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Neurobiology of Disease

Neuroprotective Role of Haptoglobin after Intracerebral
Hemorrhage

Xiurong Zhao, Shen Song, Guanghua Sun, Roger Strong, Jie Zhang, James C. Grotta, and Jaroslaw Aronowski
Stroke Program, Department of Neurology, University of Texas Health Science Center, Medical School at Houston, Houston, Texas 77030

After intracerebral hemorrhage (ICH), the brain parenchyma is exposed to blood containing red blood cells (RBCs) and consequently to
its lysis products. Iron-rich hemoglobin (Hb) is the most abundant protein in RBCs. When released into the brain parenchyma during
hemolysis, Hb becomes a central mediator of cytotoxicity. Our study indicates that haptoglobin (Hp), an acute-phase response protein
primarily synthesized in the liver and known to bind and neutralize Hb in the bloodstream, is also expressed in brain in which it plays an
important role in defending neurons from damage induced by hemolytic products after ICH. We demonstrate that the Hb-induced
hypohaptoglobinemia aggravates ICH-induced brain damage while pharmacologic intervention with sulforaphane to induce brain Hp is
linked to a reduction in brain damage. In agreement with these findings, Hp deficiency worsens whereas Hp overexpression alleviates
ICH-mediated brain injury. We also identified that oligodendroglia are the primary source of brain-derived Hp among brain cells and that
oligodendroglia-released Hp plays protective roles against Hb-mediated toxicity to neurons and oligodendrocytes. We conclude that Hp,

particularly the brain-derived Hp, plays cytoprotective roles and represents a potential therapeutic target for ICH treatment.

Introduction

Intracerebral hemorrhage (ICH) is a common and often fatal stroke
subtype that burdens ~1 in 5000 people every year (Woo etal., 2002)
and for which there is no treatment. Even if the patient survives the
ictus, the resulting hematoma within the brain parenchyma triggers
a series of events termed secondary injury, leading to brain edema,
progression of neurological deficits, or death.

The red blood cell (RBC), a main cellular component of the
hematoma, lyses within days and releases hemoglobin (Hb),
which subsequently is degraded into heme and iron, cytotoxins
representing a key contributor to secondary brain injury after
ICH (Wagner et al., 2003; Wu et al., 2003; Xi et al., 2006). In
agreement with this scheme, intracerebral injection of lysed
erythrocytes or purified Hb produces massive brain edema
within <24 h (Xietal., 1998; Huangetal., 2002). The cell-free Hb
is a potent neurotoxin capable of initiating reactions such as ox-
idative damage to lipids, DNA, and proteins (Nakamura et al.,
2005, 2006; Zhao et al., 2007b), caspase activation (Wang et al.,
2002), blood—brain barrier disruption (Xi et al., 1998; Bhasin et
al., 2002; Keep et al., 2008), neuronal death (Regan and Guo,
1998; Wang et al, 2002), and irreversible brain damage
(Aronowski and Hall, 2005; Xi et al., 2006). Thus, approaches
aimed at neutralizing Hb could represent an important clinically
relevant target for the treatment of ICH.
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Haptoglobin (Hp) is an acute-phase a,-acid response glyco-
protein known to tightly bind Hb and form stable Hb—Hp com-
plexes (Wada et al., 1970). By forming Hp—Hb complexes, Hp
stabilizes and shields heme iron within the hydrophobic pocket of
Hb, thereby preventing its pro-oxidative properties and cytotox-
icity (Yang et al., 2003; Zuwala-Jagiello, 2006). Hp is produced
principally in liver by hepatocytes (Peters and Alper, 1966;
Bowman and Kurosky, 1982; Hoj et al., 1984) and secreted into
blood circulation. Although the tissue-specific expression of Hp
in some peripheral organs such as the lung, skin, or kidney was
demonstrated (Dobrotina and Ezhova, 1977; Dobryszycka, 1997;
Lim et al., 1998; Yang et al., 2003), the role of Hp in brain tissue,
including in context of ICH-associated blood/hemoglobin toxic-
ity, has not been studied yet (D’Armiento et al., 1997). Limited
studies suggest the presence of Hp in neural retina (Chen et al.,
1998), astrocytes after ischemia (Lee et al., 2002), and subarach-
noid blood clot (Borsody et al., 2006), thus raising the specu-
lation that, under some conditions, in addition to its brain
entry through disrupted blood-brain barrier, Hp might be
synthesized locally in the brain. As such, locally produced
brain Hp may protect the brain from Hb-mediated damage in
the case of ICH.

The objective of this study was to establish the role of Hp in
defending brain from blood toxicity after ICH. Our hypothesis
was that Hp expression in the brain is upregulated in response to
ICH to help combat blood toxicity and that manipulation aiming
at upregulation of Hp expression will reduce ICH-mediated
brain injury.

Materials and Methods

All animal studies followed the guidelines outlined in Guide for the Care
and Use of Laboratory Animals from the National Institutes of Health
and were approved by the University of Texas—Houston Health Sci-
ence Center Animal Welfare Committee.
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Modified ICH and ICH model in rodents. We have characterized an
ICH model in mouse/rat based on intrastriatal injection of autologous
blood (Zhao et al., 2007b, 2009). Here, to elucidate the role of Hp in the
detoxification of hemolytic products (e.g., hemoglobin), we used a mod-
ified ICH (M-ICH) model in mouse/rat that is based on injection of lysed
RBCs into the left striatum. Briefly, whole blood was collected via heart
(intraventricular) puncture and instantly lysed using a Sonicator (model
W-10) equipped with a metal probe. Randomly selected male and fe-
male (equally distributed among groups) mice (weighing 25~30 g) or
male Sprague Dawley (SD) rats (weighing 200~275 g) under isoflurane
anesthesia (delivered by the face mask in a 1:1 mixture of oxygen and
nitrous oxide) were immobilized onto a stereotaxic frame. A 1-mm-
diameter burr hole was drilled in the skull and a 31 gauge stainless-steel
cannula was inserted for the lysed blood (12 ul for mouse and 35 ul for
rat) infusion at a speed of 3 ul/min. Whole blood without sonication was
used to produce ICH. The core body temperature was maintained at
37.0 = 0.5°C during surgery and the first 3 h after surgery.

