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Abstract

Context—Acute inhalation of combustion smoke adversely affects brain homeostasis and energy

metabolism. We previously showed that overexpressed neuroglobin (neuron specific globin

protein) attenuates the formation of smoke inhalation-induced oxidative DNA damage, in vivo, in

the mouse brain, while others reported protection by neuroglobin in diverse models of brain

injury, mainly involving oxidative stress and hypoxic/ischemic insults.

Objective—To determine to what extent elevated neuroglobin ameliorates post smoke-inhalation

brain bioenergetics and homeostasis in neuroglobin overexpressing transgenic mouse.

Methods—Smoke inhalation induced changes in bioenergetics were measured in the wild type

and neuroglobin transgene mouse brain. Modulations of mitochondrial respiration were analyzed

using the Seahorse XF24 flux analyzer and changes in cytoplasmic energy metabolism were

assessed by measuring enzymatic activities and lactate in the course of post smoke recovery.

Results—Cortical mitochondria from neuroglobin transgene, better maintained ATP synthesis-

linked oxygen consumption and unlike wild type mitochondria did not increase futile oxygen

consumption feeding the proton leak, reflecting lesser smoke-induced mitochondrial compromise.

Measurements revealed lesser reduction of mitochondrial ATP content and lesser compensatory

increases in cytosolic energy metabolism, involving pyruvate kinase and lactate dehydrogenase

activities as well as cytosolic lactate levels. Additionally, induction of c-Fos, the early response

gene and key neuronal stress sensor, was attenuated in neuroglobin transgene compared to wild

type brain after smoke.

Conclusion—Considered together, these differences reflect lesser perturbations produced by

acute inhalation of combustion smoke in the neuroglobin overexpressing mouse, suggesting that

neuroglobin mitigates mitochondrial dysfunction and neurotoxicity and raises the threshold of

smoke inhalation-induced brain injury.
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INTRODUCTION

Neuroglobin (Ngb), a member of the oxygen binding family of globin proteins, is expressed

in brain region-specific manner in neuronal cells (Burmester et al., 2000; Hundahl et al.,

2008; Hundahl et al., 2010). Although Ngb is evolutionarily conserved and has ancient

evolutionary origins (Droge et al., 2012), its actual mode of action is not well understood

(Burmester, Hankeln, 2009). To date, reports have implicated Ngb in brain protection in

different injury settings via diverse mechanisms, which include augmentation of

mitochondrial homeostasis, oxygen binding and sensing, neutralization of reactive oxygen

and nitrogen species, redox cycling (Sun et al., 2003; Khan et al., 2006; Kiger et al., 2011;

Li et al., 2011; Brittain, Skommer, 2012), brain region- and neuron type-specific adaptive

regulatory functions (Hundahl et al., 2008; Hundahl et al., 2012) and serving as an oxidative

stress sensor, which is recruited to lipid rafts to suppress activation of G-proteins in favor of

neuronal survival (Watanabe, Wakasugi, 2008; Watanabe et al., 2012).

We recently produced a genetically modified mouse strain with neuron-specific,

physiologically relevant overexpression of Ngb (Ngb-tg) under the control of synapsin 1

promoter (Lee et al., 2011). Because previously Ngb was found neuroprotective in several

settings of brain injury, we sought to elucidate potential roles of elevated Ngb in a setting of

acute inhalation of combustion smoke. We had developed the awake rodent model of smoke

inhalation (Lee et al., 2005; Lee et al., 2009; Lee et al., 2010) to facilitate investigation of

mechanisms, which underlie neurological deficits that tend to develop in survivors of acute

inhalation of combustion smoke (Hartzell, 1996; Rossi et al., 1996; Stefanidou et al., 2008).

We investigated the effects of elevated neuronal Ngb, in vitro, in a setting of nitric oxide

challenge (Singh et al., 2013) and in vivo, in a model of acute inhalation of smoke (Lee et

al., 2011). We found that in vivo, elevated Ngb exerts protection by lessening smoke

inhalation induced formation of oxidative DNA damage in the mouse brain (Lee et al.,

2011). Because the injurious components of combustion smoke, including carbon monoxide,

toxic gases, volatile organic compounds, particulates and hypoxic environment, combine to

impede oxygenation, disrupt energy metabolism, and initiate the progression of brain injury,

the present study, is focused on the status of brain bioenergetics. Using the Seahorse

Bioscience metabolite flux analyzer, key parameters of mitochondrial function were

assessed. Specifically, we aimed to determine which parameters of mitochondrial respiration

might be better preserved after smoke exposure in the presence of elevated neuroglobin, and

thereby mitigate disruption of brain energy metabolism, curtail resultant oxidative stress and

initiation of smoke-induced brain injury.

