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The mesencephalic dopaminergic (mDA) cell system is composed
of two major groups of projecting cells in the substantia nigra
(SN) (A9 neurons) and the ventral tegmental area (VTA) (A10
cells). A9 neurons form the nigrostriatal pathway and are
involved in regulating voluntary movements and postural re-
flexes. Their selective degeneration leads to Parkinson’s disease.
Here, we report that gene expression analysis of A9 dopami-
nergic neurons (DA) identifies transcripts for �- and �-chains of
hemoglobin (Hb). Globin immunoreactivity decorates the ma-
jority of A9 DA, a subpopulation of cortical and hippocampal
astrocytes and mature oligodendrocytes. This pattern of expres-
sion was confirmed in different mouse strains and in rat and
human. We show that Hb is expressed in the SN of human
postmortem brain. By microarray analysis of dopaminergic cell
lines overexpressing �- and �-globin chains, changes in genes
involved in O2 homeostasis and oxidative phopshorylation were
observed, linking Hb expression to mitochondrial function. Our
data suggest that the most famed oxygen-carrying globin is not
exclusively restricted to the blood, but it may play a role in the
normal physiology of the brain and neurodegenerative diseases.

astrocytes � hemoglobin � oligodendrocytes � oxidative phosphorylation �
Parkinson

Dopaminergic neurons (DA) are an anatomically and func-
tionally heterogeneous group of cells involved in a wide

range of neuronal network activities and behavior. Among them,
mesencephalic DA (mDA) are the major source of dopamine in
the brain. They present two main groups of projecting cells: the
A9 neurons of the substantia nigra (SN) and the A10 cells of the
ventral tegmental area (VTA).

A9 neurons form the nigrostriatal pathway and are involved
in regulating voluntary movements and postural ref lexes.
Their selective degeneration leads to Parkinson’s disease
(PD), and the loss of DA synapses in the striatum is believed
to be primary cause for the disruption of the ability to control
movements (1). A10 cells constitute the mesocorticolimbic
pathway, playing a fundamental role in reward and attention.
Their abnormal function has been linked to schizophrenia,
attention deficit, and addiction, whereas they are relatively
spared in PD (2).

The description of the repertory of genes of mDA neurons
may provide crucial information on their physiology and on the
mechanisms of cell-type specific dysfunction. Interestingly, in
previous gene expression profiling experiments, mDA cell
groups presented a limited number of differentially expressed
genes with A9-enriched transcripts mainly related to energy
metabolism and mitochondrial function (3–5).

A crucial requirement for metabolically active aerobic cells is
a steady supply of oxygen. To this purpose, hemoglobin (Hb)-like
molecules occur widely in organisms ranging from bacteria to
human (6). Vertebrate Hb is the oxygen- and carbon dioxide-
carrying protein in cells of erythroid lineage and is responsible
for oxygen delivery to the respiring tissues of the body. Addi-
tional vertebrate heme-containing proteins with structural ho-
mology to globin chains include cytoglobin, mostly described in
connective tissues (7), and neuroglobin, broadly expressed in the
brain (8).

Surprisingly, Hb chains have been recently detected in noner-
ythroid cells including macrophages, alveolar cells, eye’s lens, and
mesangial cells of the kidney (9–12).

By a combination of different gene expression platforms with
laser capture microdissection (LCM), we have identified the
transcripts of Hb �, adult chain 1 (Hba-a1), and Hb �, adult chain
1 (Hbb-b1) in A9 neurons. Interestingly, Hb immunoreactivity
(Hb-IR) decorated the large majority of A9 cells, whereas it
stained only �5% of A10 neurons. Furthermore, we detected Hb
expression in almost all oligodendrocytes and cortical and
hippocampal astrocytes and proved that this pattern of expres-
sion was conserved in mammals. Importantly, A9 DA neurons
from human postmortem brain showed Hb expression.

By gene expression analysis of mouse dopaminergic cell lines
stably transfected with �- and �-chains, we observed changes in
genes involved in O2 homeostasis and oxidative phosphorylation,
suggesting a link between Hb and mitochondrial activity.

