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Abstract

Hemoglobin is the oxygen carrier in vertebrate blood erythrocytes. Here we report that
hemoglobin chains are expressed in mammalian brain neurons and are regulated by a
mitochondrial toxin. Transcriptome analyses of laser-capture microdissected nigral dopaminergic
neurons in rats and striatal neurons in mice revealed the presence of hemoglobin a, adult chain 2
(Hba-a2) and hemoglobin B (Hbb) transcripts, whereas other erythroid markers were not detected.
Quantitative reverse transcriptase-polymerase chain reaction (RT-PCR) analysis confirmed the
expression of Hba-a2 and Hbb in nigral dopaminergic neurons, striatal y-aminobutyric acid
(GABA)ergic neurons, and cortical pyramidal neurons in rats. Combined in situ hybridization
histochemistry and immunohistochemistry with the neuronal marker neuronal nuclear antigen
(NeuN) in rat brain further confirmed the presence of hemoglobin mMRNAS in neurons.
Immunohistochemistry identified hemoglobin a- and B-chains in both rat and human brains, and
hemoglobin proteins were detected by Western blotting in whole rat brain tissue as well as in
cultures of mesencephalic neurons, further excluding the possibility of blood contamination.
Systemic administration of the mitochondrial inhibitor rotenone (2 mg/kg/d, 7d, s.c.) induced a
marked decrease in Hba-a2 and Hbb but not neuroglobin or cytoglobin mRNA in transcriptome
analyses of nigral dopaminergic neurons. Quantitative RT-PCR confirmed the transcriptional
downregulation of Hba-a2 and Hbb in nigral, striatal, and cortical neurons. Thus, hemoglobin
chains are expressed in neurons and are regulated by treatments that affect mitochondria, opening
up the possibility that they may play a novel role in neuronal function and response to injury.
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Vertebrate blood hemoglobin consists of a tetrameric structure including two o and two 8
hemoglobin chains (a2p2), each with its own heme moiety, which cooperate in binding and
release of oxygen (Mills and Ackers, 1979). Monomeric globin chains containing a heme
prosthetic group (Fe-protoporphyrin IX) can reversibly bind the gaseous ligands nitric oxide
(NO), carbon monoxide (CO), and oxygen and are present in bacteria, fungi, plants, and
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invertebrate animals (Hardison, 1998). Recently, hemoglobin monomers have been found in
vertebrate tissues other than blood, including macrophages (Liu et al., 1999), alveolar
epithelial cells (Newton et al., 2006), the lens of the eye (Wride et al., 2003), and isolated
myelin (Setton-Avruj et al., 2007), indicating that they are not restricted to the erythroid
lineage, as previously assumed.

Neuronal tissue is highly metabolically active and generates high levels of nitrogen and
oxygen-derived radicals (Lin and Beal, 2006). In view of their known role in blood, heme-
containing globins might be involved in regulation of cellular respiration and oxidative
stress in neurons. Neurons express important regulators of hemoglobin expression including
the erythropoietin receptor, erythropoietin, and the hypoxiainducible factor HIF1a (Masuda
etal., 1994; Digicaylioglu et al., 1995; Stroka et al., 2001). However, it is unknown whether
they also express hemoglobin proteins. Here we demonstrate mMRNA and protein expression
of hemoglobin chains in neurons by conducting gene expression analyses of laser-captured
neurons in rats and mice, combined with protein expression analyses in rat and human brain
tissue. In addition, we show that hemoglobin gene expression is markedly decreased in
neurons after in vivo treatment with low doses of the mitochondrial toxin rotenone. These
findings reveal a previously unknown presence in neurons of a key blood component that
has been shown to participate in maintaining the oxidant/antioxidant balance in cells
(Cimen, 2008).

MATERIALS AND METHODS

Gene array analyses of neurons

Cell type-specific transcriptome analyses were conducted with laser-capture microdissected
tyrosine hydroxylase (TH)-positive neurons of the substantia nigra pars compacta (SNC) in
rats and TH-positive neurons of the SNC as well as parvalbumin (PV)-positive and -negative
striatal neurons in mice. Adult male Lewis rats (Charles River Labs, Portage, MI) were used,
and experiments were conducted in accordance with the United States Public Health Service
Guide for the Care and Use of Laboratory Animals. Procedures were approved by the
Institutional Animal Care and Use Committee at the US Army Medical Detachment Brooks
City-Base, San Antonio, and University of California, Los Angeles. Animals received a
continuous subcutaneous injection of either rotenone at 2 mg/kg/d or vehicle
(dimethylsulfoxide and polyethyleneglycol) for 1 week via Alzet minipumps (Durect,
Cupertino, CA). At the end of the treatment period animals were decapitated and the brain
immediately frozen at —70°C. For laser-capture microdissection (LCM) of dopaminergic
neurons, the midbrain area containing the substantia nigra was cut in 10-um serial sections,
quickly immunostained for TH, and counterstained with cresyl violet as described
previously (Meurers et al., 2008).