MATERIALS AND METHODS

Mouse model of smoke inhalation

We have previously developed combustion smoke-inhalation model for the awake rodent

(Lee et al., 2005; Chen et al., 2007; Lee et al., 2009; Lee et al., 2010; Lee et al., 2011). Male

CB57BL/6 mice (25–30 gram) wild type and transgenic (Ngb-tg), with neuron specific

overexpression of neuroglobin under the control of rat synapsin 1 promoter were used (Lee

et al., 2011). Ngb-tg homozygotes were utilized in all experiments in parallel with the wild

type strain. Briefly, awake mice were exposed to smoke generated by smoldering wood
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shavings (1.3 gram/minute) in a smoke generating container connected to a 20-liter

transparent exposure chamber. Mice were exposed to smoke for 60 minutes with venting to

ambient air for 10–20 seconds at approximately 10 minutes intervals. Following exposure

mice were let recover for 0, 1, 2, 6 or 24 hours before sacrifice and tissue collection for the

different types of assays; survival rate was > 95%. Mice handled identically, except for the

omission of smoke served as sham controls. All procedures were conducted in accordance

with mandated standards of humane care and were approved by the Institutional Animal

Care and Use Committee.

Reagents

Chemicals were from Sigma, unless stated otherwise: Sodium pyruvate (P5280), L-(−)

Malic acid (M6413), L-Glutamic acid monosodium salt monohydrate (49621), Sodium

succinate dibasic hexahydrate (S2378), oligomycin (O4876), carbonyl cyanide 4-

trifluoromethoxyphenylhydrazone (FCCP) (C2920), antimycin A (A8674), ADP (A2754).

Antibodies: heme oxygenase-1 monoclonal (sc-136960, Santa Cruz), VDAC1 (sc-8828,

Santa Cruz), neuroglobin (RD181043050, BioVendor).

Mitochondrial isolation

Crude mitochondria were prepared based on the method of Anderson and Sims (Anderson,

Sims, 2000) modified as in Fisar et al., (Fisar et al., 2010) and as we previously described

(Lee et al., 2010). All procedures were done on ice; the different samples were handled in

parallel to ensure uniform length of time between tissue collection and Seahorse respiratory

measurements (3.5 hours) to avoid technical differences and minimize mitochondria

uncoupling associated with processing. Cortices were dissected out, finely cut on ice and

homogenized by four strokes of loose fitting pestle in ice-cold mannitol-sucrose-EDTA

(MSE) mitochondria isolation buffer (0.225 M mannitol, 0.075 M sucrose, 0.1 mM EDTA

pH 7.4, fatty acid free BSA 5 mg/ml), followed by 15 strokes of tight fitting pestle and

centrifuged (Eppendorf refrigerated microcentrifuge 5415R) for 10 minutes at 2200 g to

pellet cell nuclei. Supernatants were collected and centrifuged for 12 minutes at 15,000 g to

obtain crude mitochondrial pellets. Pellets were washed twice with 0.25 M sucrose, spun at

6000 g, re-suspended in 60 μl MSE buffer and protein concentrations were determined

(Bradford assay reagent, Biorad). We use crude mitochondrial preparations as further

purification by Percoll gradient centrifugation results in markedly reduced mitochondrial

yields, which are insufficient for assaying respiratory parameters of mitochondria from a

single mouse cortex (Sims, Blass, 1986; Sims, Anderson, 2008; Hroudova, Fisar, 2012).

For Seahorse XF24 analyses, aliquots of mitochondrial suspension (6 μg) were gently mixed

into precooled tubes containing 50 μl of mitochondrial assay solution-MAS (70 mM sucrose,

220 mM mannitol, 10 mM KH2PO4, 5 mM MgCl2, 2 mM HEPES, 1.0 mM EGTA and 0.2%

(w/v) fatty acid free BSA, pH 7.2) (Rogers et al., 2011) and transferred into coated (poly-L-

lysine 50 μg/ml) wells of Seahorse XF24 plate; plates were spun in Eppendorf 5810R

centrifuge (A-2-DWP-AT swinging rotor) at 2000 g for 25 minutes/4°C to create uniformly

distributed mitochondrial layer (Flynn et al., 2011). Following centrifugation, wells were

supplemented with additional MAS (625 μl), swiftly inspected at 20X magnification to
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verify adherence of mitochondria to the well bottom and pre-warmed at 37°C for 8 minutes

prior to XF24 analyses.

