. To verify whether Hx is involved in heme scavenging in brain, and consequently, in the con-
trol of iron level, iron deposits and ferritin expression were analysed in cerebral regions known for iron accumulation. We show a twofold
increase in the number of iron-loaded oligodendrocytes in the basal ganglia and thalamus of Hx-null mice compared to wild-type controls.
Interestingly, there was no increase in H- and L-ferritin expression in these regions. This condition is common to several human neuro-
logical disorders such as Alzheimer’s disease and Parkinson’s disease in which iron loading is not associated with an adequate increase
in ferritin expression. However, a strong reduction in the number of ferritin-positive cells was observed in the cerebral cortex of Hx-null
animals. Consistent with increased iron deposits and inadequate ferritin expression, malondialdehyde level and Cu—Zn superoxide dismu-
tase-1 expression were higher in the brain of Hx-null mice than in that of wild-type controls. These data demonstrate that Hx plays an
important role in controlling iron distribution within brain, thus suggesting its involvement in iron-related neurodegenerative diseases.
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Introduction

Iron is an essential cofactor for many proteins that are involved in
the normal function of neuronal tissue, such as enzymes involved
in neurotransmitter synthesis and myelination of axons [1].
However, there is increasing evidence that iron is involved in the
mechanisms underlying many neurodegenerative diseases.
Pathological conditions such as neuroferritinopathy and Friedreich
ataxia are associated with mutations in genes that encode proteins
involved in the control of iron homeostasis [2, 3]. Moreover, dur-
ing aging, iron accumulates in brain regions that are affected by
Alzheimer’s disease and Parkinson’s disease. High concentrations
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of reactive iron can increase oxidative stress-induced neuronal
vulnerability, and iron accumulation might increase the toxicity of
environmental or endogenous toxins [4].

Haemopexin (Hx) is an acute phase plasma glycoprotein with a
high heme binding affinity (K¢ < 10°° M). Hx is mainly produced
by the liver and released into plasma where it binds heme and
delivers it to the liver [5]. Accordingly, it has been demonstrated
that, after injection of labelled heme-Hx complexes into rats, heme
accumulates in the liver and heme-derived iron associates to fer-
ritin [6, 7]. In vitro data have shown that the heme-Hx complex is
able to induce the expression of heme oxygenase (HO)-1 and to
activate cellular protection mechanisms [8, 9].

Thus, Hx provides protection against free heme-mediated
oxidative stress [10, 11], limits access by pathogens to heme [12]
and contributes to iron homeostasis by recycling heme iron [13].
Consistently, Hx-null mice recover less efficiently than wild-type
controls after acute haemolysis and suffer from severe renal
damage due to iron overload and oxidative injury [14]. Moreover,

© 2008 The Authors

Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



compound mutant mice for Hx and its closely related protein, hap-
toglobin showed marked liver inflammation and fibrosis after
haemolytic stress [15].

Other than in plasma and liver, Hx protein has been found in
the sciatic nerve, skeletal muscle, retina and brain [16-19].
Moreover, human Hx promoter activity has been reported in sev-
eral brain regions in transgenic mice, including cortex, hippocam-
pus, thalamus, hypothalamus, cerebellum and brainstem nuclei
[20, 21]. Recently, Hx has been identified in human cerebrospinal
fluid (CSF), and a comparative proteomic analysis has demon-
strated a significant increase in Hx levels in CSF from Alzheimer’s
disease patients compared to non-demented elderly persons [22,
23]. However, it remains unclear whether Hx is locally synthesized
in extra-hepatic tissues or it is taken up from plasma.

Data on Hx expression in brain and its modulation under
pathological conditions suggest that it might act as heme scav-
enger and protective factor in the nervous system as well. To test
this hypothesis, we analysed iron deposits, ferritin expression and
oxidative stress in the brain of Hx-null mice.

Materials and methods

Animals

Hx-null mice were generated in our laboratory as previously described
[14]. Two-month-old Hx~/~ and Hx ™ mice used for experiments were in
the 129Sv genetic background and were maintained on a standard diet. For
the production of an anti-Hx antibody, Hx™'~ mice in C57BL/J6 back-
ground were immunized with a recombinant Hx protein (see next para-
graph). All experiments were approved by the animal studies committee of
the University of Torino (ltaly).

Production of anti-haemopexin antibodies

Polyclonal and monoclonal antibodies were produced against a recombi-
nant protein obtained in E. coli and corresponding to amino acids 81-459
of mouse Hx. This sequence was sub-cloned from a full-length murine Hx
clone (NP_059067) purchased from Invitrogen (San Giuliano Milanese, MI,
Italy). The recombinant Hx protein was injected in Hx-null mice of
C57BL/J6 background, and the resulting antibodies were characterized by
Western blotting using plasma from wild-type mice. Plasma from Hx-null
mice was used as negative control. To test for antibody specificity,
pre-adsorption with recombinant Hx was performed. Two monoclonal anti-
bodies (1B5/D4 and 3D6/E12) were thus obtained.