These results open a scenario for a role for Hb in brain physiology
and PD pathogenesis.

Results
Identification of �- and �-Globin Transcripts by Expression Analysis of
A9 DA Neurons. To study the cellular physiology of A9 DA
neurons, we determined their gene expression profiles with two
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independent techniques: cDNA microarrays and a nanoscale
version of the cap analysis of gene expression (nanoCAGE). To
this purpose we took advantage of transgenic mice that selec-
tively express green fluorescent protein (GFP) in catecholamin-
ergic cells under the control of tyrosine hydroxylase (TH) gene
promoter (TH-GFP mice) (13). In this mouse line we can
identify the majority of mDA neurons for their GFP labeling.
Furthermore, we can distinguish A9 neurons from A10 for their
anatomical localization. Thus, LCM and pressure catapulting
were used to harvest A9 neurons after fixation with a zinc
fix-based method that assured the preservation of both tissue
morphology and RNA integrity. RNA was then used as template
in two different gene expression approaches.

In the cDNA microarray experiment, RNA was processed
with a �MACS amplification kit (Miltenyi), labeled, and used
as a target to monitor gene expression on a custom-made
cDNA microarray platform. All of the experiments were
performed in three biological replicates. The complete de-
scription of the transcripts expressed in A9 neurons will be
presented elsewhere. Interestingly, among the genes expressed
in A9 cells, transcripts for the �- and �-chains of mouse Hb
were identified.

For the nanoCAGE transcriptome analysis, 2000 A9 cells were
harvested, full-length cDNAs were produced and, after cleavage
with a class IIS restriction endonuclease, 5� end tags were
purified and sequenced by using the second generation of
sequencers. Finally, transcription start sites (TSS) were identi-
fied by mapping tags to the genome (15). This kind of analysis
unveiled TSS on the mouse chromosomes 11 and 7 in the
genomic regions corresponding to the 5� end of Hba-a1
(NM�008218.2) and Hbb-b1 (NM�008220.3) transcripts (Fig. 1A).
In Table S1 a list of nanoCAGE tags in A9 neurons is provided for
these two loci.

Therefore, cDNA microarray data and CAGE tags distribu-
tion suggested that A9 neurons express transcripts for �- and
�-chains of Hb.

To estimate potential blood contamination, we monitored the
expression of several erythrocyte-specific transcripts: no expres-
sion was detected for Rhag, Gypa, Alas2, Spna1, and Epb4.2.

Validation of the Expression of �- and �-Globin Transcripts in A9 DA
Cells. We then validated the expression of �- and �-globin
transcripts in A9 DA neurons by two independent approaches.

We studied the precise distribution of �- and �-globin
transcripts in the mouse midbrain by in situ hybridization.
Experimental procedures and antisense RNA probes were first
tested on bone marrow as a positive control for globin expres-
sion (Fig. S1). Brains were fixed by using conventional methods
after extensive perfusion with PBS to minimize blood con-
tamination. As shown in Fig. 1B, antisense probes gave specific
and reproducible signals in A9 neurons that were identified by
anti-TH immunoreactivity and anatomical localization. Inter-
estingly, a specific labeling for the antisense probe was also
evident in A10 neurons (Fig. S2). Higher magnification of the
merged images showed colocalization of the antisense signals
for each Hb chains in the cytosol of TH-positive A9 and A10
DA cells.

We then took advantage of LCM to collect 500 TH-GFP-positive
neurons for each mDA cell group. After RNA extraction and
cDNA synthesis, quantitative PCR (qPCR) amplification was car-
ried out to detect the expression of �- and �-globin. As visualized
in Fig. 1C, the qPCR showed that �- and �-globin transcripts were
2-fold more expressed in A9 than in A10 neurons.