Seahorse XF24 analyses

Mitochondrial respiration was measured using the Seahorse XF24 flux analyzer (Seahorse

Bioscience, North Billerica, MA). All procedures were according to manufacturer’s

recommendations (Gerencser et al., 2009; Rogers et al., 2011) and as we described (Singh,

Englander, 2012; Singh et al., 2013). Measurements were done using freshly isolated crude

mitochondria processed as detailed above. Assay protocol was implemented by the XF24

Reader software Version 1.7. Mitochondrial substrates (succinate, malate, pyruvate and

glutamate) and ADP were given through the first port to initiate state 3 respiration (5 mM-

final in well concentration). This was followed by sequential additions of oligomycin (3

μg/ml) to inhibit complex V and thereby ATP synthesis, the uncoupler FCCP (3 μM) and

antimycin A (5.4 μM) to block complex lll; these concentrations were determined and

optimized by prior titration under our experimental conditions. Three measurements at 5-

minute intervals were obtained for each segment of the assay. Modulations of activities by

mitochondrial effectors translate into changes in oxygen consumption rates (OCR), enabling

computation of relative changes induced by a given treatment, versus parallel changes

measured in non-treated controls (Abe et al., 2010; Brand, Nicholls, 2011; Dranka et al.,

2011), respectively, in the transgene and wild type brain.

Mitochondrial immunofluorescent staining

Aliquots (10 μl) of mitochondrial suspensions (prepared as above) were added to MAS (190

μl), mixed gently prior to placing 50 μl aliquots on poly-D-lysine (50 μg/ml) coated

coverslips and incubated 60 minutes in a humidified chamber at 25°C. Coverslips were fixed

with 3% paraformaldehyde for 20 minutes at 37°C. Permeabilization was with 0.2% Triton-

X-100 for 10 minutes followed by washing with 1% BSA and blocking with 3% BSA + 1%

donkey serum for 30 minutes. Incubation with primary antibodies was overnight at 1:300

dilution of anti-cytochrome c monoclonal antibody (MSA06, MitoSciences) and 1:400

dilution of synapsin 1 (sc-8295, Santa Cruz) in 1% BSA followed by a 2-hour incubation

with donkey anti-mouse alexa 488 and donkey anti-goat alexa 546 fluor 1:800 secondary

antibodies. Typically, a field with 2000–2500 particles was examined using the IX71

Olympus fluorescence microscope equipped with a QIC-F-M-12-C cooled mono 12 BIT

digital camera (QImaging, Surrey, BC, Canada) with 40X objective. Mitochondrial and

synaptosomal particles were quantified using the NIH ImageJ software.

Mitochondrial ATP content measurement

Mitochondrial ATP content was determined using the ATP Bioluminescence Assay Kit HS

II (Roche Molecular Biochemicals, Indianapolis, IN). Freshly isolated mitochondrial pellets

were extracted according to manufacturer’s instructions with some modifications (Singh,

Englander, 2012), sonicated (Sonic Dismembrator Model 100, Fisher Scientific) and

centrifuged at 16000 g for 8 minutes at 4°C. The supernatant was collected, diluted with

Tris-acetate buffer pH 7.6 and 50 μl aliquots were transferred to black microtiter plates and

mixed with equal volume of the luciferase reagent (ATP Bioluminescence Assay Kit HS lI).

Measurements of luminescence were at 5-second integration time (TECAN Genios plate
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reader). ATP amounts were calculated from log-log graphs generated for ATP standard

using Magellan software and normalized to mitochondrial protein.