Induction of hypohaptoglobinemia. To induce hypohaptoglobinemia
(HHp), rats were subjected to intraperitoneal injection of purified Hb
(Sigma-Aldrich; 50 mg in 1 ml saline), once a day for 3 consecutive days
using a previously validated protocol (Panter et al., 1985). Saline was
used as the vehicle control.

Administration of sulforaphane to induce haptoglobin expression. For
the in vivo experiments, 5 mg/kg sulforaphane (SF) (LKT Labs; S8044)
(dissolved in 10% corn oil) was injected intraperitoneally, at 30 min and
24 h after M-ICH. Corn oil (10% in saline) was used as the vehicle
control. For the cell culture experiments, SF was directly applied into the
culture medium at 0.1~2.0 wM™, 30 min before induction of injury.
DMSO (0.1% in PBS) was used as the vehicle control.

Animal perfusion and tissue collection. All animals were fatally anesthe-
tized with chloral hydrate (0.5 g/kg, i.p.) and intracardially perfused with
ice-cold PBS. For histology or biochemical analyses, the whole brains or
the subdissected tissues representing hematoma-affected striatum were
immediately frozen in —80°C 2-methylbutane and stored in —80°C
freezer before cryosectioning, RNA isolation, or protein extraction.

Neurological deficits score. The neurological deficits score (NDS) was
determined by a battery of behavioral tests, including postural flexing,
corner test, foot fault, and forelimb placing, as we described in rat and
mouse (Zhao et al., 2007b, 2009).

Brain edema. The brain edema was measured using the wet-weight/
dry-weight method (Tang et al., 2004). Briefly, after a short (~30 s)
intracranial perfusion with PBS, the brains were removed and snap-
frozen in —80°C 2-methylbutane. The brain tissue was collected from
three coronal brain sections (40 um thick), representing levels of needle
track (blood injection site) and 0.25 mm rostrally and caudally to the
needle track. The tissue weight of these sections was determined before
and after drying in an 80°C oven overnight using microbalance (model
ATI CAHN C-33) capable of measuring weight with 1.0 pg precision.
The data were calculated as percentage of water content: (wet weight —
dry weight)/wet weight X 100. This nonconventional approach was val-
idated with respect to the tissue size and PBS perfusion.

Western blot. The protein levels were determined using Western blot as
we described previously (Zhao et al., 2007b, 2009). Rabbit anti-mouse/
rat Hp antibodies (1:2000; ICL), mouse anti-rat/mouse neurofilament
(NF-M) (1:500; Abcam), goat anti-mouse Tau (1:500; Santa Cruz), and
chicken anti-mouse myelin basic protein (MBP) (1:1000; Abnov) were
used. After incubation with the second antibodies conjugated to HRP
(1:5000; Zymed), the immunopositive bands were visualized with ECL
(Pierce). Semiquantification of luminescence signal intensity on x-ray
film was determined by analyses of optical density using a computer-
assisted Kodak Analysis (EDAS) 290 system.

Oxidative stress. Oxidative stress in the brain after M-ICH was deter-
mined by measuring the oxidative damage to proteins through 3'-
nitrotyrosine formation (anti-3'-NT; Millipore) and to lipids through
4-hydroxynonenal formation (anti-4-HNE; Calbiochem), using the dot
immunoblots as we reported previously (Zhao et al., 2007b). The optical
densities were quantified with the Kodak EDAS 290 system and normal-
ized to the naive control.
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Table 1. Primer sequence for RT-PCR

Product Location

Name Primer sequence size (bp) Gene ID of primer
Mouse Hp

M-Hp-F 5'-ctctacgtggggaaaaacca 353 NM_017370 538-557

M-Hp-B 5'-cagaaggtgtgctcgttcaa 871-890
Rat Hp

R-Hp-F 5’-gaaaggcgctgtaagtectg 318 NM_012582 799-818

R-Hp-B 5'-tectcttccagggtgaatty 1095-1116

Hp dot blot. The relative changes in blood Hp level were determined
with dot immunoblot. Briefly, 5 ul of 1:10 diluted sera was spotted on a
nitrocellulose membrane and immunolabeled with rabbit anti-rat Hp
antibody (1:1000; ICL). After application of secondary antibody, the
visualization of the resulting antibody—antigen complex was achieved
using ECL, and the OD was quantified by the Kodak EDAS 290 system.

Hp ELISA. The Hp amount in blood sera and cell culture media was
also measured using a rat or human Hp ELISA kit (ICL), according to the
instruction provided by the manufacturer.

Primary neuronal cultures. The primary neuronal cultures from the
cortices of embryonic day 18 (E18) fetuses were prepared as we described
previously (Zhao et al., 2006a). The cells were plated on poly-L-lysine-
coated culture plates in Neurobasal medium with B27 (Invitrogen), and
maintained in 5% CO, incubator for 12-15 d in vitro.

