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Abstract

Neuroglobin (Ngb) is a recently discovered tissue globin with a high affinity for oxygen that is widely
and specifically expressed in neurons of vertebrate central and peripheral nervous systems. Our
laboratory and others have showed Ngb over-expression can protect neurons against hypoxic/
ischemic insults, but the underlying mechanisms remain poorly understood. In this study, we
examined the effects of Ngb over-expression on mitochondrial function, oxidative stress and
neurotoxicity in primary cortical neurons following hypoxia/reoxygenation (H/R). Ngb over-
expressing transgenic neurons (Ngb-Tg) were significantly protected against H/R-induced cell death.
Rates of decline in ATP levels, MTT reduction and mitochondrial membrane potential were
significantly ameliorated in Ngb-Tg neurons. Furthermore, Ngb overexpression reduced superoxide
anion generation after H/R, whereas glutathione levels were significantly improved compared to WT
controls. Taken together, these data suggest that Ngb is neuroprotective against hypoxia, in part by
improving mitochondria function and decreasing oxidative stress.
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Introduction

Neuroglobin (Ngb) is a recently discovered tissue globin with a high affinity for oxygen that
is widely expressed in vertebral central and peripheral nerve systems as well as retina and
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endocrine tissues (Awenius et al. 2001; Burmester and Hankeln 2004; Burmester et al. 2000;
Garry and Mammen 2003; Zhang et al. 2001). As a newly discovered member of globin family,
Ngb has been considered as the brain or nerve equivalent of tissue haemoglobin (Mammen et
al. 2002). Previous studies from the Greenberg laboratory and our laboratory demonstrated
that over-expression of Ngb is neuroprotective against hypoxic/ischemic brain injuries (Khan
et al. 2007; Sun et al. 2001; Wang et al. 2008).

However, how Ngb protects neurons from hypoxia/ischemia still remains unclear (Greenberg
et al. 2008). In general, tissue globins mediate multiple cellular and molecular responses to
hypoxic/ischemic insults. For example, myoglobin in cardiomyocytes and oxidative skeletal
myofibers helps facilitate oxygen transport, maintain nitric oxide homoeostasis, and scavenge
reactive oxygen species (Garry et al. 2003; Marcinek et al. 2003; Flogel U et al. 2004). It is
possible that Ngb has similar actions in brain. Importantly, Ngb expression is confined to
metabolically most active, oxygen-consuming cell types (Burmester and Hankeln 2004). At
the subcellular level, Ngb is associated with the presence of mitochondria and thus linked to
the oxidative metabolism (Burmester et al. 2007). By immunohistochemistry, the neuroglobin
immunoreactivity is restricted to the cytoplasma of neurons (Geuens et al. 2003); double
immunostaining showed a largely overlapping, but slightly shifted labeling pattern in the inner
segments of retina (Bentmann et al. 2005). A most recent study showed that Ngb over-
expression eliminated hypoxia-induced mitochondrial aggregation and neuron death (Khan et
al. 2008). Those reports suggest subcellular colocalization and functional association of Ngb
to mitochondria. Furthermore, it has been well demonstrated that mitochondria comprises a
central locus for energetic perturbations and oxidative stress in hypoxia/ischemia (Nicholls
and Budd 2000; Sims and Anderson 2002). Therefore, in this study we used primary cortical
neurons isolated from our newly created Ngb overexpressing transgenic mice, to test the
hypothesis that Ngb promotes neuron survival in part by improving mitochondrial function
and reducing oxidative stress after hypoxic/reoxygenation insults.

Materials and Methods

All animal experiments were performed following protocols approved by the Massachusetts
General Hospital Institutional Animal Care and Use Committee in compliance with the NIH
Guide for the Care and Use of Laboratory Animals.

Western blot

At 9 days of culture, cortical neurons were collected for protein extraction. Levels of Ngb
protein expression were examined by western blotting following a previously described
protocol (Wang et al. 2008). Optical density of Ngb protein bands was quantified with NIH
Image software.