Hb-IR Is Present in DA Neurons of the SN. To characterize Hb
expression at protein level, we took advantage of a commercial
antibody produced against highly purified total mouse Hb
(Cappel). For the high homology among proteins of the globin
family and the well-described expression of atypical globins in
neurons (7, 8), we first verified the repertory of immunoreac-
tivity of the Cappel antibody in immunofluorescence experi-
ments (Fig. S3a). We transfected HEK cells with expression
vectors carrying myc-tagged globin isoforms (Hba-a1, Hbb-b1,
Hba-x, Hbb-y, Hbb-bh1, and Hbq1) and atypical globins (Cygb,
Ngb, and Mg). Cappel antibody reactivity was then monitored in
parallel with anti-myc staining. A strong signal was obtained for
�-globin chain. A weaker labeling was also detected when the
Hbb-y embryonic chain was expressed. Importantly, no cross-
reaction was present with any of the atypical globins normally
expressed in neurons.

Therefore, an immunohistochemical analysis of the mouse
mesencephalon was carried out. To avoid strong reactivity
from blood cells, brains were extensively washed in PBS during
perfusion before fixation. Immunohistochemistry on mouse
midbrain revealed a complex pattern of protein expression
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Fig. 1. Expression of �- and �-globin transcripts in A9 and A10 neurons. (A) NanoCAGE tracks visualization concerning Hbb-a1 (Chr.11) and Hbb-b1 (Chr.7) gene
loci. A Genome Browser view is presented. A9 library is indicated, and the tags per million (TPM) for each gene are reported. The structure of Hbb-a1 and Hbb-b1
transcripts is depicted at the bottom. Transcriptional start sites (TSS) are indicated at the 5� untranscribed region of each transcript. (B) In situ hybridization of
�- and �-globin transcripts on A9 DA neurons: ventral midbrain slices were processed with antisense (AS) and sense (S) probes for the two globins transcripts.
DA neurons were visualized by immunohistochemistry using an anti-TH antibody (green). The overlay (merge) shows colocalization of the transcripts of �- and
�-globin in the cytoplasm of A9 neurons. Probes synthesis from sense transcripts were used as negative controls. The zoom offers magnifications of the area in
the boxes of the overlay images. (Scale bars: 20 �m.) (C) qPCR starting from 500 LCM-isolated neurons from A9 (black column) and A10 (grey column) regions
of the ventral midbrain of TH-GFP mice. TH, �-globin, and �-globin transcripts were amplified and the absence of blood contamination was evaluated by using
primers for Alas and Spna. �- and �-transcripts are more expressed in A9 neurons (�2-fold), four biological replicas, P � 0.05.
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(Fig. 2). In the SN, 65.8 � 6.1% of A9 DA neurons were
presenting Hb-IR. On the contrary, a very limited number of
DA neurons in the A10 region were stained (2.9 � 0.82%).
Interestingly, Hb-IR in mDA neurons was localized in both the
cytoplasm and the nucleus. Importantly, the specificity of the
antibody was further verified by competition assays using
mouse spleen extracts on midbrain sections (Fig. 2). Experi-
ments performed on brains without perfusion showed a strong
labeling of red blood cells that were clearly different in size,
location, and number from DA neurons (Fig. S4a). To further
confirm Hb-IR, we then used a second commercial antibody
against purified mouse Hb (ICL Labs). First, we proved that
its chain specificity pattern is limited to the detection of both
�- and �-chains and that no cross-reaction with other typical
or atypical globins was observed (Fig. S3b). Then we con-
firmed an extensive overlap of Hb-IR for DA neurons between
Cappel and ICL antibodies (Fig. S4b).

Because nanoCAGE data shows that both �- and �-chains
synthesis involve the same TSS used in blood, we investigated
whether the major transcription factors implicated in control-
ling primitive and definitive erythroid lineages may be involved
in mDA cells transcription. Notably, the expression of Gata
family members has been also described in the midbrain and
hindbrain (16, 17). Interestingly, as shown in Fig. S4c, several
DA neurons (�50%) were decorated for both Gata-1 and Hb
staining.

Additional Hb-IR Cells Are Present in Distinct Areas Throughout the
Brain. Together with mDA neurons (Fig. 3A Left), two additional
TH-negative cell types were labeled by the Cappel antibody in
brain sections.