Primary neuron—glial cocultures. The primary neuron—glial cocultures
from E18 prenatal rat/mouse embryos were prepared as we described
previously with minor modifications (Zhao et al., 1999). Briefly, the
forebrains were dissected under a dissection microscope after removing
the pia meninges and olfactory bulbs. The dissected brains were tritu-
rated with flame-restricted glass pipettes, and the dissociated cells were
suspended in the DMEM with 4.5 mg/ml glucose, DM1 and DM2, 5%
bovine calf serum (BCS), 2 mum L-glutamine, 100 U/ml penicillin, and 100
pg/ml streptomycin (DMEM-DM-BCS), and seeded on poly-L-lysine-
coated culture flasks or German glass (inserted in the culture well) at a
cell density of 4 X 10> cells/mm?. The cultures were maintained for
12-15 d until the astroglia become confluent. Using anti-MAP2, anti-
glial fibrillary acidic protein (GFAP), OX42, and anti-MBP antibodies to
immunolabel neurons, astroglia, microglia, and oligodendrocyte, re-
spectively, we established that our neuron—glial coculture consists of
529% astrocytes, 19% neurons, 12% oligodendroglia, and 7% microglia at
15 d in culture.

Oligodendrocyte-enriched culture. Oligodendrocytes were purified and
cultured from mixed glial cell cultures as described previously (Giulian
and Baker, 1986; Negishi et al., 2003). Briefly, the mixed glial cells pre-
pared from postnatal day 1 (P1)~P2 rat/mouse postnatal pups were
plated onto the poly-L-lysine-coated flasks and cultured in the DMEM
plus 10% FBS plus penicillin/streptomycin (DMEM-FBS) for 15-20 d.
After removing the microglia using the shaking method, the cultures
were further subjected to a shaking step at 220 rpm for 16 h. Harvested
cells were centrifuged at 350 X g for 5 min and reseeded on poly-p-lysine-
coated culture plates and cultured in DMEM plus B27 (DMEM-B27) for
another 7-10 d. We changed one-half of the media every 3 d.

ICH-like injury model and RBC lysate toxicity in vitro. Because there are
no standard in vitro cell injury models that could mimic the ICH injury,
we exposed the 12- to 15-d-old primary brain cell cultures to freshly
prepared RBC lysate with or without 1 h of hypoxia. The RBC isolated
using density gradient centrifugation (BD Vacutainer CPT) were lysed in
distilled H,O at a density of 1 X 10° RBC/ml, and the RBC lysate was
added into the culture medium at a ratio of 1 ul/100 ul medium. For
“ICH-like” injury, the cells were additionally subjected to a mild hypoxic
injury by exposing them to 1 h of oxygen deprivation, using an approach
we described previously (Kim et al., 2004).

Media transfer experiment. The 15-d-old neurons [prepared from
wild-type (WT) mice] (see the methods for primary neuronal culture
above) cultured in Neurobasal medium with B27 were evaluated for their
susceptibility to injury produced by ICH-like injury (RBC lysates plus
hypoxia) (see above). Twenty-day-old oligodendrocyte-enriched cul-
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Figure1.

expressed as mean == SEM (n = 7). *p = 0.05 from the control (ICH).

tures (OECs) from Hp-Tg and Hp-KO mice cultured in DMEM-B27
were used as media donor. Both Hp-Tg and Hp-KO oligodendroglia
showed similar morphology, and the media for growing these cells
showed low and similar content of lactate dehydrogenase (LDH), indi-
cating no difference in the natural viability/senescence. In our hands,
Neurobasal and DMEM media containing B27 are compatible with
both cultured neurons and oligodendroglia. Thus, the transfer of the
media does not cause additional stress to neurons. Fifteen minutes
before ICH-like injury, two-thirds of the media from neuronal cul-
ture was removed and immediately replaced with an equal volume of
media from OEC. LDH level was determined right before the injury
and 24 h later. LDH changes at 24 h after injury in the neuronal
culture media were calculated as fold increase over the control (right
before subjecting to injury).

Excitotoxic damage. The neuronal cultures were exposed to 500 um
NMDA in the presence of 4.5 um Hp or 10 um dizocilpine maleate
(MK-801) (Zhao et al., 2006a). The LDH released into the culture media
was measured using a LDH assay kit (Promega) at 24 h after the insult.

RNA isolation and reverse transcription-PCR. The ipsilateral corpus
striatum (containing the hematoma and perihematoma areas) was dis-
sected on ice, snap-frozen, and processed for mRNA extraction. Alterna-
tively, the primary brain cell culture was washed with RNase/DNase-free
PBS and lysed in Trizol reagents for RNA isolation, and used for reverse
transcription-PCR (RT-PCR) analysis as we described previously (Zhao
etal.,, 2006b, 2009). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
gene was used as an internal control. The sequences of primers for rat or
mouse Hp and GAPDH are listed in Table 1. Measurements of the gene
products were normalized to the optical density of GAPDH bands. The
results were calculated as percentage change over the control (naive an-
imal, in vivo) or the media control in vitro.

Determination of LDH. The cell injury was assessed by determining the
amount of LDH (Zoldhelyi et al., 1996) released into the culture medium,
using an LDH assay kit (Promega) (Zhao et al., 1999, 2006a, 2007a).

Immunofluorescence. The immunohistochemistry for Hp detection
was performed using the procedure we described previously (Zhao et al.,
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HHp aggravates ICH-mediated damage. A, Photograph of representative rat brain coronal sectionillustrating location
of hematoma produced with intrastriatal injection of lysed blood (M-ICH). B, Representative photomicrograph of H&E-stained
cryosection showing edema surrounding hematoma (outlined with dotted lines), as captured at 24 h after M-ICH. C, Bar graph
illustrating the densitometrical analysis of immunoreactivity (immuno-dot blots technique) for 3’-NT and 4-HNE in the
hematoma-affected tissue homogenates of normohaptoglobinemic control (ICH) and HHp (ICH+HHp) rats 24 h after M-ICH. The
data are expressed as mean == SEM (n = 5). *p < 0.05 from the control (ICH). D, Bar graph illustrating brain edema measured by
wet-to-dry weight ratio (percentage of water) at 24 h after M-ICH in the control (ICH) and HHp (ICH+HHp) rats. The data are
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{ 2006a, 2007a). Briefly, the brain coronal cryo-
! section (10 um) or cells grown on German
glass was treated with 95% methanol contain-
ing 5% acetic acid for 10 min at —20°C and
incubated in chicken (1:100; Novus), rabbit (1:
1000; ICL), or mouse (1:500; Sigma-Aldrich)
anti-Hp antibody overnight at 4°C. Rabbit
anti-chicken, goat anti-rabbit, or goat anti-
mouse IgG-Alexa Fluor 488 (Invitrogen) was
used to visualize Hp signals.