Measurements of cytosolic enzymes and lactate concentration

Cytosolic enzymatic activities were determined spectrophotometrically as described

(Bergmeyer et al., 1974). Briefly, the pyruvate kinase reaction was assembled with 0.1 M

Tris-HCl pH 7.6, 17 mM phosphoenolpyruvate, 1.3 mM NADH, 100 mM MgSO4, 44 mM

ADP and freshly dissolved lactate dehydrogenase (10 units). After 5-minute preincubation at

37°C, the reaction was initiated by the addition of 40 μg of cytosolic fraction and decrease in

absorbance was measured at 340 nm; activity was calculated using an extinction coefficient

of 6.22 mM 1 cm 1. Measurement of lactate dehydrogenase (LDH) activity was in a reaction

containing 0.1 M Tris-HCl pH 7.0, 10 mM sodium pyruvate, and 0.3 mM NADH (Renner et

al., 2003). Reaction mix was preincubated (5 min, 30°C) prior to the addition of cytosolic

fraction (40 μg); optical density was measured at 340 nm for 2 minutes at 30-second

intervals. LDH activity was calculated using an extinction coefficient of 6.22 mM 1 cm 1.

Cytoplasmic lactate content was measured using the L-lactate Kit l #1200014002 (Eton

Bioscience) according to manufacturer’s instructions.

Real Time qPCR

Total RNA was isolated using RNeasy plus mini kit (Qiagen) and RNA was reverse

transcribed using iScript RT supermix (Biorad) which contains random and oligo dT

primers. Real-time PCR analyses were done using the CFX96 Real-Time System (Biorad).

PCR reactions were assembled with SSO FAST Evagreen supermix (Biorad) and PCR

amplification program was: 95°C 2 minutes, 40 cycles of 95°C 5 seconds, 55°C 15 seconds

with plate reading and subsequent melting curve analysis using 18S ribosomal RNA gene as

reference gene. Data represent the mean of 5 independent experiments. The relative amount

of target gene was calculated as described (Schmittgen, Livak, 2008) using the formula:

−ΔΔCt = [(CT gene of interest-CT internal control) sample-(CT gene of interest-CT internal

control) control]. For c-Fos expression analysis the primers were 5′-gggacagcctttcctactacc-3′

and 5′-gatctgcgcaaaagtcctgt-3′ (NM_010234) and for 18S 5′-gtaacccgttgaaccccatt-3′ and 5′-

ccatccaatcggtagtagcg-3′ (NR_003278).

Statistical analyses

Group measures are presented as means ± SEM. Two-tailed Student’s t-test was used for

two groups analyses, and one way analysis of variance (ANOVA) followed by Bonferroni

post hoc test was used when more than two groups were compared; p-value of less than 0.05

was considered significant. For Seahorse analyses, mitochondria from at least six mice per

treatment groups were assayed; mice were obtained from three or more independent sets of

smoke exposure experiments.

RESULTS

Characterization of crude mitochondrial preparations

Crude mitochondrial preparations were examined by immunofluorescent staining and

Western blotting analyses. The synaptosomal component was estimated by Western and
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immunofluorescent (IF) detection of the synaptosomal protein, synapsin 1. For IF,

mitochondrial suspensions were spread on coverslips and incubated for 60 minutes to ensure

adherence prior to fixation and probing with anti-cytochrome c and anti-synapsin 1

antibodies (Fig. 1A). About 2000 particles per coverslip were screened. Analysis revealed

approximate ratio of 1:2 between synaptosomal (syn-1 positive, red) and cyto c positive

(green) particles (Fig. 1B). There were no differences in particles ratios between the wild

type and Ngb-tg preparations (wild type images are shown). As expected, Western blotting

analyses of mitochondrial preparations (Fig. 1C) revealed in addition to the mitochondrial

proteins, cytochrome c and VDAC1, significant levels of the synaptosomal protein, synapsin

1. While there were no measurable differences in levels of these proteins between the wild

type and Ngb-tg preparations, in the case of Ngb-tg, Westerns were positive also for the Ngb

protein (Fig. 1C), possibly associated with mitochondria captured in synaptosomes.

Detection of overexpressed Ngb protein in our mitochondrial preparations is consistent with

the previously demonstrated close association of the Ngb protein with these organelles

(Lechauve et al., 2012; Yu et al., 2012). However, considering the brain region-specific

localization and low expression (Hundahl et al., 2008; Hundahl et al., 2010), endogenous

Ngb protein is expected to be below Western detection level in cortical synaptosomes from

the wild type mouse.

Acute inhalation of combustion smoke affects differentially mitochondrial respiration in
the wild type and Ngb-tg brain

Mitochondria from cortices of wild type and Ngb-tg sham-control mice and mice sacrificed

immediately or one hour after acute exposure to combustion smoke were analyzed.