Tissue and serum iron measurement

Mice were anaesthetized with Avertin (2,2,2-tribromoethanol; Sigma-
Aldrich, Milano, Italy) at a dose of 2 mg/kg body weight and transcardially
perfused with 0.1 M phosphate-buffered saline (PBS), and tissue
non-heme iron content determined with a colorimetric method using
4,7-diphenyl-1, 10-phenantroline disulphonic acid (BPS) as chromogen [24].
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Briefly, 0.1 g of dry tissue was incubated overnight in a mixture of
trichloroacetic (10%) and hydrochloric (4N) acids, and 100 wl of supernatant
reduced with thioglycolic acid (Sigma-Aldrich) and acetic acid-acetate
buffer (pH 4.5). Ferrous iron content was determined spectrophotometri-
cally at 535 nm following addition of BPS and incubation for 1 hr at 37°C.
Results were expressed as g iron/g dry tissue weight.

Serum iron and unsaturated iron-binding capacity (UIBC) were measured
in non-haemolysed mouse serum using a Randox iron/TIBC (total iron-
binding capacity) Reagent Set according to the manufacturer’s instructions
(Randox, Ardmore, UK). TIBC and transferrin saturation were calculated
from measured serum iron and UIBC.

Histology

Animals were anaesthetized as described above and transcardially
perfused with 0.1 M PBS, pH 7.2 followed by fixative solution
(4% paraformaldehyde in PBS). Brains were post-fixed in the same fixative
(4 hrs at 4°C), washed in PBS, cryoprotected by immersion in 30%
sucrose in PBS overnight, embedded and frozen in cryostat medium
(Bio-Optica, Milano, Italy). The brain was cut in coronal 50-p.m-thick, free-
floating sections which were stored in a cryoprotective solution at —20°C
until processed for iron staining, X-Gal staining, immunohistochemistry
and immunofluorescence.

Iron staining and image analysis

Iron was detected on brain sections using Perl’s staining for non-heme
ferric iron (Fe(1l)) followed by DAB (methanol 3,3 diamino-benzidine, Roche,
Milano, Italy) development according to standard protocols. Briefly, free-float-
ing tissue sections were rehydrated in PBS, incubated in 0.3% hydrogen per-
oxide in PBS, washed in PBS and subsequently incubated with Perl’s solution
(1% potassium ferrocyanide and 1% HCI in PBS), followed by incubation with
DAB and hydrogen peroxide for 15 min. Sections were then transferred on
gelatin-coated slides, rinsed in PBS, counterstained with haematoxylin, dehy-
drated and mounted in DPX (BDH Laboratory Supplies, Leicester, UK).
Quantification of iron positive cells was performed with a computer-micro-
scope system equipped with the NeuroLucida program (Microbrightfield, Inc.,
Williston, VT, USA). Positive cells were counted on four 50-um-thick serial
sections obtained every 0.3 mm through the basal ganglia and thalamus, for
each animal. Four mice for each genotype were analysed.

X-Gal staining

Brain sections were washed in PBS and transferred into X-Gal staining solu-
tion [0.5 mg/ml of 5-bromo-4-chloro-3-indolyl B-D-galactoside (X-Gal),
2 mM MgClz, 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide,
0.01% Triton-X-100 in PBS] at 37°C overnight. The sections were then
placed on gelatinized slides, washed in PBS, counterstained with Nuclear
Fast Red, dehydrated and mounted in DPX (BDH Laboratory Supplies).