Double immunohistochemistry was used to
localize Hp (detected as above) to a specific cell
type by using the cell-specific antibody fol-
lowed by the second antibody conjugated to
Alexa Fluor 546 (Invitrogen). Hoechst 33258
was applied to label the nuclei. The specific
* brain cell markers included the following:
NeuN (Millipore Bioscience Research Re-
agents) or MAP2 (Sigma-Aldrich) for neurons,
mouse or rabbit GFAP (Sigma-Aldrich) for as-
trocytes, mouse anti-rat or rat anti-mouse
CD11b (AbD Serotec) for microglia, and
oligodendrocyte-specific protein (OSP) (Ab-
cam) and MBP (Abcam) for oligodendrocytes.

Image capture and cell counting. A Zeiss
Axioskop-2 microscope equipped with a CCD
camera and operated by MetaMorph 6.2 soft-
ware was used for image acquisition. The
fluorescence-labeled cells were visualized using
Ex/Em 0f 490/520 for Alexa 488, Ex/Em of 550/
575 nm for Alexa 546, and Ex/Em of 365/480
nm for Hoechst 33258. This computer-
controlled image acquisition system permits
automatic and unbiased cell counting. To de-
termine the cell type composition of the brain
neuron-—glial cocultures, we took advantage of a motorized stage that
allows image stitching, thus permitting cell counting throughout the
larger surface area. Three 12-mm-diameter German glass coverslips were
used for analysis. Sixteen images from each coverslip were captured un-
der 20X objective for a total area of 2.4 mm?* (each image covers 448 X
335 wm). The ratio of each cell type was calculated as fraction of the total
cell number labeled by Hoechst 33258.

Haptoglobin transgenic and haptoglobin knock-out mice. The haptoglo-
bin transgenic (Hp-Tg) mice (carrying a 9 kb human Hp genomic DNA,
which contains the entire Hp2 gene plus 1 kb of the 5'- and 1.5 kb of the
3’-flanking regions) (Yang et al., 2003) and haptoglobin knock-out (Hp-
KO) (Lim et al., 1998) mice were provided by Dr. Franklin G. Berger (De-
partment of Biological Sciences, University of South Carolina, Columbia,
SC). Hp-Tg and Hp-KO mice were backcrossed into the C57BJ/6 back-
ground for >10 generations, and C57BJ/6 mice were used as the wild-
type control. The experiments were conducted on randomized mice
(8~16 weeks of age) including both genders (groups were equally bal-
anced for both sexes) of offspring from different parents and different
generations. In agreement with the previous studies, both Hp-KO and
Hp-Tg mice appeared to be normal with respect to gross cerebrovascular
anatomy, behavior, growth, rectal temperature, and prolificacy.

Statistical analysis. All data are expressed as mean = SEM unless oth-
erwise stated in the text. All the in vitro experiments were repeated at least
three times. The statistical analyses were performed using the GraphPad
and InStat programs. The data were evaluated using one-way ANOVAs
and Newman—Keuls post test for multiple-group comparison. Non-
paired t test was used when two groups were compared.

Results

HHp aggravates brain injury after ICH

Although it is known that blood plasma Hp can bind and neu-
tralize Hb after intravascular hemolysis, the relevance of Hp this
process in the brain after ICH is not clear.
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brain edema as the indices of brain injury.
The HHp rats experienced significantly
higher level of oxidative brain damage
(Fig. 1 B) and worsened brain edema (Fig.
1C,D), compared with the control at 24 h
after M-ICH, suggesting that Hp may play
important role in protecting the brain
from the toxicity of hemolytic products.

Figure 2.

The level of haptoglobin expression is associated with
susceptibility to ICH-mediated brain damage

To better define the relationship between the abundance of Hp
and ICH pathogenesis, we used genetically engineered mice
that are deficient in Hp (Hp-KO) and mice that overexpress
the human Hp2 gene (Hp-Tg). Specifically, we subjected the
WT, Hp-KO, and Hp-Tg mice to M-ICH injury. At 3 d after
M-ICH, we assessed the level of neurological deficits (NDS)
and the severity of brain damage in the ICH-affected basal
ganglia by measuring loss of neuronal-specific Tau and 160
kDa neurofilament (NF-M) proteins as surrogates of gray
matter injury, and loss of oligodendroglia-specific MBP as
surrogate of white matter injury.

In agreement with the outcome of the experiment with the
Hb-induced HHp rats, Hp-KO mice subjected to M-ICH, based
on intrastriatal injection of 12 ul of autologous hemolysates,
showed more severe neurological deficits than WT mice (Fig.
2 A). The severity of neurological dysfunction was associated with
more extensive loss of NF-M, Tau, and MBP in Hp-KO mice,
compared with WT mice (Fig. 2B,C). In additional support of
the beneficial role of Hp in ICH, Hp-Tg mice showed less severe
neurological deficits (Fig. 2A) and reduced loss of NF-M, Tau,
and MBP proteins (Fig. 2 B,C), compared with WT and Hp-KO
mice. Overall, the Hp expression level is negatively associated
with the susceptibility of mice to ICH-mediated brain injury.