In brief, following ethanol fixation for 1 minute, sections were incubated with a polyclonal
primary and a biotinylated secondary antibody (Chemicon, Temecula, CA) for 5 minutes
each. The Vectastain Elite ABC Kit and the DAB Substrate Kit (both from Vector,
Burlingame, CA), which were applied to the sections for 3 minutes each, were used for
chromogenic detection of antibody binding. Sections were rinsed in 1x phosphate-buffered
saline (PBS) between each incubation step. For visualization of TH-negative neurons,
sections were counterstained with cresyl violet for 1 minute. This step increases the
selectivity of the LCM, as it decreases the probability of contaminating the TH-positive
samples with TH-negative cells. The entire procedure was carried out under RNase-free
conditions. Duplicate samples of 200 TH-positive neurons were collected from each animal.
RNA extraction and the first round of T7-based mMRNA amplification were performed as
described previously (Kamme et al., 2004; Meurers et al., 2008) followed by a second round
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of amplification with the Affymetrix IVT labeling kit (Affymetrix, Santa Clara, CA) for
Affymetrix oligonucleotide microarrays (whole genome array 230 or 430 2.0).

Samples derived from mouse TH-positive neurons of the SNC were generated with a
comparable protocol. PV-positive neurons and PV-negative medium-sized spiny neurons
were captured from the striatum of mice expressing green fluorescent protein (GFP) under
the control of the Gadl (previously known as GAD67) promoter (Chattopadhyaya et al.,
2004). As described in detail in Chattopadhyaya et al. (2004), Gad1-GFP mice were
generated by using a cell type-specific promoter and bacterial artificial chromosome (BAC)
engineering. A BAC clone containing the entire Gadl gene and 60 kb of upstream and
downstream regions was used for BAC modifications. GFP expression cassettes were
inserted in the first coding exon at the translation initiation site of the gene of interest. From
the resulting transgenic founders a line was chosen in which the GFP expression pattern was
restricted to PV+ neurons in different brain regions including the striatum. Transcriptome
analyses of GFP-positive neurons in these mice have confirmed the expression of the
transgene selectively in neurons also expressing PV mRNA (Meurers and Chesselet,
unpublished observations).

The scanned microarray image files were imported into the R statistical software package
(The R Foundation for Statistical Computing, www.r-project.org). Within R (version 2.2.1)
the Bioconductor package (version 1.6) was used to perform GCRMA background
correction and quantile normalization of the data. Computation of the expression indices was
based on the GCRMA method (Wu and Dewey, 2003). The gene expression values for the
duplicate samples of each animal were averaged to one sample value. Differentially
expressed genes were identified based on two criteria: a present-absent call ratio larger than
1 (>50% present), and a two-way analysis of variance (ANOVA) model with gene
expression as the outcome and group, treatment, and group-by-treatment interaction as the
terms of the model. Calculation of the false discovery rate (FDR) was based on the empirical
Bayes methodology discussed in (Efron and Tibshirani, 2002). All statistical analyses were
performed by using R.

Quantitative real-time PCR analyses of selected neuronal populations

Cell type-specific gene expression analyses were conducted with laser-capture
microdissected neurons from different brain regions in rats. On average 150 cells were laser
dissected for each gene and cell type, and nonamplified RNA samples were used for
quantitative polymerase chain reaction (qQPCR) experiments as described previously
(Meurers et al., 2008). Samples contained TH-positive neurons from the SNC, cortical
pyramidal neurons, or medium-sized spiny striatal y-aminobutyric acid (GABA)ergic
neurons from rats treated with rotenone or vehicle. g°PCR experiments were carried out in an
ABI Prism 7900HT sequence detection system (ABI, Foster City, CA) or a Roche
LightCycler 480 by using the Roche LightCycler FastStart DNA MasterPLUS SYBR Green
I mix (Roche Diagnostics, Mannheim, Germany). All samples including serial plasmid
dilutions for generating standard curves were run in triplicate. Primers were added at a final
concentration of 400 nM. Aldehyde reductase (Akrlal) and cyclophilin A (Ppia) were used
for normalization of RNA content. These genes were chosen because they are abundantly
expressed and the results of the prior array analysis demonstrated a lack of treatment-
dependent changes in expression levels.

For each gene standard curves were generated from 10-fold serial dilutions of plasmid
clones. Average mRNA quantities of both genes were calculated for each sample and the
combined values served as normalization factors. Calculation of absolute quantities was
performed on the ABI Prism 7900HT or LightCycler 480 software. Statistical significance
of group differences was determined by t-tests using P values < 0.05 as a cutoff. The
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specificity of the amplicons was determined by sequencing of the gel-purified gPCR
products.