Cell type I are large cells located in the cortex and the
hippocampus, faintly labeled in the cytoplasm and the nucleus
(approximate diameter: 15–18 �m) (Fig. 3A Center).

Cell type II are small cells widely diffused in all of the brain
regions analyzed, strongly labeled in the thin cytoplasm and
the nucleus (approximate diameter: 7–10 �m) (Fig. 3A Right).

To identify these cells, we carried out extensive double immu-
nohistochemistry on mouse midbrain slices with the Cappel anti-
body and antibodies specific for different neuronal and glial cell
populations (NG2, Iba-1, NeuN, GFAP, and CNP). As shown in
Fig. 3B, we found a specific and reproducible Hb-IR in a subpopu-
lation (73.2 � 4.8%) of hippocampal and cortical astrocytes labeled

with anti-GFAP antibody and in a large fraction (�99%) of mature
oligodendrocites, characterized by the expression of CNP.

Primary Cultures of Hb-IR Neuronal and Glial Cell Populations. We
studied globin expression at the mRNA and protein levels in
vitro on primary cultures obtained from dissociated mouse
ventral midbrain, cortex, or hippocampus. Immunof luores-
cence experiments confirmed the expression pattern observed
in vivo: Hb-IR was found in a subpopulation of TH-positive
DA neurons, cortical GFAP-positive astrocytes, and the large
majority of CNP-positive oligodendrocytes (Fig. 4A).

Taking advantage of TH-GFP, GFAP-GFP (Jackson Lab-
oratory), and CNP-GFP transgenic mice lines (18), we next
validated the expression of �- and �-chains transcripts after
resorting to FACS for purifying, respectively, mDA neurons,
astrocytes, and oligodendrocytes. After enzymatic digestion
and mechanical trituration of dissected regions, the cell sus-
pension was sequentially panned on four Bandeiraea Simplici-
folia lectin I-coated dishes (19). This step minimized endo-
thelial, microglial, and red blood cell contamination of the
preparation. Then, the FACS procedure was applied and
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Fig. 2. Hb protein is expressed in A9 and A10 DA neurons of mouse brain. A
double immunohistochemistry analysis using anti-Hb (red), anti-TH (green),
and DAPI (blue) is presented: nearly 70% of A9 but only 3% of A10 neurons
were double labeled for Hb and TH (merge). Hb staining is present in the
nucleus, except for the nucleolus, and in the cytoplasm. Adsorption of the
anti-Hb antibody with spleen extract completely prevents Hb staining (A9
comp). (Scale bar: 20 �m.)
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Fig. 3. Hb protein is expressed in different regions of the mouse brain. (A)
(Upper) Immunohistochemistry using anti-Hb antibody on mouse brain re-
vealed different Hb-IR cells: large neurons located in the ventral midbrain,
positive for TH (TH�); cell type I large cells located in the cortex (CTX) and
hippocampus (HIP); and cell type II small cells, widely diffused in all of the brain
regions tested and presenting a strong Hb-IR. (Scale bars: 20 �m.) (Lower) A
schematic representation of the morphologies of Hb-IR cells is presented. (B)
Double immunohistochemistry using anti-Hb antibody (red) together with
astrocytes and oligodendrocytes markers (GFAP and CNP, green). (Upper) In
the cortex (CTX) and in the hippocampus (HIP), Hb–IR cell type I colocalizes
with GFAP staining. (Lower) Hb-IR cell type II colocalizes with the oligoden-
drocytes marker CNP. Adsorption of the anti-Hb antibody with spleen extract
completely prevents Hb staining (� comp). (Scale bars: 20 �m.)
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GFP-positive cells were collected. FACS-purified cell culture
showed an elevated enrichment of the cells of interest (98% for
mDA, 96% for astrocytes, and 97.8% for oligodendrocytes).
RNA was then extracted from 2,000 GFP-positive cells for
each cell type and, after RT-PCR amplification, the specific
amplicons of �- and �-globins were observed in TH-, GFAP-,
and CNP-enriched cells (Fig. 4B). The identity of PCR prod-
ucts was confirmed by cloning and sequencing.