Haptoglobin is expressed in oligodendrocytes and can be
upregulated by sulforaphane

When analyzing ICH-affected mouse brain for expression of Hp
mRNA (Fig. 34) and protein (Fig. 3B), we found that Hp mRNA
and Hp protein levels in the perihematoma brain tissue demon-
strated a consistent increase that was evident as early as 3 h after
the onset of ICH (Fig. 3A). Subsequently, the levels of Hp mRNA
and protein increased over time in the first 3 d and remained at a

Hp protects brain from injury produced by M-ICH. 4, Bar graph illustrating the composite neurological deficit scores
(NDS; left panel) and deficit scores for the individual (postural reflex, corner, right forelimb placing, and right foot fault) tests at 7 d
after M-ICH in WT, Hp-KO, and Hp-Tg mice. The data are expressed as mean = SEM (n = 9). *p =< 0.05 from all the remaining
groups. B, Photograph of immunoblot showing bands of NF-M, Tau, and MBP in hematoma-affected striatum of WT, Hp-KO, and
Hp-Tg mice with (+) and without (—) M-ICH injury at 7 d after the insult. , Bar graph of densitometrical quantification of NF-M,
Tau, and MBP on the immunoblots. The data are calculated as percentage over naive animals and expressed as mean = SEM
(n=5).*p = 0.05 from all the remaining groups.

higher level for at least 7 d (Fig. 3A, B). Similar to the increase of
Hp in hematoma-affected brains, ICH triggered a robust increase
of Hp in the peripheral blood (Fig. 3C). These results suggest that
not only peripheral organs but also the brain is capable of gener-
ating Hp in response to ICH, thus helping to protect the ICH-
affected brain from cytotoxic Hb.

The Hp gene is upregulated in response to activation of nu-
clear factor-erythroid 2-related factor 2 (Nrf2) (Thimmulappa et
al., 2002; Kensler et al., 2007), a basic leucine zipper transcription
factor that regulates redox balance and stress responses. We have
recently demonstrated that the Nrf2 activator, SF, reduces brain
injury in a rat model of ICH (Zhao et al.,, 2007b). To explore
whether SF treatment can induce expression of Hp in the brain,
we treated animals with SF after ICH and measured Hp expres-
sion in the ICH-affected brains. As anticipated, SF administered
robustly induced the expression of Hp mRNA (Fig. 3A) and pro-
tein (Fig. 3B) in the brain within ~3 h. This induction lasted for
at least 7 d. Similar to its effect in the brain, SF also increased
peripheral blood Hp (Fig. 3C, table), thus suggesting that the
protective effect of SF in ICH could in part be attributable to
induction of Hp.

Our next goal was to identify what cells in the ICH-affected
brain produce Hp. Using immunohistochemistry; we first found
that virtually no Hp expression is present in naive rat brains.
However, Hp immunoreactivity after ICH was very strong and
encompassed the whole hematoma territory including adjacent
corpus striatum (Fig. 4, left) and corpus callosum (Fig. 4, right).
Using double immunohistochemistry to localize Hp to brain cell
type, we determined that Hp colocalizes primarily to MBP (Fig.
4)- and OSP (data not included)-immunopositive cells, but not
NeuN-, GFAP-, or OX42-positive cells (data not included), sug-
gesting that Hp is expressed primarily by oligodendroglia (Fig. 4)
and not by neurons, astroglia, or microglia. This experiment sug-
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Figure 3.  Hpin the hemorrhage-affected striatum is increased after ICH and is augmented
by SF. The SD rats were injected intraperitoneally with either saline (ICH) or SF (ICH+SF; 5
mg/kg) at 30 min and 24 h after ICH. 4, Photograph of RT-PCR products for Hp on representative
agarose gel, and bar graph illustrating the densitometrical quantification of Hp mRNAat 3 h, 1,
2,3,and 7 d after ICH. The data are calculated as mean == SEM (n = 4) and expressed as fold
increase over the naive groups. *p << 0.05 from naive and the saline control at the same time
point; **p << 0.05 from naive. B, Photograph of the representative immunoblot for Hp and bar
graphillustrating the densitometrical quantification of Hp proteinat 3 h, 1,2, 3,and 7 d after ICH
in rats. The data are calculated as mean == SEM (n = 4) and expressed as fold increase over the
naive groups. *p << 0.05 from naive and ICH control at the same time point; **p << 0.05 from
naive. G, Table indicating blood plasma Hp level in naive mice (first column) and in mice with
(ICH+SF) and without (ICH) treatment with SF as determined at 1, 2, and 3 d after ICH. The data
are expressed as mean = SEM (n = 5). *p = 0.05 from naive; **p << 0.05 from naive and ICH
at the same time point.

gests that oligodendroglia represents a main source of Hp in the
ICH-affected brain.

Hp can neutralize Hb toxicity, but not excitotoxicity in the
primary neuronal culture
Hb represents a main component of the lysed erythrocytes that
imposes toxicity to the brain after ICH (Sadrzadeh et al., 1987;
Koeppen et al., 1995; Xi et al., 1998, 2006), and in particular to
neurons (Regan and Panter, 1993, 1996). Thus, Hb neutraliza-
tion by Hp could play an important role in protecting neurons
after ICH.

We first showed that, in our primary neuronal cultures, Hb in
a dose-dependent manner induces neuronal damage (Fig. 5A).
Subsequently, to establish the role of Hp in Hb neurotoxicity, we
incubated Hb with purified human Hp before adding it to neu-
rons to induce injury. Consistent with the beneficial role of Hp in
the animal model of ICH, Hb in presence of Hp demonstrated
significantly reduced neurotoxicity when compared with Hb
alone, as established by mitigated loss of morphological integrity
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(Fig. 5B), reduced degradation of neurofilament protein (Fig.
5C), and reduced LDH release (Fig. 5D). These data suggest that
Hp in fact can effectively neutralize the cytotoxic effects of Hb.