Respiratory parameters were assessed using the Seahorse analyzer 24-well plate format.

Uniform distribution and adherence of mitochondria to wells were visually verified prior to

measurements (Fig. 1D, 20x). Seahorse XF24 analyzer executes real-time measurements of

changes in OCR in response to sequential additions of mitochondrial effectors, supporting

parallel comparisons between controls and different treatment groups. Typically,

mitochondria from each six-mouse set representing the six treatment groups monitored in

this study were analyzed in the same Seahorse plate. Mitochondrial preparations from

individual mouse cortices were aliquoted into 3–4 wells and their respective average OCR

readings were generated by the Seahorse software. Graphs (Fig. 2A) represent mean OCR

values calculated from average readings of six mice for each treatment group, which have

been obtained in at least three independent sets of smoke experiments. In the first segment

of XF24 measurements, the baseline OCR for isolated mitochondria was measured, followed

by recordings of ATP synthesis linked OCR (state 3 respiration) which was initiated by the

addition of ADP. Subsequent addition of oligomycin, an inhibitor of complex V (which

blocks ATP synthase) revealed the portion of OCR which is uncoupled from ATP synthesis

and reflects the extent of consumed oxygen that feeds the proton leak, which is inversely

proportional to membrane integrity. The addition of FCCP, an ionophore that carries protons

across the inner membrane independently of ATP synthesis, reveals cell type specific

mitochondrial capacity for substrate oxidation. The extent of non-mitochondrial OCR,

which was measured after subsequent addition of antimycin A, was at ~10% of state 3

respiration, plausibly reflecting molecular oxygen consumed by plasma membrane bound

oxidases. This non-mitochondrial portion of OCR was subtracted from all calculations
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(Brand, Nicholls, 2011). The respective contributions of the different oxygen consuming

processes (bioenergetic profile), i.e., ATP synthesis linked respiration (state 3), proton leak

and FCCP response, were compared among mitochondrial preparations from sham-controls

and smoke exposed mouse cortices from wild type and Ngb-tg mice (Fig. 2A). At the

immediate, 0-hour recovery time neither the wild type nor Ngb-tg OCR values were

significantly changed by acute exposure to smoke. In contrast, at the one hour recovery

following smoke exposure, ATP synthesis linked respiration (state 3) measured in wild type

mitochondria was 40% lower compared to sham controls, while OCR for Ngb-tg

mitochondria was only ~15% lower than the respective sham-controls at that recovery time

(Fig. 2B). In addition, at the one hour recovery time post smoke, OCR feeding the proton

leak increased by more than 25% in wild type mitochondria, while no significant change in

OCR associated with proton leak was detected in Ngb-tg mitochondria (Fig. 2B). OCR

induced by subsequent addition of FCCP was ~25% lower in wild type mitochondria when

compared to sham controls, while the reduction in OCR detected in Ngb-tg mitochondria

was not statistically significant, suggestive of a lesser compromise of substrate oxidation

processes by exposure to smoke. Taken together, OCR measurements revealed lesser

impairments of mitochondrial status by smoke in the Ngb-tg compared to wild type brains.

Because smoke exposures differentially affected mitochondrial respiratory parameters (Fig

2), we asked whether these differences might be accompanied by changes in the

mitochondrial ATP content. ATP content measurements showed a reduction of

approximately 50% and 35%, respectively, in the wild type and Ngb-tg mitochondria, at

both the 0- and 1-hour recovery times post smoke (Fig. 3). This suggests that mitochondrial

ATP content after smoke might reflect not only differences in ATP synthesis rates (Fig. 2),

but also differential ATP export rates and turnover in extramitochondrial compartments

(Atlante et al., 2003; Atlante et al., 2011) in response to changing cellular energy

metabolism under compromised conditions.

Acute smoke inhalation differentially modulates cytosolic pyruvate kinase (PK), lactate
dehydrogenase (LDH) and lactic acid levels in the wild type and Ngb-tg brain

To assess whether in view of differential impact on brain mitochondria, cytosolic energy

metabolism might be also differentially affected by acute smoke inhalation in Ngb-tg and

the wild type brain, cytosolic pyruvate kinase and lactate deydrogenase activities as well as

lactic acid levels were measured (Fig. 4). Smoke exposures caused substantial increases in

cytosolic PK and LDH activities. Increases ranging from 20% to 90% were observed,

peaking at the 2-hour recovery time point after smoke exposure. PK and LDH activities

remained elevated to a greater extent at 6- and 24-hour recovery in the wild type compared

to Ngb-tg brain, with a similar pattern of alterations observed for cytoplasmic lactate levels.