Immunohistochemistry

Tissue sections were analysed with the following antibodies: rabbit
antibodies against light (L)- and heavy (H)-ferritin (Ft) [25], mouse
monoclonal anti-2,3’-cyclic nucleotide 3'-phosphodiesterase (CNPase)
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antibody (Chemicon International, Milano, Italy), mouse monoclonal
anti-neuronal nuclei (NeuN) antibody (Chemicon International), rabbit
polyclonal anti-glial fibrillary acid protein (GFAP) antibody (Chemicon
International), rabbit polyclonal anti- HO-1 (Stressgen, BC, Canada) anti-
body, rat monoclonal antimouse F4/80 antigen antibody (Serotec,
Oxford, UK), rabbit polyclonal anti-human Cu—Zn superoxide dismutase-1
(SOD1) antibody (SantaCruz Biotechnology, Santa Cruz, CA, USA).
Briefly, tissue sections were rehydrated in PBS, incubated in 0.3% hydro-
gen peroxide in PBS (RT) for 20 min., treated with 0.3% Triton-X-100 in
Tris-buffered saline (TBS) for 30 min. and saturated with blocking buffer
(3% milk, 10% normal swine serum in TBS) for 1 hr, followed by anti-
body incubation at 4°C overnight. The following biotinylated secondary
antibodies were used: swine anti-rabbit 1gG, rabbit anti-rat IgG and
rabbit antimouse IgG (DakoCytomation, Milano, Italy). Immunoreactivity
was detected with the streptABComplex/HRP system (DakoCytomation)
and developed with DAB. The sections were then transferred on gelati-
nized slides, rinsed in PBS, counterstained with haematoxylin, dehydrated
and mounted in DPX (BDH Laboratory Supplies). For double staining, the
sections were stained for iron with Perl’s reaction and then processed by
immunohistochemistry developed with Vector SG substrate kit for
peroxidase (Vector Laboratories, DBA ITALIA, Segrate, MI, Italy).
Quantification of ferritin positive cells was performed as above analysing
three mice for each genotype.

Immunofluorescence

Tissue sections were analysed with the following antibodies: rabbit anti-
bodies against L- and H-Ft [25], mouse monoclonal anti-CNPase anti-
body (1:200; Abcam, Cambridge, UK), mouse monoclonal anti-NeuN
antibody (1:100; Chemicon International), mouse monoclonal anti-GFAP
antibody (1:100; Abcam), rat monoclonal antimouse F4/80 antigen anti-
body (1:400; Serotec). Tissue sections were rehydrated in PBS, treated
with 0.1% Triton-X-100 in TBS for 30 min. and saturated with blocking
buffer (10% normal goat serum in TBS) for 1 hr. Double-labelling exper-
iments were performed by incubating the sections with a mixture of
primary antibodies overnight at 4°C. The following secondary antibodies
were used: fluorescein-conjugated goat anti-rabbit 1gG (1:200; Sigma-
Aldrich), rhodamine-conjugated goat antimouse IgG (1:250; Sigma-
Aldrich), Texas red goat anti-rat 1gG (Molecular Probes, Invitrogen).
Sections were also labelled with 100 ng/ml 4’-6-diamidino-2-phenylin-
dole. Sections were analysed with an Axio observed Z1 microscope
(Carl Zeiss S.p.A., Arese, MI, Italy) equipped with ApoTome system for
optical sectioning using a 63 objective lens.

Western blotting analysis

Protein extracts of total brain were prepared in 50 mM HEPES
(N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid), 50 mM NaCl, 5 mM
ethylenediaminetetraacetic acid and with protease inhibitors (aprotinin,
leupeptin, pepstatin; Sigma-Aldrich). Plasma was collected from the tail
vein. Fifty micrograms of total protein extracts or 0.25 wl of plasma were
separated on SDS-PAGE and analysed by Western blotting according to
standard protocol using antibodies against Hx (monoclonal antibody
3D6/E12), L- and H-Ft [25], Fpn1 [26], TfR1 (Zymed Laboratories Inc.
South San Francisco, CA, USA), HO-1 and HO-2 (Stressgen), actin (Santa
Cruz Biothecnology, Inc., Santa Cruz, CA, USA), SOD1 (SantaCruz
Biotechnology) and vinculin (Sigma-Aldrich). Four mice for each genotype
were analysed.
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ELISA assay

Protein extracts of total brain of six wild-type and six Hx-null mice were
prepared in 20 mM Tris-HCI pH 7.4, 1 mM Na Azide, 1 mM PMSF, 0.01 mM
leupeptin, 0.001 mM pepstatin, 1 mM benzamidine. Brain homogenates
were analysed for ferritin content by using ELISA assays based on mono-
clonal antibodies specific for the H-Ft (rH02) and the L-Ft (L03) calibrated
on the corresponding recombinant homopolymers expressed in E. coli
[27]. The results were expressed as nanograms of ferritin per milligrams
of total brain protein (n = 6 for each genotype).

Quantitative realtime PCR analysis

Total liver RNA was extracted using Purelink Micro-to-Midi total RNA
purification system (Invitrogen). For quantitative RealTime PCR (qRT-
PCR), 119 of total RNA was transcribed into cDNA by M-MLV reverse tran-
scriptase (Invitrogen) and random hexamer primers (New England Biolabs,
Ipswich, MA, USA). Analysis of Hepcidin mRNA levels was performed with
the mouse Universal Probe Library Set (Roche) and human 18 S rRNA as
endogenous control (Assays-on-Demand products from Applied
Biosystems, Monza, MI, ltaly). qRT-PCR was performed on a 7300 Real
Time PCR System (Applied Biosystems). The qRT-PCR conditions were:
50°C for 2 min. and 95°C for 2 min., followed by 45 cycles at 95°C for
15 sec, 60°C for 30 sec and 72°C for 1 min. Six mice for each genotype
were analysed.