In situ hybridization histochemistry

Coronal sections (10 um) were cut from frozen brains of untreated rats on a cryostat and
mounted on charged glass slides. Experiments were performed on sections of the SNC
(4.50-5.40 mm posterior to bregma) based on the atlas of Paxinos and Franklin (2001). Two
non-overlapping hybridization probes coding for Hba-a2 and three different (two non-
overlapping) hybridization probes coding for Hbb were generated from expressed sequence
tag (EST) clones containing the 3’ ends of the respective genes or from PCR products that
had been amplified with T3 and T7 sequences attached to the 5’ end of the gene-specific
primers. Prior to synthesis of the RNA probes, all clone inserts and PCR products were
sequence verified. The RNA probes were synthesized by appropriate transcription
polymerases in the presence of a digoxigenin-substituted nucleotide (dig-UTP) and an
inhibitor of RNAse according to standard protocols (incubation for 2 hours at 37°C). The
labeled RNA was purified with the Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA)
following the manufacturer's protocol.

In situ hybridization histochemistry was performed as follows. Frozen sections were quickly
dried on a metal surface at 37°C, fixed in 4% paraformaldehyde (PFA) for 20 minutes,
equilibrated in 5x standard sodium citrate (SSC), and prehybridized in humid chambers for
2 hours at 58-62°C in hybridization buffer (50% formamide, 40 pg/ml salmon sperm DNA,
5x SSC) without riboprobes. Thereafter the sections were incubated with RNA probe diluted
in hybridization buffer at a concentration of 1 ng/ul at 58 —70°C for 16 hours.
Posthybridization treatments included two washes in 2x and 0.1x SSC at 65-70°C for 1
hour, incubation with anti-digoxigenin alkaline phosphatase (1:1,000) for 2 hours, and
development with 5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt (BCIP) and nitro-
blue tetrazolium chloride (NBT) at room temperature overnight. Finally the sections were
rinsed in TE buffer (10 mM Tris-HCI and 1 mM EDTA), and the background was removed
by incubation in 95% ethanol. After rehydration the sections were processed for a quick
neutral red counterstaining and dehydrated in increasing concentrations of ethanol, cleared
in xylene, and coverslipped with DPX (Sigma, St. Louis, MO).

For combined in situ hybridization histochemistry and neuronal nuclear antigen (NeuN)
immunohistochemistry, sections were first processed for quick NeuN immunostaining
(mouse anti-NeuN, 1:100, Millipore, Bedford, MA) as described above for the TH staining
followed by in situ hybridization. The NeuN antibody from Millipore has been widely used
and has been characterized as described previously (Mignon et al., 2005).

Immunohistochemistry

Untreated adult male Lewis rats were anesthetized with pentobarbital (100 mg/kg i.p.) and
intracardially perfused with 0.1 M PBS followed by ice-cold 4% PFA. Brains were quickly
removed, postfixed for 12 hours in 4% PFA, and rapidly frozen on dry ice. Forty-
micrometer free-floating coronal sections were collected for immunostaining. In addition,
paraffin-embedded human brain sections (3—4 um; female control case, age 54 years) from
selected brain regions were processed for immunohistochemistry. Sections were stained
following standard protocols by using hemoglobin antiserum and antibodies against
hemoglobin a-or B-chain (see Table 1 for the origins and concentrations of antibodies).
Sections were washed in 0.1 M PBS (pH 7.6) and incubated in 2% hydrogen peroxide for 30
minutes to block endogenous peroxidases, rinsed, and then preincubated for 1 hour in a
blocking solution (10 % normal serum, 0.3 % Triton X-100 in Tris-buffered saline [TBS; pH
7.6]). Thereafter, the sections were transferred into the primary antibody with 2% normal
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serum for 20 hours and after rinsing placed for 1 hour in conjugated secondary antibody (see
Table 1). For biotin labeling the avidin-biotin complex method was used to detect the
secondary antibody (ABC elite kit, Vector), and the reaction product was visualized with
3,3'-diaminobenzidine (DAB). The sections were mounted on glass slides, air-dried,
dehydrated, and coverslipped with DPX. Human brain sections were counterstained with
hematoxylin for nuclear staining.

Western blot

Whole rat brain tissue and postnatal midbrain primary cell cultures from rats were used for
protein extraction. Brain tissue was taken from rats that were intracardially perfused with 0.1
M PBS to minimize blood pollution. Samples from a midbrain cell culture enriched for
neurons were washed three times with 0.1 M phosphate buffer before harvesting. Red blood
cells concentrated by centrifugation of a rat blood sample were used as positive controls.
After protein extraction in warm extraction buffer (1% sodium dodecyl sulfate [SDS],
protease inhibitor) the protein concentration was determined by the Bradford method (Bio-
Rad, Hercules, CA) followed by denaturation in 1x Laemmli buffer at 100°C for 5 minutes.
A 12% SDS-polyacrylamide electrophoresis gel was loaded with maximal 50 pg protein per
lane and electrotransferred to PVDF membrane with a Semi-Dry Transfer Unit (Bio-Rad).
The blot was incubated with a hemoglobin antiserum at 4°C overnight. Following repeated
washes, the membrane was incubated with secondary, horseradish peroxidase-labeled
antibody (Millipore, 1:20,000), washed, and developed with a chemiluminescent substrate
(SuperSignal West Pico; Thermo Scientific, Rockford, IL) according to the manufacturer's
instructions. Finally, an x-ray film was exposed to the lumines-cent membrane followed by
development. Molecular masses were determined by using a parallel processed protein
standard (Precision plus protein standards, Bio-Rad). Chromogenic images were acquired
with a Zeiss Axioskop microscope (Zeiss, Gottingen, Germany) and a Spot digital camera
(Diagnostic Instruments, Sterling Heights, MI) and adjusted for brightness and contrast by
using Photoshop 6.0 (Adobe Systems, San Jose, CA) and CoreDRAW(R) Graphics Suite
12.0 (Corel, Mountain View, CA).