Finally, we found that, in contrast to NMDA antagonist, MK-
801, Hp is ineffective in protecting neurons from NMDA-mediated
excitotoxic damage (Fig. 5C), thus suggesting that the Hp-mediated
neuroprotection is more likely through neutralization of Hb rather
than through generalized effect on neuronal resistance to noxious
stimuli.

Hp is synthesized and secreted by oligodendrocytes

Animal studies suggested that Hp is generated primarily by
oligodendroglia. To further explore the relationship between
oligodendroglia and Hp, we first analyzed Hp expression by im-
munohistochemistry in rat primary neuron—glial coculture. This
coculture is normally composed of 52% astrocytes, 19% neurons,
12% oligodendroglia, and 7% microglia. Consistent with the lo-
cation of Hp in the brains after ICH, Hp in the coculture localized
to the oligodendrocytes and was distributed throughout oligo-
dendrocyte soma and fine processes (Fig. 6A). No Hp immuno-
staining was detected in cells other than oligodendrocytes.

To further characterize Hp in oligodendrocytes, we used an
OEC system. By using this system, we showed that oligodendro-
glia normally express low levels of Hp message and also protein
(Fig. 6 B). However, in response to SF, oligodendroglia robustly
increased the expression of Hp mRNA (470%) and protein
(235%) (Fig. 6 B). Interestingly, SF increased not only intracellu-
lar Hp expression but also in a dose-dependent manner aug-
mented Hp in the culture media (Fig. 6C). The Hp concentration
in the culture media increased 3.4-fold compared with the
vehicle-treated control at 48 h after exposing oligodendroglia to 1
M SF, indicating that Hp synthesized in oligodendrocytes can be
secreted into the extracellular space.

Conditioned media from Hp-overexpressing, but not
Hp-deficient, oligodendroglia renders neuroprotection

Since oligodendroglia can release Hp into the culture media, we
sought to determine whether this process could benefit neurons
during hemolytic products-mediated injury. To test this idea, we
used oligodendroglia-enriched cultures (OEC; Oligo) from Hp-
deficient (Hp-KO) and Hp-overexpressing (Hp-Tg) mice. After
12 d in culture, the amount of Hp in the conditioned media of
OECs from Hp-Tg mice was ~490 ng/ml, whereas essentially no
Hp was detected in the media from Hp-deficient mice. To exam-
ine how these conditioned media affect neuronal vulnerability,
we harvested media from the Hp-KO and Hp-Tg OECs and
transferred it into a culture dishes containing primary neurons
before subjecting them to an “ICH-like” injury. Blank media was
used as control. Note that the process of media transfer between
the culture dishes did not cause additional cytotoxicity (Fig. 7A;
compare 0 vs 24 h without injury). In agreement with the bene-
ficial role of Hp, neurons in the presence of conditioned media
from Hp-Tg OEC showed 30.9% less injury than the neurons
containing media from Hp-deficient (Hp-KO) oligodendrocytes
(Fig. 7A).

Finally, to investigate whether Hp could also protect oligoden-
drocytes (self-protection) from hemolytic products-mediated in-
jury, we added RBC lysates directly into the OECs prepared from
Hp-Tgand Hp-KO mice. As anticipated, the Hp-deficient oligoden-
droglia were more susceptible to injury caused by RBC lysates
than the Hp-overexpressing oligodendroglia, as determined us-
ing LDH assay (Fig. 7B) and immunohistochemistry for MBP
(Fig. 7C). Since Hp alone or in combination with modestly toxic
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Figure4. The representative Hp expression pattern in the ICH-affected brain after ICH. The
rats at 24 h after M-ICH were analyzed for presence of Hp using immunohistochemistry. Hp-
immunopositive cells (green) were detected in corpus callosum and in the basal ganglia around
the hematoma. The double-immunofluorescence labeling with anti-MBP (red) and anti-Hp
(green) antibodies indicates that Hp colocalizes with oligodendrocytes (MBP-immunopositive
cells). Scale bar, 50 wm. ICH, Hematoma.

concentration of Hb (1 uMm) did not directly increase MBP ex-
pression (Fig. 7D, Western blot), we propose that the MBP im-
munoreactivity loss, as seen with 3 um Hb, represents an
appropriate indicator of oligodendroglia viability. Our data sug-
gest that Hp is protective not only to neurons but also to oligo-
dendrocytes, the cells that produce Hp.

Discussion
Hemoglobin is the most abundant protein of RBCs. And because
of the presence of iron within its moiety, Hb may act as a Fenton’s
reagent generating highly reactive hydroxyl radicals capable of
imposing robust oxidative stress (Xi et al.,, 1998; Wang et al.,
2002; Wagner et al., 2003). Thus, after RBC lyses, the cell-free Hb
released from the hematoma into brain parenchyma could pro-
duce oxidative brain injury and devastating edema (Huang et al.,
2002; Wagner et al., 2003; Thiex and Tsirka, 2007; Keep et al.,
2008). Hence, approaches aimed at neutralizing Hb could repre-
sent a powerful strategy in limiting brain damage caused by ICH.

Haptoglobin is a plasma protein and a key component of Hb
detoxification system known for its role in conditions associated
with intravascular hemolysis. Hp is primarily synthesized by
hepatocytes and secreted into the circulating blood (Peters and
Alper, 1966; Bowman and Kurosky, 1982). Hp binds cell-free Hb
to form essentially irreversible (K4 = 1 pm) Hp—Hb complexes,
thereby blocking Hb-induced oxidative toxicity, enabling clear-
ance of cell-free Hb and aiding in recycling of iron (Allison and
Rees, 1957; Wang et al., 2001; Tolosano et al., 2002). The clear-
ance of Hb—Hp complexes from the hemolysis-affected environ-
ment is effectively mediated by circulating blood monocytes and
tissue macrophages expressing the Hb scavenger receptor CD163
(Kristiansen et al., 2001; Schaer et al., 2005; Zuwala-Jagiello,
2006).