Lipid peroxidation assay

Lipid peroxidation from tissue extracts was measured using the colorimet-
ric assay kit Bioxytech LPO-586 from Oxis International (Portland, OR,
USA) according to the manufacturer’s instructions. Briefly, tissue samples
were homogenized (20% wt/vol) in ice-cold 20 mM phosphate buffer
(pH 7.4) containing 5 mM butylated hydroxytoluene and protein content
was determined using the Biorad protein assay system (Biorad, Miinchen,
Germany). Two hundred microlitres of lysate were assayed for malondi-
aldehyde (MDA) content in hydrochloride using the chromogenic reagent
N-methyl-2-phenylindole. Absorbance was measured at 586 nm and
the results were expressed as pmol MDA per mg of protein (n = 11 for
each genotype).

Statistical analysis

Results were expressed as mean + S.E.M. Statistical analyses were
performed using the Student’s t-test. A P-value of less than 0.05 was con-
sidered significant.

Results

Iron homeostasis in haemopexin-null mice

Hx-null mice have been previously described to suffer from
severe renal damage after acute intravascular haemolysis [14].
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Table 1 Iron dosage
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Kidney

Liver Serum Iron

Spleen
Wild-type 496.0 = 95.88 n =6
Hx-null 5811 +92.02n=7
P-value 0.5361

9917 +1214n=9
1239 21078 n=7
0.1628

2143 =19.77 n =10
222.1 = 2249 n=10
0.7983

75.98 =261 n=106
66.95 +338n=26
0.0605

Measurement of tissue iron in the spleen, kidney, liver and serum of 2-month-old wild-type and Hx-null mice. Values are expressed as w.g/g dry

tissue except for serum (pg/dl).

Analysis of systemic iron metabolism showed no obvious abnor-
malities. Serum and tissue iron deposits were normal (Table 1).
Transferrin saturation was similar in Hx-null and wild-type mice
(Hx-null: 41.17% = 5.24; wild-type: 47.33% = 4.56; n = 6).
Moreover, haematological parameters were in the normal range
[14]. No differences were found in the hepatic expression of the
iron regulatory hormone hepcidin, assayed by qRT-PCR (wild-
type: 1.29 + 0.29 versus Hx-null: 1.12 = 0.26, mean += S.E.M.,
n = 6; transcript abundance, normalized to 18 S RNA expression,
is expressed as a fold increase over a calibrator sample, i.e. a wild-
type animal).

Expression of haemopexin in brain

As several authors have reported Hx expression in the central
nervous system [17, 18, 23], and Hx promoter activity was found
in several brain regions in mice [20, 21], we analysed Hx expres-
sion in the mouse brain. To this end, we used the monoclonal anti-
body 3D6/E12 raised against a recombinant Hx lacking the first 80
amino acids of the native protein. As shown in Fig. 1A, this anti-
body recognizes the recombinant Hx of 42 kD in E. coli extracts
and the mouse protein of 57 kD in the serum of wild-type animals.
Western blotting analysis of total brain homogenates from
2-month-old mice, transcardially perfused with PBS, showed Hx
expression in wild-type mice, and, as expected, not in Hx-null ani-
mals (Fig. 1B).

To identify the cell types expressing Hx, we performed
B-galactosidase staining on brain sections of Hx-null mice as
the lacZ reporter gene had been inserted into the targeting
vector used to generate these animals [14]. We detected
B-galactosidase activity in ependymal cells lining the ventricular
system, but not in endothelial cells of the choroid plexus
(Fig. 1C). A weak staining was also seen in neurons of the hip-
pocampus (not shown).