Antibody characterization

The antibody against rat hemoglobin a-chain (#31333, Santa Cruz Biotechnology, Santa
Cruz, CA) used for immunohistochemical studies recognizes a single band of ~16 kDa, the
MW of the monomeric hemoglobin a-chain, in Western blot analyses of mouse heart
(manufacturer's datasheet). Specificity is further supported by a decrease in immunoblot
signal detected with this antibody in mouse erythroleukemia (MEL) cells treated with an a-
hemoglobin siRNA (Voon et al., 2008). In our study, a positive control for hemoglobin
detection with this antibody was provided by staining of erythrocytes by
immunohistochemistry in brain tissue sections, and specificity was confirmed by elimination
of the staining by preincubation of the primary antibody with the corresponding blocking
peptide (antigen from Santa Cruz Biotechnology) at fivefold excess (see Results). The
labeling pattern was similar in cell bodies to that observed with two non-overlapping RNA
probes complementary to rat hemoglobin a-chain (Hba-2a; see Results).

The antibody against rat hemoglobin -chain (#31116, Santa Cruz Biotechnology) used for
immunohistochemical studies recognizes a single band of ~16 kDa, the MW of the
monomeric hemoglobin B-chain, in Western blot analyses of rat peripheral blood leukocyte
(PBL) whole cell lysate (manufacturer's datasheet). Selectivity for the p-chain of
hemoglobin is further supported by detection of an unchanged immunoblot signal in MEL
cells treated with a-hemoglobin siRNA (Voon et al., 2008). In our study, a positive control
for hemoglobin detection with this antibody was provided by staining of erythrocytes by
immunohistochemistry in brain tissue sections, and specificity was confirmed by elimination
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of the staining by preincubation of the primary antibody with the corresponding blocking
peptide (antigen from Santa Cruz) at fivefold excess (see Results). The labeling pattern was
similar in cell bodies to that observed with two non-overlapping RNA probes
complementary to rat hemoglobin B-chain (see Results).

The antibody against human hemoglobin a-chain (#31110, Santa Cruz Biotechnology) used
for immunohistochemical studies recognizes a single band of ~16 kDa in Western blot
analyses of TF-1, HEL 92.1.7, and K-562 whole cell lysates (manufacturer's datasheet) and
specifically stained the typical ~16-kDa band of a-hemoglobin monomer in Western blots of
total cellular extracts of cultured nucleated human erythro-blasts with high sensitivity
(Suzuki et al., 2008). This antibody specifically stained hemoglobin proteins in Western
blots of purified human hemoglobin (Newton et al., 2006). The presence of a-hemoglobin
chains in the ~16-kDa gel band could be verified by sequencing using tandem mass
spectrometry (Newton et al., 2006). In our study, a positive control for hemoglobin detection
with this antibody was provided by staining of erythrocytes by immunohistochemistry in
human brain tissue sections (see Results). As described in the Results section, this antibody
showed a staining pattern in human brain tissue that was comparable to the specific staining
we found with the a-hemoglobin antibody used in rat brain tissue.

The antibody against human hemoglobin p-chain (#21757, Santa Cruz Biotechnology) used
for immunohistochemical studies recognizes a single band of ~16 kDa in Western blot
analyses of TF-1 whole cell lysate (manufacturer's datasheet) and specifically stained the
typical ~16-kDa band of B-hemoglobin monomer in Western blots with total cellular
extracts of cultured nucleated human erythroblasts with high sensitivity (Suzuki et al.,
2008). This antibody was successfully used to confirm different expression levels of -
hemoglobin RNA in several cancer cell lines by immunohistochemical analyses (Onda et al.,
2005). In addition, the hemoglobin B-chain antibody was shown to specifically identify
erythrocytes in flow cytometry (manufacturer's datasheet). In our study, a positive control
for hemoglobin detection with this antibody was provided by staining of erythrocytes by
immunohistochemistry in human brain tissue sections (see Results). As described in the
Results section, this antibody showed a staining pattern in human brain tissue that was
comparable to the specific staining we found with the 3-hemoglobin antibody used in rat
brain tissue.