Primary cultures of Ngb-Tg and matching wild-type mouse cortical neurons

Primary mouse cortical neurons were isolated from 15 days embryonic cortex obtained from
the pregnant Ngb-Tg (heterozygous) female mouse (mated with male wild type C57 BL/6
mouse). Neurons from each embryo cortex were isolated and seeded into multiple well plates
separately with equal cell amounts. Non-cortical embryonic tissues were used for DNA
extraction and PCR genotyping, in terms of identifying Ngb-Tg neurons and wild-type
littermate neurons. Neurons from one brain cortex (totally about 4-5x 108 cells) were seeded
onto 20 wells in 24 well plate or 4 wells in 6 well plates, and maintained in Neurobasal medium
(NBM) with 3% B27 and 0.3 mM glutamine (Invitrogene). Medium was half changed in each
4 days. At 9-10 days after culture and before hypoxia, the media was changed with pre-warmed
NBM supplemented with 0.1% B27 (AO free) for 10—12 hrs, and the cortical neurons were
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maintained in the media for the duration of all experiments. The purity of neurons was over
90% after 8 days of initial seeding examined by NeuN and GFAP immunostaining.

Hypoxia/reoxygenation

Hypoxia was induced with a modular chamber (Billups-Rothenber) perfused with 90% N»/5%
CO,/5% H, for 25 min at 37°C as previously described (Lee and Lo 2003). The chamber was
then sealed and placed at 37 °C for indicated time periods of hypoxia. At the end of the hypoxia
exposure, cells were removed from the chamber and maintained in a regular incubator for
reoxygenation. Control cultures were incubated under normoxic conditions for the
corresponding duration.

Neurotoxicity

ATP levels

Two assays, lactate dehydrogenase (LDH) release and live cell counts (by calcein AM staining)
were used to measure neurotoxicity. LDH release is an indicator of plasma membrane damage
and commonly used for the determination of neurotoxicity as we previously described (Wang
et al. 2002). Primary cortical neurons were cultured onto 24-well plates for 9-10 days. LDH
release was measured after hypoxia for 10 hrs followed by reoxygenation for 2 hrs, 6 hrs and
14 hrs. Live cell counting was performed after 10 hrs hypoxia followed by 14 hrs
reoxygenation. Staining with calcein AM was based upon intracellular esterase activity which
can be used to determine survival cells of cultured cortical neurons. Cells were washed with
pre-warmed neurobasal medium, and incubated with 5 uM calcein AM (Molecular Probes) at
room temperature for 10 min, then washed twice with pre-warmed neurobasal medium. Under
fluorescence microscopy, cells with bright yellow cytoplasm were identified as living cells.
Three fields of fluorescent images per culture well were taken randomly under 200X
magnification. Live cell counts and quantifications were assessed thereafter. Results were
expressed as percentage of normal controls.

Intracellular ATP levels in cultured cortical neurons were measured with an ATP Assay Kit
(Calbiochem) on a microplate luminometer (LB 96V, Berthold) according to the
manufacturer's instructions. Live cell counting with calcein AM staining was performed from
sister culture wells and used to normalize measurements to avoid reflection of different survival
rates. The same normalization by live cell counting was also applied to the following
measurements of MTT reduction, mitochondrial membrane potential, glutathione detection,
and superoxide anion generation.

MTT reduction

(3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) (MTT) reduction by viable
mitochondria was used as an indicator of neuronal viability and mitochondria function, as
previously described (Wang et al. 2002). MTT reduction was measured after hypoxia for 10
hrs followed by reoxygenation for 2 hrs and 6 hrs. Percentages of live cell counts were used
for assay normalization.

Mitochondrial membrane potential

Mitochondrial membrane potential (A¥m) is a commonly used surrogate biomarker for
mitochondrial function. In this study, a fluorescent lipophilic cationic dye, JC-1 (5,5°,6,6’-
tetrachloro-1,1’,3,3’-tetraethylbenzimidazol carbocyanine iodide) mitochondrial membrane
potential detection kit (Cell Technology) was used to measure A¥m according to the
manufacturer's instructions with minor modification. Briefly, primary cortical neurons were
cultured onto 96-well plates with black-wall flat bottom for 9-10 days. After 10 hrs hypoxia
followed by reoxygenation or 2 hrs, the cultures were incubated with 5 uM JC-1 for 15 min at
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37°C; then washed twice with phenol free neurobasal medium. Fluorescent signals of A¥m
with excitation 545 nm and emission 620 nm were read on a microplate fluorescence reader
(FL600, Bio-Tek). The phenol free neurobasal medium in non-cell wells served as internal and
blank controls for both hypoxia treated and non-treated normal control plates. Results were
expressed as reduction percentage of normal controls. Percentages of live cell counts were used
for assay normalization.