Cellular distribution of iron deposits in
haemopexin-null brain

Since Hx, by binding free heme, may participate in iron recovery
[13], we analysed the cellular distribution of iron deposits (this
paragraph) and ferritin (next paragraph) in brain sections of
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Fig. 1 Hx Expression in brain. (A) Western blotting analysis on cell extracts
from E. coli expressing the recombinant Hx or the unrelated recombinant
protein TTC3 (left) and on serum of a wild-type mouse and of an Hx-null
mouse (right) assayed with the monoclonal antibody 3D6/E12. The anti-
body recognizes the recombinant Hx of 42 kD (corresponding to amino
acids 81-459 of mouse Hx) and a single band of 57 kD in wild-type serum,
but not in Hx-null serum. (B) Western blotting analysis on brain extracts of
a wild-type mouse and an Hx-null mouse assayed with the monoclonal
antibody 3D6/E12. Hx is detected only in wild-type sample. (C)
Histochemical 3-galactosidase detection in the brain of an Hx-null mouse.
Tissues were stained with X-Gal and counterstained with nuclear fast red
as reported in ‘Materials and methods’. 3-galactosidase activity is shown
in lateral (a) and third (b) ventricles. 3-galactosidase activity is restricted
to ependymal cells lining the ventricular system (arrows), whereas no blue
staining is detected in the epithelial cells of the choroid plexus (arrowhead).
Bar = 250 pm. The insets in ‘a’ and ‘b’ show ependymal cells, stained in
blue, at higher magnification (bar = 100 wm).
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Hx-null mice compared to wild-type animals. To this end, we used
the Perl’s method and immunohistochemistry or immunofluores-
cence techniques to identify cell types accumulating iron and
expressing ferritin, respectively. As expected, iron accumulated in
the basal ganglia and in the thalamus in both Hx-null and wild-type
mice, whereas only few scattered Perl’s-positive cells could be
detected in the cortex.

The analysis of Perl’s-stained serial sections encompassing the
basal ganglia and the thalamus, revealed an increase in the num-
ber of iron loaded cells in Hx-null mice compared to age-matched
wild-type controls. Prominently affected areas included the globus
pallidus and the caudate-putamen nucleus. Counts of cells posi-
tive for Perl’s reaction showed that in Hx-null mice, the number of
iron-loaded cells was approximately twofold greater than that of
wild-type animals (Fig. 2).

To identify the cell types accumulating iron, we performed
Perl’s staining on brain sections followed by immunohistochem-
istry with antibodies against specific markers for neurons (NeuN),
astrocytes (GFAP), oligodendrocytes (CNPase) and microglia
(F4/80 antigen). This analysis revealed that iron accumulated
mainly in oligodendrocytes of both wild-type and Hx-null mice.
Occasionally, some microglial cells positive to Perl’s reaction
could be detected in both Hx-deficient and control mice (in less
than 10% of F4/80™ cells). In oligodendrocytes, iron was mainly
confined to one pole of the cytoplasm and was also present in cel-
lular processes (Fig. 3).

Cellular distribution of ferritin in haemopexin-null
brain

Ferritin expression was analysed, firstly, by Western blotting
on extracts from whole brain. We observed a lower expression
level of H- and L-Ft in Hx-null brains than in wild-type controls
(Fig. 4A). This was further confirmed by ELISA (wild-type H-Ft:
884.5 = 8.5 ng/mg versus Hx-null H-Ft: 753.5 = 7.5 ng/mg,
P < 0.01; wild-type L-Ft: 13.45 += 0.25 ng/mg total protein
versus Hx-null L-Ft: 12.05 = 0.15 ng/mg, P < 0.05). Then, fer-
ritin expression was analysed by immunohistochemistry on
serial sections encompassing the same regions analysed for
iron deposits. In the basal ganglia and in the thalamus no differ-
ences in the number of H*- or L-Ft™ cells were observed
between Hx-null and wild-type mice. On the other hand, we
noted a decrease in the number of both H™ and L-Ft™ cells in
the cortex of Hx-null mice compared to that of wild-type ani-
mals (Fig. 4B). To quantify this difference, H* and L-Ft* cells
in the cortex (called region ‘@’) and in the basal ganglia and
thalamus (called region ‘b’) were counted. There was a
decrease of about 40% in the number of both H and L-Ft*
cells in the region ‘@’ of Hx-null mice, whereas no differences
were detected in the region ‘b’ (Fig. 4C). The decrease in fer-
ritin expression only in the cortex was further confirmed by
Western blotting analysis on extracts from regions ‘a’ and ‘b’
(not shown).
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Fig. 2 Increased number of iron-loaded cells in Hx-null brain. (A) Brain
sections of a wild-type mouse and an Hx-null mouse at 2 months of age
stained with Perl’s reaction and counterstained with haematoxylin.
Scheme near each section represents the position of the cells positive to
Perl’s reaction. Bar = 100 wm. (B) Reconstruction of four serial sections
of the brain of a wild-type mouse and an Hx-null mouse. In both mice,
intense staining is evident in the basal ganglia, mainly in the globus pal-
lidus and caudate-putamen nucleus. Hx-null mice show more iron posi-
tive cells in some thalamic regions. (C) Quantification of iron-loaded
cells. The analysis on Perl’s stained sections was performed as described
in ‘Materials and methods’. Data represent mean + S.E.M., n = 4 mice
for each genotype. *** = P < 0.0001.
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Fig. 3 Cellular localization of iron
in brain. Brain sections of an Hx-
null mouse stained with Perl’s
reaction and antibodies that rec-
ognize glial fibrillary acid protein
as a marker for astrocytes (a, b),
NeuN as a marker for neurons
(c, d), CNPase as a marker for
oligodendrocytes (e, f) and F4/80
as a marker for microglia (g, h, i).
No astrocytes or neurons are pos-
itive for iron staining. Iron local-
izes specifically in oligodendro-
cytes and is present both in the
cytosol (A), and in the processes
(«). Most of F4/80" cells are
negative for Perl’s reaction. Only
few F4/80" cells contain iron in
the cytosol (i). High power mag-
nification of the boxes in a, ¢, e and
gis shownin b, d, fand h, respec-
tively; the arrow in g indicates an
iron-loaded F4/80" cell, at higher
magnification in i. Cellular localiza-
tion of iron is the same in wild-type
mice. Bars: a, ¢, e, g =100 pm;
b, d, f, h,i=10pum.