The anti-hemoglobin antibody used for immunoblotting (#H4890, Sigma) labeled a single
band at ~16 kDa in immunoblots of crude human cerebellar proteins (Slemmon et al., 1994)
and red blood cells (Dupuy and Engelman, 2008) and showed strong reactivity with human
hemoglobin at 1 mg/ml (Sigma Product Information Sheet no. H4890). In our study, staining
of the positive control (protein extracted from rat blood) resulted in strong and highly
selective bands for the hemoglobin tetramer (~64 kDa), dimer (~32 kDa), and monomer
(~16 kDa) (see Results, Fig. 3 discussion). Staining of rat brain sections with this antibody
showed a staining pattern similar to the patterns achieved with the specific anti-rat a-and -
hemoglobin antibodies (data not shown).

The NeuN and TH antibodies from Millipore have been widely used and characterized as
described previously for NeuN in Mignon et al. (2005) and for TH in Meurers et al. (2008).
The NeuN antibody MAB377 (Millipore) has been extensively characterized and recognized
the 46- and 48-kDa isoforms of NeuN as shown by Western blot and electro-phoretic
separation of crude nuclear fraction of adult mouse brain (Lind et al., 2005). To ensure the
specificity of the anti-body against TH (#AB152, Millipore), we laser-capture micro-
dissected neurons from the substantia nigra that have been labeled with this antibody and
obtained a sample of neurons that express TH but not GAD1 as verified by PCR (Meurers et
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al., 2008). Staining for NeuN and TH in our study gave similar results to those documented
in the literature (Zhu et al., 2004; Mignon et al., 2005; Meurers et al., 2008).

a- and B-chain mRNAs are present in neurons

Evidence for hemoglobin gene expression was an unexpected discovery in cell type-specific
transcriptome analyses conducted with laser-capture microdissected neurons from different
brain regions in rats (microarray data published in supplemental information in Meurers et
al., 2008) and mice. Gene expression profiles from TH-positive neurons of the SNC neurons
of the rat revealed the presence of mMRNA for hemoglobin alpha, adult chain 2 (Hba-a2) and
globin, alpha, as well as hemoglobin, beta (Hbb) and beta-glo (Table 2). Rat Hba-a2 and
globin, alpha have a nearly identical sequence and are located side by side on the a-globin
gene cluster, showing that Hbb and beta-glo are highly homologous members of the f3-
globin gene cluster (Fig. 1A). Hemoglobin transcripts were also expressed by neurons from
mouse SNC and striatum (data not shown). The absence of the erythroid marker GATA
binding protein 1 (Gatal) and erythroid-associated factor (Eraf) confirms that hemoglobin
gene expression in nigral neurons was most likely not the result of blood contamination.
However, mRNAs for transcription factors related to hemoglobin expression such as Hifl a,
Gata2, and Gata3 were present in our array data (Table 2).

Real time gPCR analysis of nonamplified mRNA samples from recaptured nigral
dopaminergic neurons from rats, cortical pyramidal neurons, and striatal GABAergic
projection neurons confirmed the expression of hemoglobin mRNAs in neurons (Fig. 1B).
The specific primers (Supplementary Table S1) distinguished between the homologous
members of the a-globin or B-globin gene cluster as ensured by sequencing of the gPCR
product. Table 3 summarizes the specificity of the different techniques used in this study for
homologous genes and their products.

In situ hybridization histochemistry confirmed the presence of hemoglobin mRNAs in
neurons of all layers of the rat cerebral cortex and hippocampus, and in the SNC (Fig. 1C, a—
f). Combined in situ hybridization histochemistry and immunohistochemistry for the
neuronal marker NeuN showed cells clearly double labeled for NeuN and hemoglobin chain
mRNAs (Fig. 1C, g-i). The negative controls with sense RNA probes were devoid of
specific hybridization signal, as shown under identical experimental conditions for the
hippocampus and the SNC (Supplementary Fig. S1). To further control the specificity of the
in situ hybridization signal for hemoglobin chain mMRNAs, we created a second RNA probe
for Hba-a2 and two further RNA probes for non-overlapping regions of Hbb. A positive
signal was observed with these probes, as shown in the hippocampus and SNC for Hbb, with
no signal detected with the corresponding sense probes (Supplementary Fig. S2).

chains are present in rat and human neurons

Immunohistochemistry with polyclonal antibodies that are specific for rat hemoglobin a-
chain or rat hemoglobin B-chain revealed strong labeling for both hemoglobin chains in rat
neurons (Fig. 2A-F). Hemoglobin chains were also expressed in human neurons, as shown
by immunohistochemistry using polyclonal primary antibodies specifically raised against
human a-hemoglobin chains or human B-hemoglobin chains (Fig. 2G-L). Erythrocytes that
remained after perfusion in brain tissue provided a positive control for hemoglobin proteins.
Although hemoglobin a-chains seemed to be mostly present in the cell body and nucleus
(Fig. 2A,D,G,J), hemoglobin B-chains were also present in cellular processes (Fig.
2B,E,H,K). In human brain sections the staining was not uniformly distributed in the
cytoplasm but formed a granular pattern. As a result, staining was inconclusive in the SNC,
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as hemoglobin chain staining could not be distinguished from the granular neuromelanin
present in the dopaminergic neurons of the SNC (data not shown). Further analyses of the
signal distribution revealed strong positive staining for hemoglobin a-chains in the cortex,
basal ganglia structures, hippocampus, and hypothalamus and for hemoglobin p-chains in
cortical and thalamic dendrites, hippocampal cells and processes, and substantia nigra pars
reticulata of rat and human brains. Control sections with omitted primary antibody, normal
serum IgG, or primary antibody blocked with the specific blocking peptide did not show a
comparable staining pattern (Fig. 2C,F,I,L).