Interestingly, at the 24-hour recovery time levels of PK, LDH and lactate returned to near

normal in Ngb-tg, but remained significantly elevated in the wild type brain.

c-Fos gene expression and heme oxygenase-1 protein levels are induced by smoke
inhalation to a lesser extent in Ngb-tg compared to the wild type mouse

Because c-Fos is a key stress sensor in the nervous system (Cui, Liu, 2001), we asked

whether the magnitude of c-Fos induction might inform on differences in oxidative stress
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levels in the wild type and Ngb-tg brains challenged by acute exposure to combustion

smoke. Real-Time qPCR analyses revealed a nearly 300% induction of c-Fos mRNA in the

wild type brain, versus only 180% in Ngb-tg at the 1-hour recovery time, and approximately

250%- and 120% at 24-hour recovery post smoke for wild type and Ngb-tg, respectively

(Fig. 5A). The phase ll, stress response enzyme, heme oxygenase-1 (HO-1), was also

differentially modulated. A nearly 4-fold induction in cortical HO-1 protein level was

observed by 2-hours post smoke in the wild type cortex, while HO-1 levels were elevated to

a lesser extent in Ngb-tg, with shorter duration and return to normal already by 6-hours post

smoke (Fig. 5B).

DISCUSSION

Inhalation of combustion smoke produces a complex insult involving toxic gases, volatile

organic compounds, particulate matter and hypoxia (Lee et al., 2010; Chan et al., 2013;

Loane et al., 2013), which combine to disrupt oxygenation, impair mitochondrial energy

metabolism, induce ROS and increase oxidative stress, severely impacting brain

bioenergetics and function. Accordingly, brain manifestations of acute exposure to

combustion smoke span a broad range of adversely affected targets (Lee et al., 2005; Lee et

al., 2009; Zou et al., 2009; Lee et al., 2010; Lee et al., 2011; Zou et al., 2013) and we sought

to identify those targets, which are protected by neuroglobin in this setting. To this end, we

first produced a transgenic mouse with neuron-specific overexpression of Ngb and

demonstrated that Ngb protects primary neurons by raising the threshold of nitric oxide

mediated neuronal injury (Singh et al., 2013) and that in vivo, elevated Ngb attenuates the

formation of smoke-induced oxidative DNA damage in the mouse brain (Lee et al., 2011).

Because the formation of oxidative DNA damage is thought to be driven primarily by

excessive ROS, which is incidental to perturbed mitochondrial energy production, the

objective of the present study was to compare the status of key parameters of mitochondrial

respiration in the wild type and Ngb-tg mice after acute exposure to combustion smoke. We

found that perturbations of brain bioenergetics by smoke were measurably curtailed in Ngb

overexpressing compared to the wild type mouse strain. Specifically, mitochondrial oxygen

consumption, devoted to ATP synthesis, was reduced by smoke exposure to a greater extent

in the wild type brain, where it was also accompanied by a significant increase in futile

oxygen consumption feeding the proton leak. In contrast, increases in proton leakage were

not observed in Ngb-tg mitochondria after smoke, suggesting lesser smoke induced

uncoupling in Ngb-tg when compared to the wild type mitochondria. Likewise, the

diminution of mitochondrial ATP content after smoke was greater in the wild type when

compared to Ngb-tg brain. Moreover, in the wild type brain, key cytosolic enzymes involved

in brain energy metabolism, pyruvate kinase and lactate dehydrogenase were elevated to a

greater extent, most likely reflecting a more robust compensatory response needed to satisfy

energy demands, which could not be met by the wild type mitochondria, which have been

compromised by exposure to combustion smoke. Accordingly, brain levels of lactic acid

after smoke inhalation increased more in the wild type compared to Ngb-tg brain. Because