To identify the cell types expressing ferritin, we performed dou- ~ Expression of heme- iron handling molecules in
ble immunofluorescence with anti-L- or H-Ft antibodies and anti- haemopexin-null brain
bodies against specific markers for different cell populations. As
shown in Fig. 5, all cell populations analysed, i.e. oligodendro-
cytes, neurons and microglia, expressed L- and H-Ft in both Hx-  To gain further insights into the ‘iron phenotype’ of Hx-null brain,
null and wild-type mice. we analysed the expression of molecules involved in heme-iron
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brain extracts of four wild-type and four
Hx-null mice. A representative experi-
ment for each protein is shown. Band
intensities were measured by densitome-
try and normalized to actin expression
(AU: arbitrary unit). Densitometry data
represent mean = S.E.M.; n = 4 for each
genotype. * = P<0.05; ** = P< 0.01.
Results shown are representative of at
least three independent experiments. (B)
Reconstruction ~ with  Neurolucida/
Neuroexplorer system of two serial brain
sections of an Hx-null mouse and a wild-
type mouse labelled with anti H- (left) and
L- Ft (right) antibodies, respectively. We
marked in red the positive cells in the
cerebral cortex, called region ‘@’, and in
green the positive cells in the basal gan-
glia and thalamus, called region ‘b’. Note
the reduction in the number of H and L-
Ft™ cells in the region ‘a’ of Hx-null mice.
(C) Quantification of H™ (left) and L-Ft*
(right) cells shown in (B). Data represent

C mean = S.E.M., n = 3 mice for each
3000- H-Ft 3000+ L-Ft genotype. * = P < 0.05.
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handling, i.e. HO-1 and HO-2 (heme degrading enzymes), TfR1
(iron acquisition system) and Fpn1 (iron exporter). This analysis
was performed by Western blotting on extracts from regions ‘@’
and ‘b’ where a differential expression of L- and H-Ft was
observed in Hx-null and wild-type mice. The inducible form of
heme oxygenase, HO-1, was not expressed at detectable level in
both Hx-null and wild-type mice. This was further confirmed by
immunohistochemistry on brain sections. Moreover, no differ-
ences in the expression of HO-2, TfR1 and Fpn1 between Hx-
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deficient and wild-type mice neither in region ‘a’ or ‘b’ were
observed (Fig. 6).

Free radical-mediated damage in
haemopexin-null brain

Data presented in the previous sections showed an increase in
the number of iron-loaded oligodendrocytes in the basal ganglia
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CNPase

Fig. 5 Cellular localization of fer-
ritin in brain. Brain sections of an
Hx-null mouse stained by double
immunofluorescence with anti-
bodies against CNPase, NeuN,
F4/80 (red) and antibodies against
L- or H-Ft (green). Merged images
on the right indicate that L- and
H-Ft are expressed in all cell
types analysed. Note that not
all CNPase™ oligodendrocytes are
positive for L- and H-Ft. Cellular
localization of ferritin is the same
in wild-type mice. Bars = 10 pum.
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Fig. 6 HO-2, TfR1 and Fpn1 expression in brain. Western blotting analysis of TfR1 (left), Fpn1 (middle) and HO-2 (right) expression in the regions ‘@’
and ‘b’ (see Fig. 4) of four wild-type and four Hx-null mice. A representative experiment for each protein is shown. Band intensities were measured by
densitometry and normalized to actin or vinculin expression (AU: arbitrary unit). Densitometry data represent mean = S.E.M.; n = 4 for each genotype.