Western blots from whole rat brain tissue and postnatal midbrain cell cultures enriched in
neurons confirmed the presence of a hemoglobin protein with the correct molecular weight
in neurons. The use of cultured neurons excluded the possibility that the hemoglobin protein
detected could be derived from blood contamination. The blot was probed with whole
hemoglobin antiserum. For positive control, protein extracted from rat blood was loaded in
different concentrations, resulting in strong bands for the hemoglobin tetramer, dimer, and
monomer, as expected from the high concentration of hemoglobin in blood (Fig. 3). Figure 3
shows the typical 16-kDa band of the monomeric hemoglobin a-or f-chains in protein
extracts from whole brain tissue and in cultured neuronal cells. In blots from whole brain
tissue that were overex-posed, but not in blots from cultured neuronal cells, weak bands of
higher molecular mass were also visible and might account for dimeric (~32 kDa) or
tetrameric (~64 kDa) hemoglobin proteins.

Hemoglobin chain mRNA expression is downregulated in response to mitochondrial

inhibition

Rats were treated systemically with low doses (2 mg/kg/d) of rotenone, an inhibitor of the
complex | of the mitochondrial respiratory chain (Zhu et al., 2004; Meurers et al., 2008).
Global gene expression analyses in nigral dopaminergic neurons revealed that Hba-a2/
globin, alpha and Hbb/beta-glo but not neuroglobin or cytoglobin were markedly decreased
after low-dose rotenone treatment compared with vehicle controls (Table 2). In fact,
hemoglobin genes showed the highest fold change in response to the toxin treatment in our
microarray data (for regulation of other genes, see Meurers et al., 2008). Subsequent gPCR
experiments confirmed a downregulation of these genes in dopaminergic neurons of the
SNC as well as in cortical pyramidal neurons and in GABAergic projection neurons of the
striatum in response to rotenone treatment (Fig. 1B).

DISCUSSION

Our results demonstrate mRNA and protein expression of a- and 3-globin chains in neurons.
We show that both hemoglobin chains are expressed in several brain regions and,
furthermore, that their levels of expression are regulated in neurons in vivo in response to
treatment with a mitochondrial toxin.

Hemoglobin chains are expressed in neurons

Gene expression profiling of laser-captured neurons of nigral, cortical, and striatal neurons
from rat brains clearly demonstrated the expression of the adult hemoglobin a- and -chain
mRNAs. Product sequencing and specifically designed primers even enabled us to
distinguish between highly homologous genes present in the a-globin or B-globin gene
cluster. In erythroid cells, Hba-a2 and Hbb have a higher expression level than globin, alpha
and beta-glo (Paunesku et al., 1990; Satoh et al., 1999). Our data support the expression of
all four genes in neurons but do not determine whether their expression levels differ in a
manner comparable to that of erythroid cells. Contamination of laser-capture microdissected
samples with reticulocytes, the only RNA-containing red blood cells (Riley et al., 2001), is
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unlikely but cannot be totally excluded. However, the absence of the two erythroid markers
Gatal and Eraf (Kihm et al., 2002; Ohneda and Yamamoto, 2002) in our microarray data
and a clearly intra-cellular signal in our in situ hybridization histochemistry data eliminate
this possibility.

Immunohistochemistry of rat and human brain sections confirmed the presence of
hemoglobin chains in brain neurons, with both chains present in the cell soma, and p-chains
in dendrites. Co-localization in the cell soma might support an assembly of hemoglobin a-
and p-chains into a hemoglobin tetramer (2a2B) as in blood cells. On Western blots, the
strongest signal was obtained for the typical ~16-kDa monomer, but bands with a low signal
in the molecular weight of dimers (~32 kDa) and tetramers (~64 kDa) were also present with
longer exposure, supporting the possibility of assembly of hemoglobin chains in neurons.
The presence of the monomeric hemoglobin chains in blood-free midbrain cell cultures,
which were enriched for neurons, further confirmed that the detected hemoglobin protein
was not derived from contamination with blood. We did not detect higher molecular bands
in this preparation. An assembly, however, is not necessary for a function of hemoglobin
monomers in neurons. Indeed, the affinity for oxygen of the a-or f-hemoglobin monomers is
much higher compared with that of the a2p32 tetramer (P50 monomer, ~1 torr/P50 tetramer,
~27 torr; Mills and Ackers, 1979; Wittenberg and Wittenberg, 1990), and hemoglobin
monomers are capable of binding CO and NO with very high affinity (Bellelli et al., 2006).