Hb-IR Pattern Is Conserved in Mammals. We then addressed whether
the characteristic pattern of globin expression described for
C57BL/6J line is conserved in different genetic backgrounds.
Immunohistochemistry of BALB/cJ, FVB/NJ, and CD-1 mouse
strains was carried out by showing the same morphological and
topographical organization of Hb-IR cells. Furthermore, Hb-IR
in mDA neurons, cortical and hippocampal astrocytes, and
oligodendrocytes was confirmed as early as postnatal day 6.
Importantly, other rodents, like Rattus norvegicus, presented the
same pattern of Hb-IR, as shown in Fig. S5a for the adult
mesencephalon.

We then analyzed the SN of human postmortem brains by two
different antibodies: a subset of TH-positive neurons was Hb-
immunoreactive, proving that Hb expression in the brain is
conserved from mouse to human (Fig. S5b).

Hb Overexpression on Mouse DA Cell Line MN9D Changes the Expres-
sion of Genes Involved in O2 Homeostasis and Mitochondrial Oxidative
Phosphorylation. We took advantage of the MN9D dopaminergic
cell line to address the function of Hb in DA neurons. RT-PCR
demonstrated that transcripts for �- and �-chains of mouse Hb
were indeed expressed. RNA from mouse blood was used as
positive control. By using a specific antibody against mouse Hb,
protein expression was detected by Western blot analysis al-
though Hb level was very low. By resorting to immunoprecipi-
tation, a clear band of 17 kDa was specifically enriched from cell
lysates (Fig. S6).

As Hb is likely to act as heterotetramer of two different
subunits, we took advantage of pBUDCE 4.1 vector to overex-
press both mouse globin chains in a series of stably transfected
MN9D cell lines (Fig. S7). The expression of �- and �-chains was
verified by qPCR and immunocytochemistry, and the presence
of �/� heterodimers was confirmed by coimmunoprecipitation
experiments (Fig. S7).

We then took advantage of the Affymetrix platform to inter-

rogate the GeneChip Mouse Genome 430A 2.0 Array for gene
expression differences between control and globin chain stable
cell lines (see Materials and Methods for details). The experiment
was carried out with three biological replicas.

A total of 4,617 genes was found to be differentially expressed
with a fold change �1.2. A total of 2,057 were up-regulated in
�- and �-chains over-expressing clones, and 2,560 were down-
regulated. qPCR confirmed microarrays data for all 14 genes
tested for validation. A complete list of genes is provided in
Table S2.

By applying Ingenuity software, two major pathways were
affected: O2 homeostasis and oxidative phopshorylation (Fig. 5).
Other changes were observed in genes involved in oxidative
stress, iron metabolism, and nitric oxide (NO) synthesis (Table
S3).

O2 homeostasis mainly occurs through the activity of Hif1a, a
transcription factor whose expression is decreased in globin-
overexpressing cells (Fig. 5) (20). Its physiological activity is
regulated by Egln3, a mediator of Hif1a hydroxylation, and Vhl
that targets Hif1a for degradation. The overexpression of �- and
�-chains decreased Vhl mRNA whereas it strongly increased
Egln3 transcripts. Interestingly, the expression of TH and Ret,
two targets of Hif1a, was also changed (Fig. 5).

Importantly, genes involved in mitochondrial oxidative phos-
phorylation were increased upon overexpression of Hb chains. A
total of 36 of 78 genes that encode for subunits of mitochondrial
complex I–V were up-regulated. This induction occurred mainly
in complex I (20 genes of 46) and to a lesser extent in complex
II (1 gene), III (3 genes), IV (6 genes), and V (5 genes).
Interestingly, the mitochondrial, proton carrier, uncoupling pro-
tein 2, was also strongly up-regulated.