Hp reserves in blood plasma are normally relatively high to
allow for efficient buffering of Hb in case of minor acute hemo-

Zhao et al. @ Haptoglobin in ICH

0 01 1 5 10 50HbwM)

c Con Hb  Hb+Hp
X
D _ <
'S 5007 = %
= [m)
S e 2
- * + e
S 250 . 2 T
o
& 8| |2 H é )
T o) =
c JMEC | =]z

Figure 5. A, Bar graph of LDH released into culture media by neurons in culture exposed to
0.1~50 pm Hb for 24 h. The data are expressed as percentage over the media control and
displayed as mean == SEM (n = 3). *p =< 0.05 from the media control. B, Photomicrograph of
MAP2 immunofluorescence in the neuronal cultures after exposure to Hb, demonstrating mor-
phological damage. The 15-d-old neurons in culture were incubated with the following: 3 m
Hb (a) or the complexes of Hp-Hb (b) (4.5 um Hp and 3.0 um Hb were coincubated for 15 min
before the use) for 24 h, and the morphological integrity was assessed using immunostaining
for MAP2. The arrows show the breaks of neurites. €, Photograph of the immunoblot analyzing
NF-M in lysates of neurons in culture subjected to Hb alone or as complexes with Hp (Hb+Hp),
under experimental conditions described for B. D, Bar graph of LDH released into culture media
by neurons in response to: saline (Con), 3 v Hb, 4.5 um Hp, Hp plus Hb, 0.5 mm NMDA, 0.5 mm
NMDA plus 4.5 m Hp, or 0.5 mm NMDA plus 10 um MK-801 (MK). The values of LDH are
expressed as percentage change over the control (Con). The data are displayed as mean == SEM
(n = 6).*p = 0.05 from Con, Hp, and Hb-Hp; **p = 0.05 from NMDA and NMDA plus Hp.

lytic events; however, serum levels of Hp can be dramatically
increased in response to acute stress, inflammation, and other
pathological states (Baumann and Muller-Eberhard, 1987),
which improve efficiency of neutralization of free Hb in case
of severe hemolytic events. The timely binding of Hp to cell-free
Hb plays an important role not only by blocking the pro-
oxidative properties of Hb toward cellular constituents, but also
toward Hb itself. The latter is particularly important since oxida-
tively modified Hb loses its binding affinity to Hp and CD163.
Normally, when Hb is bound by Hp, the Hb—Hp complex sup-
ports structural stabilization of Hb and protects it from structur-
al/oxidative modification. Otherwise, once the free Hb is
oxidatively modified, Hp is no longer able to control its anti-
oxidative properties and clearance through CD163-mediated en-
docytosis via macrophages (Buehler et al., 2009).

Although the role of Hp in intravascular hemolysis is well
defined, its role in the brain and its expression by brain cells is
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than oligodendroglia after ICH. We con-
sequently propose that oligodendrocytes,
which are known for their role in shield-
ing and defending axons from excitotox-
ins and oxidative stress (Dewar et al.,
2003), could also protect axons from the
damage imposed by hemolytic products
via releasing Hb-neutralizing Hp into the
periaxonal space. During intracerebral
bleeding extravasated blood tends to
* spread along white matter tracts (Qureshi
etal.,2001), in which it may initiate direct
toxicity to axons within the nerve tracts
and therefore adversely affect neurologi-
cal status (MacWalter et al., 2001; Qureshi
et al.,, 2001). In agreement with this con-
cept, mice overexpressing Hp showed bet-
ter preservation of axonal integrity than

mA
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Figure 6.

control.

essentially unknown. A recent study together with our present
findings indicate that only very low Hp levels are present in the
normal brain, thus contrasting with the high levels of Hp detected
in the circulating blood and some peripheral organs. Interest-
ingly, previous experiments suggested that Hp expression could
be induced in peripheral organs and not in the brain. For exam-
ple, intraperitoneal injection of bacterial endotoxin was shown to
cause robust increase in Hp expression in peripheral organs and
blood serum, but not in the brain (D’Armiento et al., 1997). This
selective expression could be explained either by the distinct reg-
ulation of Hp expression in brain, or more likely by the fact that
the signal triggering Hp expression in the periphery has no access
to the normal brain. Although induction of the peripheral Hp
may occur without upregulation of the brain Hp, our present
study indicates that selective brain damage by intracerebral injec-
tion of blood induces not only local (perihematoma) increase in
the Hp mRNA and protein of the brain, but it also leads to a
robust increase in Hp in peripheral blood. Interestingly, the ex-
pression profile of Hp in the brain follows the time course of
hemolysis-mediated cytotoxicity, perihematoma edema, and tis-
sue damage after ICH (Wagner et al., 2003; Wagner and Dwyer,
2004), suggesting that Hp may represent an endogenous factor
normally involved in neutralization of hemolytic products toxic-
ity in ICH-affected brain.