Superoxide anion generation

Generation of intracellular superoxide anion in cultured cortical neurons was determined
according to fluorescence of ethidium as a result of oxidation of hydroethidine (Oxi-HE). Oxi-
HE formation is a biomarker for ROS production. After hypoxia for 10 hrs, 10 uM
hydroethidine (Molecular Probes) in dimethyl sulphoxide (DMSO) was added into culture
wells. 2 hrs later, media were aspirated and replaced with PBS containing 1% Triton-X100.
Fluorescence with excitation 480 nm and emission 590 nm was read on a microplate
fluorescence reader (FL600, Bio-Tek). Percentages of live cell counts were used for assay
normalization.

Glutathione detection

Intracellular levels of glutathione (GSH) in cultured cortical neurons were measured after 10
hrs hypoxia followed by reoxygenation for 2 hrs with ApoGSH™ Glutathione Detection Kit
(Biovision) according to the manufacturer's instructions. Fluorescent signals of GSH with
excitation 380 nm and emission 460 nm were read on a microplate fluorescence reader (FL600,
Bio-Tek). Percentages of live cell counts were used for assay normalization.

Statistical analysis

ANOVA followed by Tukey-Kramer posthoc tests were used to analyze data for Ngb protein
expression, LDH release, MTT reduction, ATP levels, A¥m, oxi-HE formations, and GSH
levels. Differences at P<0.05 were considered statistically significant.

Results

Reduction of neurotoxicity in Ngb-Tg neurons after H/R

Primary cortical neuronal cultures were derived from Ngb-Tg and WT mouse brains. Levels
of Ngb protein expression in Ngb-Tg cortical neurons were about 2.6 fold higher than WT
neurons, examined by western blot (Figure 1). After hypoxia for 10 hrs, neurotoxicity in WT
and Ngb-Tg neurons was compared with the LDH release assay at 2, 6, and 14 hrs after
reoxygenation. Although there were no significant differences at the earlier 2 and 6 hr time
points, neurotoxicity after 14 hrs reoxygenation was significantly decreased by about 25% in
Ngb-Tg neurons compared to WT neurons (Figure 2A). In addition, neurotoxicity was also
evaluated by live cell count assay with calcein AM staining. The percentage of live neurons
was significantly increased in Ngb-Tg neurons compared to WT controls (Figure 2B), which
was consistent with the LDH findings.

Amelioration of mitochondrial disruption in Ngb-Tg neurons

Three biomarkers for mitochondrial function were assessed, including intracellular ATP levels,
MTT reduction, and mitochondrial membrane potential (A¥m). In WT neurons, both ATP
levels and rates of MTT reduction were markedly disrupted after 10 hrs of hypoxia followed
by reoxygenation. In contrast, Ngb-Tg neurons demonstrated significantly preserved
mitochondrial function. ATP levels were improved during the early periods (2 and 6 hrs) of
reoxygenation after hypoxia (Figure 3A). Declines in MTT reduction were ameliorated at all
time points of reoxygenation (2 and 6 hrs) after hypoxia (Figure 3B). Perturbations in
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mitochondrial function were also manifested as a loss of membrane potential. After 10 hrs
hypoxia followed by 2 hr reoxygenation, AY values were reduced by approximately 40—50%.
Over-expression of Ngb significantly ameliorated the loss of AY compared to WT controls
(Figure 3C).

Reduction of oxidative stress in Ngb-Tg neurons after HR

Oxi-HE formation and levels of endogenous GSH were measured as indirect markers of
oxidative stress. Early oxidative stress was evident in WT neurons after 10 hrs of hypoxia and
2 hrs of re-oxygenation. Oxi-HE formation was significantly ameliorated in Ngb-Tg neurons
compared to WT neurons (Figure 4A). Similarly, GSH was rapidly diminished in WT neurons,
whereas in Ngb-Tg neurons, GSH level was comparatively preserved (Figure 4B).