Discussion
The first descriptions of globins in the nervous tissue date back
to the 19th century. More recently, globin-like molecules have
been detected in neurons of various invertebrates (6). In the
bivalve mollusc Tellina alternate, neural excitability is sustained
as long as oxygen can be delivered by a neural globin (21). In
Aplysia, a gastropod mollusc, the firing activity of the neural
ganglia is proportional to the degree of oxygenation of the neural
globin. Natural variation in a neural globin in Caenorhabditis
elegans strains has been linked to changes in electrophysiological
responses and sensory behaviors (22).
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Fig. 4. Primary cultures of DA neurons, astrocytes, and oligodendrocytes: immunofluorescence and RT-PCR. (A) Immunofluorescence on primary cultures of
DA neurons, cortical and hippocampal astrocytes, and oligodendrocytes. (Magnification: 63�.) Specific cell population markers (green) and Hb staining (red) are
shown. (B) RT-PCR results obtained from 2,000 single FACS-sorted cells. �- and �-globin transcripts and the population-specific markers (TH, GFAP, and CNP,
respectively) were amplified (�). The absence of blood contamination was evaluated by using primers for Alas and Gypa. Negative controls, retrotranscriptase
free (�), and no-template control samples (NT) are presented. RNA extracted from blood was used as positive control (Fig. S9).
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Recently, neuroglobin has been identified in mammalian brains
where it is probably involved in the hypoxia response (8, 23).

Here, we show that �- and �-chains transcripts of Hb and
Hb-IR are present in a subpopulation of DA neurons, cortical
and hippocampal astrocytes, and all mature oligodendrocytes.

We observed the expression of Hb transcripts in DA cells by
using four different approaches: cDNA microarrays, nano-
CAGE, RT-PCR, and in situ hybridization. Furthermore, we
took advantage of two different methods (LCM and FACS) to
isolate a pure population of DA neurons.

Interestingly, when analyzing Hb-IR we found that Hb protein
expression does not fully overlap with transcript distribution: the
large majority of A10 DA cells and a small number of A9 neurons
showed mRNA expression but not Hb-IR. There are thus at least
two potential explanations for this discrepancy: the level of Hb
expression in those DA cells is lower and below antibody
sensitivity and/or Hb protein expression may be regulated at
posttranscriptional level. Interestingly, our in situ hybridization
data may suggest the expression of mRNA for Hb chains in
hippocampal neurons as recently proposed (24, 25).

Globin RNAs and protein expression overlap in hippocam-
pal and cortical astrocytes and almost all mature oligoden-
drocytes. Globin mRNAs have been detected as differentially
expressed between acutely purified and cultured oligodendro-
cytes (11) and during regeneration of the sciatic nerve (26).
Here, we observed globin staining in the oligodendrocytes of
all of the brain regions including striatum, corpus callosum,
and medulla oblongata. We also found Hb-immunoreactive
cells in perinatal pups. In the adult, no NG2-positive cells were
Hb-immunoreactive, thus Hb expression seems restricted to
mature oligodendrocytes.

Although Hb function in the brain remains to be investigated
in vivo, here we have provided some interesting cues by using
MN9D cells, a mouse dopaminergic cell line that represents a
well-accepted in vitro model to study dopaminergic cell physi-
ology and dysfunction (27, 28).

By carrying out a gene expression analysis of MN9D stably
transfected with �- and �-chains we found that Hb expression
acts on the main elements of O2 homeostasis. This observation
was not surprising because Hb may function as an oxygen
storage and transport molecule. It is well known that both
hyperoxia and hypoxia can be detrimental to cellular physiol-
ogy in the nervous system (29). Brain Hb may then act as
storage of oxygen to provide a homeostatic mechanism in
anoxic conditions, which is especially important for A9 DA

neurons that have an elevated metabolism with a high require-
ment for energy production.

Extending this model to other Hb-expressing cells in the brain,
the widespread distribution of oligodendrocytes and their local-
ization adjacent to neuronal cells may provide a net of oxygen-
storage cells. In hypoxia conditions, oxygen may then be released
and provide to the neighboring neurons some highly needed
relief for the maintenance of the aerobic metabolism.