The role of oligodendroglia in Hp synthesis has not been sug-
gested to date. Using in vivo and in vitro models of ICH, we have
demonstrated here that the Hp of the brain is almost exclusively
synthesized by oligodendrocytes. Although some previous stud-
ies suggested presence of Hp in the astroglia in hippocampus after
global ischemia (Lee et al., 2002), blood clot in subarachnoid
(Borsody et al., 2006) and in neutrophils (Theilgaard-Moénch et
al., 2006), our present study failed to detect Hp in brain cells other

Hp is expressed by oligodendroglia and its expression is stimulated by SF. A, Photomicrograph of MBP-
immunolabeled oligodendrocyte expressing Hp. The mixed neuronal— glial cocultures were incubated with 1 um SF for 24 h and
then immunolabeled for MBP (a) (green) and Hp (b) (red). ¢, Merged image of MBP and Hp. The nuclei were visualized with
Hoechst 33258 (blue). Note that, among all cells in the field, only MBP-positive cell is immunopositive for Hp. Hp proteins are
detected in the soma and fine processes of MBP-positive cells. Scale bar, 100 wm. B, Photograph of RT-PCR product for Hp on
representative agarose gel (mRNA, top panel) and Hp immunoblot (protein, bottom panel), illustrating levels of Hp expression in
the oligodendroglia-enriched cultures in absence (CON) or presence of SF (1 mfor 24 h). €, Bar graph quantifying Hp proteinin the
oligodendrocyte-enriched culture media, at 48 h after treatment with 0.1~2 rum SF, determined by ELISA. *p << 0.05 from vehicle

we determined by the reduced damage to
axon-specific proteins, neurofilament,
and Tau in the hematoma-affected brain.
Similarly, a reduced damage to neurofila-
ment was observed in animals subjected
to ICH and treated with SF (data not in-
cluded), the intervention associated with
increased Hp expression (see below), fur-
ther supporting the evidence for an im-
portant role of Hp in protecting axons
after ICH. Finally, oligodendroglia are
also present in the gray matter in which
they could play a protective role in context of lobar hemorrhage.

Oligodendrocytes themselves are highly vulnerable to oxida-
tive stress (Juurlink et al., 1998; Dewar et al., 2003; McTigue and
Tripathi, 2008) and could easily be damaged by hemolytic prod-
ucts, an event that we propose could be prevented by Hp. In
agreement with this notion, the Hp-overexpressing oligodendro-
cytes in culture showed decreased loss of MBP on exposure to
hemolytic products, compared with oligodendroglia from Hp-
deficient mice. This suggests that Hp is cytoprotective not only to
neurons but also to oligodendrocytes, cells that produce Hp.

We and others have recently shown that Nrf2, a ubiquitous
pleiotropic transcription factor and a key genomic homeostatic
regulator of intracellular stress (Moi et al., 1994), protects the
brain from damage caused by ICH in rodents (Wang et al., 2007;
Zhao et al., 2007b). The original interpretation of these results
was that Nrf2-mediated mobilization of self-defense enzymes
such as catalase, superoxide dysmutase-1, or glutathione trans-
ferase protects the brain by preventing oxidative damage caused
by ICH. Our present study identifies Hp as an additional factor
contributing to the protective effects of the Nrf2. Nrf2 activator,
SF, used under conditions that reduced ICH-mediated brain
damage (Zhao et al., 2007b), is uniquely effective in mobilizing
expression of Hp in the ICH-affected brain and peripheral blood.
Similarly, SF applied to primary neuron-—glial cocultures under con-
ditions demonstrated to increase Hp expression (Fig. 6) was effective
in reducing damage to cultured cells subjected to ICH-like injury
(data not included). These findings are overall consistent with the
previous studies identifying Hp as target of Nrf2, based on the tran-
scriptional pattern of gene expression, in the small intestines of Nrf2
wild-type and deficient mice (Thimmulappa et al., 2002).

The exact mechanism underlying the beneficial role of Hp in
ICH is not entirely clear. Even though neutralization of Hb ap-
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whether Hp could ameliorate this damage
as it does toward Hb toxicity. The results
of this experiment showed that Hp is in-
effective in blocking NMDA-induced ex-
citotoxicity, suggesting that it is unlikely
that Hp protects neurons via a mechanism
producing generalized resistance to dele-
terious stimuli.

In conclusion, our present study
showed for the first time that (1) Hp is
important for protecting brain from
damage caused by ICH, (2) Hp can be
synthesized locally in the brain by oligo-
dendroglia and released into the extracel-
lular space in which it can protect brain
cells from damage mediated by hemolytic
products, and (3) that activation of tran-
scription factor Nrf2 with SF stimulates
production of circulating and brain Hp,
thus suggesting its therapeutic usefulness
for diseases associated with hemolytic
product toxicity, including ICH.

Figure 7.
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A, Bar graph illustrating LDH release by 15-d-old mouse neurons in culture subjected to “ICH-like” injury (lysed RBC
plus hypoxia) in the presence of conditioned media from OEC prepared from either Hp-KO or Hp-Tg mice or blank (control) media.
The conditioned or blank medium was transferred into the neuronal culture (replacing two-thirds volume of the media used to
grow neurons) and incubated for 15 min before induction of ICH-like injury. The cytotoxicity level after media transfer (before
injury; 0h) and at 24 h with and withoutinduction of injury was assessed by the analysis of LDH released into the culture media. The
LDH release is expressed as optical density. The data are calculated as mean == SEM (n = 3). *p = 0.05 from Hp-KO. B, Bar graph
of LDH release by Hp-deficient (Hp-KO) and Hp-overexpressing (Hp-Tg) OECon injury induced by exposure to RBClysates. The levels
of LDH released into culture media during first 16 h after induction of the insult are expressed as fold increase over the control
(without RBC lysate). The data are calculated as mean == SEM (n = 6). *p =< 0.05 from Hp-KO. C, Representative photomicrograph
of OEC from Hp-KO or Hp-Tg mice that were exposed to RBC lysates for 16 h. Oligodendroglia were visualized by immunostaining
for MBP. Note that the oligodendrocytes overexpressing Hp (Hp-Tg) show better-preserved morphology, compared with Hp-
deficient (Hp-KO) ones. Scale bar, 50 wm. D, Representative Western blot for MBP as determined in homogenates from OEC

exposed to Tor 3 um Hb in the presence or absence of 4.5 um Hp for 24 h. *p < 0.05 from control (Cont).
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