Discussion

In present study, energy failure in Ngb over-expressing neurons seemed to be prevented by an
enhancement in ATP levels and maintenance of mitochondrial MTT formation.
Concomitantly, there was augmented recovery of mitochondrial respiration which ultimately
downregulated ROS formation. Superoxide anion formation was reduced and conversely,
endogenous level of the anti-oxidant GSH was sustained. Altogether, these salutary effects
may explain Ngb's ability to protect against hypoxia-induced neuron death.

However, insight of molecular mechanisms of Ngb's effects in mitochondrial function and
oxidative stress after hypoxia/ischemia remains to be further investigated. There are some
potential mechanisms that might be involved as discussed below. It has been suggested that
Ngb may function as a NADH oxidase, which facilitate the glycolytic production of ATP under
semi-anaerobic conditions (Sowa et al. 1998). This role of Ngb may help neurons sustain
homeostasis, preserve mitochondrial function by preventing massive energetic imbalance. Ngb
may also function as an O, sensor, participating in a signal transduction pathway that modulates
the activities of regulatory proteins in response to changes in O, concentration. Indeed, it has
been documented that large conformational changes occur in the heme pocket of
hexacoordinated globins upon ligand binding, and which might very well trigger signals in
hypothetical downstream regulators (Hargrove et al. 2000; Kriegl et al. 2002). Additionally,
oxygen sensors associated with heme proteins may respond to hypoxia by altering the rate of
formation and release of reactive oxygen species that activate transcription factors (Brunori et
al. 2005; Bunn and Poyton 1996; Vanden Hoek et al. 1998). Interestingly, human ferric Ngb
has been found to act as a guanine nucleotide dissociation inhibitor for the o subunit of
heterotrimetric G proteins, it suggests that Ngb may function as a regulator of signal
transduction in the brain and tightly correlated with its neuroprotective activity (Wakasugi et
al. 2005; Watanabe and Wakasugi 2008). A most recent study showed Ngb over-expression
eliminated hypoxia-induced mitochondrial aggregation and neuron death. This phenomenon
was correlated to inhibition of PaK1 kinase activity and Rac1-GDP-dissociation inhibitor
disassociation, inhibition of actin assembly and death-signaling module polarization (Khan et
al. 2008). Furthermore, Ngbh may function as a scavenger of nitric oxide (NO) or a regulator
of reactive oxygen species (ROS) (Brunori et al. 2005; Garry and Mammen 2003; Herold et
al. 2004). By altering these free radicals, Ngh may protect against oxidative stress in stroke.
In our previous study, by using newly created Ngb overexpressing transgenic mice, we showed
that Ngb is neuroprotective against focal cerebral ischemia in vivo (Wang et al. 2008),
consistent with findings from the Greenberg group (Khan et al. 2006). Importantly, we also
observed that reduced ROS biomarker malondialdehyde level found earlier at 8 hrs after
transient focal cerebral ischemia in Ngh-Tg mice compared to WT mice, indicating Ngb might
play roles for amelioration of oxidative damage in the development of ischemic brain infarction
(Wang et al. 2008). A number of recent reports showed the enhanced survival of Ngb-
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transfected SH-SY5Y and PC12 cells after exposure to H(2)O(2), and Ngb-transfected HN33
cells treated with NO donor, all suggests that neuroglobin may protect against different types
of oxidative damages (Fordel et al. 2006; Jin et al. 2008; Li et al. 2007). However, the insight
of molecular interaction of Ngb in modulating mitochondrial function and oxidative stress after
hypoxia/ischemia needs to be further elucidated.