Ngb is localized primarily to the cytosol (Hankeln et al., 2004; Singh et al., 2013), it cannot

be precluded that elevated Ngb can affect pyruvate kinase and lactate dehydrogenase

activities by mechanism not yet identified. However, it is likely that attenuated induction of
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cytosolic enzymes and lactate levels in the Ngb-tg brain reflects on better preserved

mitochondrial respiration and subsequently a relatively limited need for compensatory

metabolic shift away from mitochondrial energy production after smoke. Interestingly, in a

recent study, elevation of brain lactate levels has been linked with chronological- and

mitochondrial DNA mutator-driven aging phenotypes (Ross et al., 2010). Thus, elevated

brain lactate coincides with mitochondrial impairments and brain pathologies consistent

with the brain aging process and other compromising conditions associated with declining

brain function. Since elevated lactic acid and resultant acidosis might drive neuronal injury

also via inflammatory processes (Edye et al., 2013), the possibility that overexpressed Ngb

mitigates the magnitude of the shift to glycolytic metabolism and subsequently also the

onset of acidosis, might account in part for its neuroprotective effects observed in this

setting. Intriguingly, in gills of zebra fish, several globin proteins, including Ngb are

upregulated as a part of adaptive response to environmental acidosis (Tiedke et al., 2013).

Interestingly, the appreciably greater modulations of energy metabolism indicators in the

wild type brain were also accompanied by markedly stronger induction of the central

neuronal stress sensor, the c-Fos gene (Shimokawa et al., 2005; Kovacs, 2008) and the phase

ll antioxidant response enzyme, heme oxygenase- 1 (HO-1) (Ghosh et al., 2011) in the wild

type when compared to Ngb-tg brain. Notably, a link between Ngb levels and regulation of

the c-Fos gene was reported in an earlier study where exacerbated c-Fos response to hypoxia

was observed in Ngb knockout mouse, suggesting that Ngb deficiency might sensitize the

brain to hypoxic brain injury (Hundahl et al., 2011). Taken together, our new findings are

consistent with the scope of previously observed neuroprotective effects of elevated Ngb, as

in the majority of reported injury models, the proposed modes of neuroprotection by Ngb

have been linked with improved sustenance of mitochondrial function (Yu et al., 2013). The

proposed mechanisms by which Ngb might ameliorate mitochondrial function in support of

neuronal survival, include involvement in augmentation of respiratory chain function (Kiger

et al., 2011; Lechauve et al., 2012), interactions with cytochrome c (Fago et al., 2006;

Raychaudhuri et al., 2010; Fiocchetti et al., 2013), preservation of respiratory complex lV

activity by sequestration of excessive nitric oxide (Brunori et al., 2005; Singh et al., 2013) as

well as neutralization of free radicals (Herold et al., 2004; Fordel et al., 2007; Li et al.,

2011).

By monitoring key indicators of brain energy metabolism after acute exposure to

combustion smoke, we identified specific targets, which were differentially affected in the

presence and absence of elevated Ngb. Importantly, in Ngb-tg, compared to wild type

cortical mitochondria, productive oxygen consumption linked with ATP synthesis was less

affected and no increases in the proton leak were observed, reflecting on better sustained

respiratory complexes and better retained membrane integrity in Ngb-tg mitochondria after

smoke exposure. The observed Ngb involvement in amelioration of mitochondrial function

provides new insights into mechanisms underlying better sustenance of Ngb-tg mitochondria

in the setting of smoke exposure. Because ROS generation is downstream of impaired

mitochondrial respiration, and oxidative DNA damage is downstream of excessive ROS, it

is plausible that the observed attenuation of smoke-induced DNA damage formation in the

Ngb-tg brain (Lee et al., 2011) resulted, at least in part, from prevention of mitochondrial

dysfunction and diminution of ROS.
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CONCLUSIONS

In view of the well-recognized central role of mitochondria in brain health and because

impaired mitochondrial function has been implicated in the etiology of different

neurodegenerative diseases (Wallace, 2013; Zsurka, Kunz, 2013), the possibility that

neuroglobin might protect neurons by augmenting mitochondrial function under

compromising conditions as previously suggested and further corroborated in this current

report, has broad implications for interventional strategies for protection of neurons via

neuroglobin-mediated preservation of mitochondrial fitness.
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Fig 1. Examination of crude mitochondrial preparations from the mouse cortex
(A) Representative immunofluorescent images of mitochondrial spreads (wild type) reacted

with cytochrome c (green) and synapsin 1 (red) antibodies (40X magnification) are shown.