Interestingly, 46% of genes that encode for subunits of mito-
chondrial complex I–V were induced in the stable cell lines over-
expressing Hb chains. It is well known that oxygen tension regulates
mtDNA-encoded complex I gene expression (30) and high oxygen
concentration induces mitochondrial biogenesis (31). Complex I
plays a central role in PD because deficits in its subunits and activity
have been consistently detected in the SN of PD patients (32).
Furthermore, in PD animal models administration of the toxic
metabolite MPP� and the pesticides rotenone and paraquat cause
dopaminergic degeneration in part by mitochondrial complex I
inhibition. Therefore, these gene expression data may suggest Hb
as a central player in the control of mitochondrial function in
normal and pathological conditions.

High mitochondrial activity is usually linked to oxidative
stress, which may be especially detrimental for A9 neurons
because they are normally under intense oxidative stress caused
by the production of hydrogen peroxide via autoxidation and/or
monoamine oxidase (MAO)-mediated deamination of dopa-
mine and the subsequent reaction of accessible ferrous iron to
generate highly toxic hydroxyl radicals (33).

Hemoglobin may indeed play homeostatic roles as both an
antioxidant and a regulator of iron metabolism. In rat mesangial
cells Hb carries out an antioxidant function (12). According to our
gene expression data, this ability may be mediated by well-known
detoxifying agents from cellular free radicals (Table S3).

Mitochondrial oxidative phosphorylation, oxidative stress,
and iron deposits are all important components of PD patho-
genesis (34, 35). Significantly, here we proved the expression of
Hb in A9 DA neurons of human postmortem brain. Interestingly,
a functional polymorphism in the gene for the Hb-binding
protein haptoglobin has been shown influencing susceptibility
for idiopathic PD (14).

The establishment of a series of transgenic mice with cell
type-specific globin gene knockout in DA neurons, astrocytes,
and oligodendrocytes will provide an essential tool for unveiling
Hb function in the brain. It is of note that to our knowledge no
loxP mouse line for globin genes is currently available: the
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unexpected expression of this old protein in the brain will soon
change this surprising shortfall.

Materials and Methods
Animal Procedures. All of the experiments involving the use of animals were
performed in accordance with guidelines of the international and Italian
ethical committees and under the supervision of local veterinary services.

LCM of mDA Neurons from TH-GFP Mice. Eight- to 12-week-old mice were
deeply anesthetized and extensively perfused transcardially with TBS fol-
lowed by 1� zinc fixative (BD) diluted in RNase free water (Ambion). Brains
were removed and postfixed in 1� zinc fixative for 8 h at � 4 °C. The region
containing the SN was isolated, included in freezing medium Neg-50 (Richard
Allan Scientific), and frozen on dry ice for 10 min. The frozen block was
brought into cryostat (Microm International) and left at �21 °C for 30 min.
Coronal sections of midbrain (14 �m) were cut with a clean blade and
transferred on Superfrost Plus glass slides (Menzel-Glaser Menzel). Glass slides
were air-dried for 5 min; selections of single DA were marked with a LCM
microscope, microdissected, collected in adhesive caps (Zeiss), and immedi-
ately processed.

Dissociation and FACS. To isolate DA, astrocytes, and oligodendrocytes, trans-
genic mice including TH-GFP (13), GFAP-GFP (Jackson Laboratories), and CNP-
GFP mice (18) were used, respectively. For DA and cortical or hippocampal

astrocytes P4-P8 pups were used. Oligodendrocytes were collected by using
P13/P20 animals. Solitary DA were prepared as described (see SI Text). A similar
procedure was followed for the dissociation of cortical and hippocampal
astrocytes and oligodendrocytes.

A cell strainer with 70-�m nylon mesh was used to obtain a single-cell
suspension (BD Falcon) before sorting. 7-Amino-actinomycin D (7-AAD) (Beck-
man–Coulter) was added to the cell suspension to exclude dead cells. Sub-
population of cells expressing GFP emission was isolated with a high-speed cell
sorter (MoFlo). Sorting parameters for the three different populations are
visualized in Fig. S8.

See SI Text for detailed description of experimental procedures.
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