These binding affinities and related enzymatic activities account for the functions of
monomeric hemoglobin in plants, bacteria, and invertebrates and might be important in
neurons as well. Furthermore, isolated hemoglobin B-chains form stable tetramers (4) with
very high oxygen binding affinity, and hemoglobin a-chains form toxic precipitates if
present in excess (Valdes and Ackers, 1978; Kihm et al., 2002). It is conceivable that -
chains bind to free a-chains in the cell soma and that the excess forms hemoglobin -
tetramers that are also present in cell processes, a strategy that would avoid toxic a-chain
precipitates.

Regulation of hemoglobin monomers in the brain

NO is the strongest known ligand of the ferrous heme iron of hemoglobin, with a 500,000
times higher affinity than oxygen (Bellelli et al., 2006). All heme-containing globin
monomers discovered also function in binding products of NO metabolism and might
therefore protect cells against oxidative and nitrosative stress (Wilson and Reeder, 2008) or,
like myoglobin, might reduce nitrite to NO under hypoxia, for which high NO levels are
beneficial (Hendgen-Cotta et al., 2008). A possible role of hemoglobin chains in
mitochondrial respiration and regulation of the redox system is supported by our finding that
hemoglobin gene expression is strongly downregulated in neurons of rats treated with low
doses of rotenone. Treatment with rotenone has been described to result in inhibition of the
mitochondrial complex | and elevation of oxidative stress (Sherer et al., 2003).

Hemoglobin gene expression in erythroid cells is dependent on the activity of the a-subunit
of hypoxia-inducible factor 1 (HIF1a) (Wang and Semenza, 1993). Importantly, neurons
express and regulate HIF1a, erythropoietin, and the erythropoietin receptor (Digicaylioglu et
al., 1995; Stroka et al., 2001). Although HIF1a mRNA levels were unchanged in our
experimental conditions, inhibition of mitochondrial complex | under physiological levels of
NO may result in inactivation of HIF1a, which could then lead to the pronounced
downregulation of hemoglobin mRNA caused by rotenone in this study (Agani et al., 2000;
Mateo et al., 2003). Another possible mechanism of hemoglobin regulation might result
from reduction of free heme, which is a strong activator of globin-chain transcription
(Tsiftsoglou et al., 2006). Heme synthesis takes place in the mitochondria and is facilitated
by ferrochelatase, which inserts the ferrous iron molecule into a tetrapyrrole (Ajioka et al.,
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2006). Inhibition of mitochondrial function might therefore lead to decreased heme
synthesis.

Considering recent evidence that cells derived from the brain and from bone marrow share
common features and regulating factors (Brazelton et al., 2000; Goolsby et al., 2003), and
that the brain is the organ most sensitive to oxygen deprivation (LaManna, 2007), the
expression of hemoglobin chains in neurons, although novel, is not totally unexpected.
Indeed, hemoglobin-derived peptides have been described in the brain and there is ongoing
debate as to how hemoglobin or these metabolites can pass the blood-brain barrier. These
so-called hemorphines are ligands for opioid and AT4 receptors in the brain, with functional
implications that include analgesia but also memory retention and retrieval (Nyberg et al.,
1997). Our data support the hypothesis that neuronal hemoglobin is the precursor for
hemorphins. In summary, hemoglobin chains may have an unsuspected role in neuronal
survival and function and our findings should lead to further investigation of their
implications in a wide range of experimental situations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Hemoglobin a- and p-chain mMRNA expression. A: Arrangements of genes in the rat a- and
B-globin gene cluster (not to scale) with the respective ideogram. Adult a- and B-globin-like
gene products assemble to a2p32 hemoglobin in erythroid cells. Positions were taken from
the MapViewer (RGSC v3.4) at The National Center for Biotechnology Information (NCBI)
website. B: mMRNA levels (QPCR) of a- and p-globin gene expression in dopaminergic
neurons of the SNC, cortical pyramidal neurons, and striatal projection neurons. Con and rot
indicate samples from control (n = 6) and rotenone-treated (n = 6) animals, respectively.
Data are means £ SEM (*, P < 0.01; **, P < 0.001). C: In situ hybridization
immunohistochemistry with DIG-labeled RNA probes shows intense blue staining for Hba-
a2 (a—c) and Hbb (d-f) in the cortex (Cx; a,d), dentate gyrus of the hippocampus (DG; b,e),
and substantia nigra pars compacta (SNC; c,f). Cells containing hemoglobin -chain mMRNA
(blue) and the neuronal marker NeuN (brown nuclei) in the (g) cortex, (h) dentate gyrus, and
(i) SNC. Scale bar = 50 um in a—i (insets are 2.5-fold magnifications).
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Figure 2.