(B) Graphical representation of ImageJ quantification of cytochrome c (green) and synapsin

(red) positive particles. (C) Western blotting analysis of crude mitochondrial preparations

probed for the mitochondrial outer membrane, voltage dependent anion channel protein 1

(VDAC1) and the inter-membrane space cytochrome c protein. Detection of the

synaptosomal protein, synapsin 1, confirmed the presence of synaptosomal component in

cortical mitochondria preparations. Neuroglobin was detected in preparations from Ngb-tg

but not the wild type cortex. (D) Representative contrast phase image of uniformly

distributed crude mitochondrial preparations in XF24 plates (6 μg/well) loaded for oxygen

consumption analyses (20X magnification).
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Fig 2. Differential effects of combustion smoke on respiratory profiles of wild type and Ngb-tg
cortical mitochondria
Mitochondrial respiration was analyzed using the Seahorse XF24 flux analyzer.

Mitochondria isolated from sham-controls and post smoke wild type and Ngb-tg mice were

placed in the XF24 plates. (A) Respiratory profiles are shown for the wild type [open

symbols, left panel] and Ngb-tg [solid symbols, right panel] mitochondria: sham-controls

and mice at 0 and 1-hour post smoke exposure were analyzed. Sequential, in port additions

of ADP and mitochondrial effectors are indicated by downward arrows and their timing is

marked on the x-axis (minutes). OCR values demarcated on the y-axis measure the relative

OCR changes. ATP synthesis-linked OCR measured in sham-controls (circles) was

significantly reduced at 1 hour [triangles], but not immediately (0 hour) after smoke

exposure (squares). A lesser reduction was measured at the 1-hour recovery time (solid

triangles) in Ngb-tg mitochondria when compared to wild type (solid circles). (B) The extent

of changes for the 1-hour post smoke recovery time versus sham-controls was calculated for

WT [open bars] and Ngb-tg [solid bars] for the different segments of respiratory profiles and

graphically presented in panel B: Relative changes in ATP synthesis linked OCR revealed a

~40% reduction for the WT (open) versus an ~15% reduction for Ngb-tg (solid).

Measurements of OCR feeding the proton leak (after injection of oligomycin) showed a 26%
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increase for the WT and no increase in proton leakage for Ngb-tg after smoke. Following

smoke exposure, relative FCCP-induced OCR was ~25% lower compared to sham control

for the WT and ~10% lower in the case of Ngb-tg (statistically not significant). Relative

changes are presented as means ± SEM (n=6). * designates different from each respective

sham-control and ** different from WT for a given treatment; p<0.05 significance.
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Fig 3. Mitochondrial ATP content is differentially affected by smoke in the wild type and Ngb-tg
brain
Mitochondrial ATP content was determined using the ATP Bioluminescence Assay and

normalized to protein amount. ATP content was reduced by exposure to smoke:

approximately 50% and 35% reductions were observed at the 0- and 1-hour and ~35% and

15% at 24-hours post smoke in the wild type and Nb-tg mitochondria, respectively. Values

are presented as means ± SEM (n=4); * designates different from each respective sham-

control and **designates different from WT for a given treatment; p<0.05.
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Fig 4. Acute smoke inhalation differentially modulates cytosolic energy metabolism in the wild
type and Ngb-tg brain
Measurements of changes in cytosolic pyruvate kinase (PK), lactate dehydrogenase (LDH)

and lactic acid levels in the wild type and Ngb-tg brains harvested at 0, 2, 6 and 24 hours

after exposures to smoke are shown; levels were elevated at all time points. In the wild type

but not Ngb-tg brain, significant increases persisted also at the 24-hour recovery. Values are

presented as percent of control and expressed as means ± SEM (n=4). * indicates different

from the respective control; ** indicates different from wild type for a given treatment; p<

0.05.
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Fig 5. c-Fos and heme oxygenase-1 are differentially induced in the wild type and Ngb-tg cortex
after smoke inhalation
(A) c-Fos gene expression is elevated following smoke inhalation. Relative changes in c-Fos

mRNA levels measured by RT-qPCR are presented as bar graphs (means ± SEM; n=5). *

indicates different from respective control and ** indicates different from wild type for a

given treatment; p< 0.05. (B) Representative image of Western blotting analysis of heme

oxygenase-1 (HO-1) levels is shown for wild type and Ngb-tg cortices at 0, 2, 6 and 24

hours recovery after smoke. Western detection of actin levels serves as loading control.
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