Results shown are representative of at least three independent experiments.

and thalamus of Hx-null mice, not accompanied by an increase in
ferritin expression. As excess iron may result in free radical gen-
eration, we measured MDA tissue level, as evidence of oxidative
damage. We observed a 35% increase in brain MDA level in
2-month-old Hx-null mice compared to wild-type controls (Fig. 7A).
To assess differences in oxidative stress levels between cortical
and sub-cortical regions, we analysed, by immunohistochem-
istry, the expression of cytoplasmic SOD1 which catalyses the
breakdown of superoxide radical and is induced by oxidative
stress. We did not find differences in the expression of SOD1 in
the region ‘a’ between Hx-null and wild-type mice. On the other
hand, we observed a stronger expression of SOD1 in the region
‘b’ of Hx-null animals than in the corresponding region of wild-
type controls (Fig. 7B). The increased expression of SOD1 in sub-
cortical regions of Hx-null mice was further confirmed by
Western blotting (Fig. 7C).

Discussion

In this paper, we report the analysis of iron deposits and ferritin
expression in the brain of Hx-null mice. At the systemic level, sev-
eral studies point to a role for Hx in the detoxification against
heme overload [11, 14, 28, 29]. Moreover, Hx is known to be one
of the most abundant proteins in CSF [23]. Nevertheless, its role
in central nervous system is so far unknown.
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In agreement with published data showing Hx in CSF, we found
Hx protein in brain homogenates from wild-type mice. These data,
together with the previously demonstrated expression of Hx
mRNA in the brain [21], suggest that Hx is locally synthesized in
the nervous system. Moreover, we analysed the activity of the Hx
promoter in brain by detecting the expression of the lacZ gene
inserted into the knock-out allele. The Hx promoter is active in the
ependymal cells lining the ventricular system and, at lower level,
in hippocampal neurons. The pattern of lacZ expression partially
differs from previously reported data showing that a 500-bp-long
fragment of the human Hx promoter is sufficient to drive the
expression of B-galactosidase in several brain regions of trans-
genic mice, including the cortex, hippocampus, thalamus, hypo-
thalamus, cerebellum and brainstem nuclei [20, 21]. Due to the
transgene random insertion, it is possible that in those mice, lacZ
expression was influenced by the genomic environment, whereas
in Hx-null animals, the lacZ gene, being inserted into the genomic
locus of the Hx gene, better reflects its transcriptional activity.
However, due to the low sensitivity of the B-galactosidase stain-
ing, we cannot rule out the possibility that other cell types within
the brain, other than hippocampal neurons, may produce Hx.

Given its ependymal expression, Hx might be released both in
CSF, at the apical side of ependymal cells, and in brain
parenchyma, at their basolateral side. In this way, Hx might exert
a double function by scavenging heme through the ventricular
system, and by protecting brain parenchyma from heme-mediated
damage. Previous studies have demonstrated that the only known
Hx receptor, Low-density lipoprotein receptor-related protein
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(LRP)-1 [301], is expressed in brain and, in particular, in epithelial
cells of choroid plexi, neurons, glia and endothelial cells of
microvessels [31-33], thus supporting the hypothesis of multiple
sites of Hx activity, i.e. ventricular system and brain parenchyma.

Hx is known to mediate heme uptake and its degradation,
through HO-1, to carbon monoxide, bilirubin and iron [8, 34, 35].
For this reason, we analysed iron deposits in brain and, because
iron content within the brain varies greatly from one region to
another, we focused on regions that in basal condition are charac-
terized by highest iron concentrations. Under physiological condi-

© 2008 The Authors
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Fig. 7 Increased oxidative stress in Hx-null
brain. (A) Lipid peroxidation, estimated as
MDA levels, of total brain homogenates of
wild-type and Hx-null mice. Data are shown
as mean = S.E.M.; n = 11 for each genotype;
** = P < 0.01. (B) Brain sections encom-
passing regions ‘a’ and ‘b’ (see Fig. 4) of a
wild-type mouse and an Hx-null mouse
stained with an antibody against SOD1. Bars
= 100 wm. Arrows indicate cells shown at
high magnification in the insets. Note the
increased SOD1™ signal in the region ‘b’ of
Hx-null brain. (C) Densitometric analysis of a
representative Western blot of SOD1 expres-
sion in the regions ‘a’ and ‘b’ of wild-type and
Hx-null mice. Band intensities were meas-
ured by densitometry and normalized to
vinculin expression (AU: arbitrary unit). Data
represent mean = S.E.M.; n = 4 for each
genotype. * = P < 0.05. Results shown are
representative of two independent experi-
ments.

tions, HO-1 could not be detected in both wild-type and Hx-null
mice suggesting that heme is degraded by the constitutive iso-
form HO-2. This is in agreement with previously reported data
showing that HO-1 is strongly expressed in brain only after severe
traumas [36-38].