Hemoglobin a-or B-chains on 40-um rat brain sections (A—F) and 4-um human brain
sections (G-L). Hemoglobin a-chains (Hb a; A,D,G,J) and hemoglobin B-chains (Hb B;
B,E,H,K) are present in neurons, as shown in the rat and human (hu) cortex (Cx), the rat
substantia nigra pars compacta/substantia nigra pars reticulata (SNC/R), and the human
dentate gyrus of the hippocampus (DG), visible as brown staining. C, F, I, and L show
negative controls with blocked primary antibodies, 1gG control, or secondary antibody only.
Scale bar = 50 um in A-L; 10 umin insets to A,B,D,E,G,H,J,K.
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Figure 3.

Western blot with extracted protein from rat blood (0.25 pg and 8 ng), brain (50 pg), and
primary midbrain cultures enriched for neurons (“Neuron” 5 ug) probed with whole
hemoglobin antiserum. A strong band at 16 kDa is present in all lanes, which is indicative of
the presence of the hemoglobin chains monomers. Rat blood shows additional bands at 32
kDa (dimer) and 64 kDa (tetramer) with higher protein concentrations. Comparable-sized
bands also become visible in the brain sample after overexposure of the blot.
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Antigen

Immunogen

Manufacturer and source

Dilution

Hemoglobin a-chain (rat)

Hemoglobin a-chain (human)

Hemoglobin B-chain (rat)

Hemoglobin B-chain (human)
Hemoglobin protein
Neuronal nuclear antigen
(NeuN)

Tyrosine hydroxylase (TH)

Anti-goat IgG
Anti-rabbit 1gG

Synthetic peptide with sequence of aa
110-126 from mouse protein (P01942)1

Synthetic peptide with sequence of aa 63—
80 from human protein (P69905)1

Synthetic peptide with sequence of aa
109-129 from mouse protein (P02089)1

Purified human hemoglobin

Purified human hemoglobin

Purified cell nuclei from mouse brain
Denatured tyrosine hydroxylase from rat
pheochromocytoma

Goat IgG
Rabbit 1gG

Santa Cruz Biotechnology (Santa Cruz,
CA), goat 1gG polyclonal, #31333

Santa Cruz Biotechnology, goat IgG
polyclonal, #31110

Santa Cruz Biotechnology, goat 1gG
polyclonal, #31116

Santa Cruz Biotechnology, mouse 19gG;
monoclonal, #21757

Sigma-Aldrich (St. Louis, MO), rabbit
whole antiserum, #H4890

Millipore (Billerica, MA), mouse
monoclonal, #MAB377

Millipore, rabbit polyclonal, #AB152

Millipore, donkey polyclonal, #AP180P
Millipore, goat polyclonal, #AP132P

1:100-1:500

1:100

1:100-1:500

1:100

1:500

1:100

1:200

1:600-1:10,000
1:20,000

lSWissProt Accession Number (sequencing of immunogen by Alphalyse, Palo Alto, CA). aa, amino acids.
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TABLE 2
Hemoglobin-Related Genes (Microarray) in Rat Dopaminergic Neurons of the Substantia Nigra Pars
Compacta (SNC)
Gene title Gene symbol  Gene ID  Presence in SNC neurons  Fold change after rotenone treatment
Globin family
hemoglobin alpha, adult chain2  Hba-a2 25632 Present —17.66 (P =0.0006)
globin, alpha LOC287167 287167 Present
hemoglobin, beta Hbb 24440 Present —13.99 (P =0.0008)
beta-glo MGC72973 361619 Present
hemoglobin, alpha Hbgl 94164
hemoglobin, epsilon 1 Hbel 293267 Absent
hemoglobin, zeta Hbz 287168
hemoglobin, theta 1 Hbgl 303007
neuroglobin Ngb 85382 Present 1.17 (P =0.57)
cytoglobin Cygb 170520 Present 1.19(P=0.42)
myoglobin Mb 59108 Absent
Related transcription factors
hypoxia-inducible factor 1, alpha  Hifla 29560 Present 1.12 (P =0.30)
GATA binding protein 2 Gata2 25159 Present 1.44 (P =0.68)
GATA binding protein 3 Gata3 85471 Present 1.13 (P =0.43)
heme oxygenase Hmox1 362454 Present 1.06 (P =0.28)
Erythroid cell marker genes
erythroid-associated factor Eraf 293522 Absent
GATA binding protein 1 Gatal 25172 Absent
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TABLE 3

Specificity of Techniques Used in This Study for Different Globin mRNAs and Proteins’

mRNA/proteins

Technique Hbb beta-glo Hba-a2 globin-alpha
Microarray + +
Polymerase chain reaction (PCR) + + + +

In situ hybridization + +
Immunohistochemistry + +

Western blot +

1Summary of the selectivity of the various techniques used in this study to assess mMRNAs and proteins for the different globins. The bars/(+)
indicate whether the technique differentiates between individual globins or their MRNAs (PCR), only differentiates between the a- and B-globin
families (e.g., Microarray), or detects hemoglobins in general (Western blot).
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