There are a few caveats in this study. First, direct and quantitative measurements of
mitochondrial function and oxidative stress are difficult to achieve. Our assays mostly comprise
surrogate markers of mitochondrial function and oxidative stress. For example, MTT reduction
is an indirect index of mitochondria viability, but changes in non-mitochondria metabolisms
may exert nonspecific effects on the measurement (Caughlan et al. 2004; Cohen et al. 1997).
Similarly, we do not have direct quantitation of actual levels of free radicals and reactive species
in our model system. Our assays for oxi-HE and GSH levels only serve as biomarkers of
oxidative and nitrosative injury, albeit ones that are widely used. A second caveat pertains to
the modes of neuronal cell death that are involved. Our results from these H/R experiments
indirectly suggest an important role for oxidative and mitochondrial stress. However, cell death
occurs following ischemic/hypoxic insults can proceed with multiple phenotypes and
mechanisms, including a complex mix of apoptosis, programmed necrosis, or even autophagy
(Bredesen et al. 2006; Dawson and Dawson 2004). How Ngb interacts with the multiplicity of
these overlapping cell death pathways remains to be determined. Finally, a major caveat in our
study relates to causality. Our data here implicated that Ngb might affect both mitochondrial
function and free radical generation as its potential neuroprotective mechanisms. But there are
multiple and probably inextricable feedback loops between preservation of mitochondrial
energetics versus direct radical scavenging (Chan 2001; Perez-Pinzon et al. 2005; Saito et al.
2005; Sims and Anderson 2002). We acknowledge that it will likely be impossible to
unequivocally separate mitochondrial effects versus ROS effects of Ngb.

In summary, there was an early augmented recovery of mitochondrial respiration and
concomitantly diminished biomarkers of ROS formation in Ngb over-expressing neurons after
H/R insult. Altogether, these salutary effects may ultimately protect against hypoxia-induced
late neuron death. The cell-based findings here suggest that the beneficial effects of Ngb are
mediated in part by the preservation of mitochondrial function and amelioration of oxidative
stress in neurons.
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Figure 1.

Increase of Ngb protein expression in Ngb-Tg cortical neuron cultures. A. Representative
western blot showed Ngb-Tg neurons had higher Ngb protein levels compared to WT controls.
Actin served as equal loading controls. B. Relative Ngb protein expression levels were
quantified by optical density of Ngb protein bands. Mean+SEM, n=3 per group, *P<0.05.
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Figure 2.

Reduction of neurotoxicity in Ngb over-expressing neurons after H/R. A. Primary cortical
neuronal cultures were derived from 15 days old embryonic cortex of Ngb-Tg and WT brains.
Time course of neurotoxicity after H/R was examined with LDH release assay. There was no
significant difference in neurotoxicity after hypoxia 10 hrs followed by reoxygenation for 2
hrs (H10/R2) and 6 hrs (H10/R6), but Ngb-Tg neurons significantly reduced neurotoxicity
after reoxygenation for 14 hrs (H10/R14), compared to WT neurons. Mean+SEM, n=5 per
group, *P<0.05. B. Live cell count assay was used to measure neurotoxicity after 10 hr hypoxia
followed by 14 hr reoxygenation. Up panel showed representative images of calcein AM
staining identified increased live neurons in Ngb-Tg neuron cultures after H/R compared with
WT controls. Lower panel showed quantification of the percentage of live cell counts was
significantly increased in Ngb-Tg compared to WT neuron cultures. Mean+SEM, n=10 per
group, *P<0.05.
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Figure 3.

Amelioration of mitochondrial disruption in Ngb over-expressing neurons after H/R. A. Time-
course of ATP levels was examined after hypoxia 10 hrs (H10), and followed by repxygenation
for 2 hrs and 6 hrs. Levels of ATP in Ngb-Tg neurons were significantly higher at all three
time points compared with WT neurons. B. Time- course of MTT reduction was measured
after hypoxia 10 hrs followed by reoxygenation for 2 hrs (H10/R2), and 6 hrs (H10/R6). MTT
reduction in Ngb-Tg neurons were significantly increased at the two time points compared
with WT neurons. Mean+SEM, n=4, *p<0.05. C. AYm was measured after 10 hr hypoxia
followed by 2 hr reoxygenation, the A¥m reduction rate in Ngb-Tg neurons was significantly
inhibited compared to WT controls. Mean+SEM, n=10 per group, *p<0.05.
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Figure 4.

Reduction of oxidative stress in Ngb over-expressing neurons after H/R. A. Oxidized HE
production was reduced in Ngb-Tg neurons after hypoxia for 10 hrs followed by 2 hr
reoxygenation compared with WT neurons examined with fluorescent plate reader. B.
Glutathione level of normal controls in Ngb-Tg neurons was significantly increased after
hypoxia for 10 hrs and followed by 4 hrs reoxygenation compared with WT neurons. Mean
+SEM, n=4 for each group. *P<0.05.

J Neurosci Res. Author manuscript; available in PMC 2009 January 27.