Interestingly, we found an increased number of iron-loaded
oligodendrocytes in the basal ganglia and thalamic region of
Hx-null mice. Two hypotheses can explain these data, the first one
being that iron overload in Hx-null mice allows the identification
of oligodendrocytes that in wild-type mice are characterized by
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Fig. 8 A model for Hx function in brain. Hx is produced by ependymal cells and may be released both in cerebrospinal fluid and in brain parenchyma.
In these compartments, Hx binds heme and the heme-Hx complexes may be taken up by cells expressing LRP-1 (see text for details). In this way, Hx
contributes to maintain normal iron homeostasis in terms of iron deposits in oligodendrocytes and adequate ferritin expression (left panel). Both param-
eters are altered in Hx-null brain (right panel) in which we observed an increased number of iron-loaded oligodendrocytes (in grey in the figure), not
accompanied by a rise in ferritin level. We hypothesize that this is due to the degradation of unbound heme out of the normal sites of heme catabolism.
Excess of iron upon the storing capacity of ferritin might, in turn, cause oxidative stress and damage neurons. Colour legend: dark grey: iron-loaded
oligodendrocytes; light grey: free iron oligodendrocytes; dark Yellow: neurons; light yellow: suffering neurons.

undetectable iron levels. Alternatively, in Hx-null mice excess of
iron might be stored in a subpopulation of oligodendrocytes that
normally does not participate in iron metabolism. Indeed, the
presence of specific subsets of oligodendrocytes, also in relation
to iron metabolism, has already been demonstrated [1, 39].
Accordingly, immunofluorescence experiments performed in this
work have revealed the presence of oligodendrocytes that do not
express ferritin both in wild-type and in Hx null mice.

Hx-null mice showed a significant decrease in H- and L-Ft
expression levels in total brain extract. However, the regulation of
H- and L-Ft expression was region specific and not pertaining to
the whole brain, as demonstrated by the immunohistochemical
analyses. The areas that were mainly involved in iron accumula-
tion did not show a rise in ferritin level. This condition is common
to several human neurological disorders such as Alzheimer’s dis-
ease and Parkinson’s disease in which iron loading is not associ-
ated with an adequate increase in ferritin expression [4].
Moreover, it is well documented that ferrous iron, not stored in
ferritin, modulates oxidative injury by generating the hydroxyl rad-
ical via Fenton reaction [40]. Accordingly, we showed that Hx-null
brain was characterized by higher levels of lipid peroxidation,
indicative of oxidative stress, than wild-type controls. Analysis of
SOD1 demonstrated that oxidative stress was limited to sub-
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cortical regions where iron loading was not associated to an
increase in ferritin.

On the other hand, in the cerebral cortex of Hx-null mice, there
was a strong reduction of H* and L-Ft™ cells that might reflect a
decrease in total cell number or a down-regulation of ferritin
expression in cell populations within this region. The latter might
be indicative of decreased iron stores. Nevertheless, we did not
find differences between Hx-null and wild-type mice in Perl’s
staining pattern in the cortex or in SOD1 expression in this
region. So, it is possible that other mechanisms, not directly
related to iron level, might be responsible for decreased ferritin
expression in Hx-null cortex. Accordingly, it has been demon-
strated that several stimuli regulate at transcriptional level ferritin
biosynthesis [41].

Beside from ferritins, other molecules involved in the transport
of iron ions like TfR1 and Fpn1 did not show alterations in the
expression level, thus suggesting that the difference in ferritin
expression might not be directly related to a difference in Tf-bound
iron acquisition or in iron export from cells. Thus, it is possible
that other molecules involved in heme trafficking might be respon-
sible for the differences in iron deposits and ferritin expression
observed in Hx-null mice. Accordingly, both the heme importer
heme carrier protein-1, and the heme exporters, ATP-binding
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cassette (ABC)G2 and feline leukaemia virus subgroup C cellular
receptor (FLVCR), are strongly expressed in brain [42-45].

In conclusion, we identified the sites of Hx expression in brain
that point to a role of Hx in both CSF and brain parenchyma as illus-
trated in Fig. 8. In wild-type mice the heme-Hx complex may be
taken up by several cell types expressing LRP-1 including epithe-
lial cells of choroid plexi, endothelial cells of vessels, neurons and
glial cells [31-33]. In Hx-null mice heme catabolism out of canon-
ical sites results in an increase in the number of iron loaded oligo-
dendrocytes in the basal ganglia and thalamus not accompanied by
an increase in H- and L-Ft expression. This might, in turn, generate
free radical responsible for cell damage. Further studies are needed
to elucidate the molecular mechanisms underlying this situation.

In human brain, iron misregulation is an hallmark of trauma,
ischemia and neurodegenerative disorders [46-49]. Our results
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suggest that Hx may modulate trauma resolution and/or the evo-
lution of neurodegenerative diseases.
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