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Abstract
Acute inhalation of combustion smoke produces long-term neurologic deficits in survivors. To study the mechanisms that 
contribute to the development of neurologic deficits and identify targets for prevention, we developed a mouse model of 
acute inhalation of combustion smoke, which supports longitudinal investigation of mechanisms that underlie the smoke 
induced inimical sequelae in the brain. Using a transgenic mouse engineered to overexpress neuroglobin, a neuroprotective 
oxygen-binding globin protein, we previously demonstrated that elevated neuroglobin preserves mitochondrial respiration 
and attenuates formation of oxidative DNA damage in the mouse brain after smoke exposure. In the current study, we show 
that elevated neuronal neuroglobin attenuates the persistent inflammatory changes induced by smoke exposure in the mouse 
brain and mitigates concordant smoke-induced long-term neurobehavioral deficits. Specifically, we found that increases 
in hippocampal density of GFAP and Iba-1 positive cells that are detected post-smoke in wild-type mice are absent in the 
neuroglobin overexpressing transgenic (Ngb-tg) mice. Similarly, the smoke induced hippocampal myelin depletion is not 
observed in the Ngb-tg mice. Importantly, elevated neuroglobin alleviates behavioral and memory deficits that develop after 
acute smoke inhalation in the wild-type mice. Taken together, our findings suggest that the protective effects exerted by 
neuroglobin in the brains of smoke exposed mice afford protection from long-term neurologic sequelae of acute inhalation 
of combustion smoke. Our transgenic mouse provides a tool for assessing the potential of elevated neuroglobin as possible 
strategy for management of smoke inhalation injury.

Keywords  Neuroglobin · Neuroprotection · Neuroinflammation · Combustion smoke inhalation brain injury · 
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Introduction

Neuroglobin is an evolutionarily ancient oxygen binding 
heme protein [1, 2]. In the mammalian nervous system 
neuroglobin localizes primarily to neuronal cytosol and its 
expression varies in a brain region specific manner [3–5]. 
Although since its discovery nearly 20 years ago [1], neu-
roglobin has been repeatedly implicated in neuroprotec-
tion, the mechanisms underlying its ameliorative effects 
in the many models of brain and neuronal injuries have 
not been fully elucidated [5–8]. Examples of proposed 

neuroprotective actions of neuroglobin include oxygen bind-
ing and sensing, scavenging of reactive oxygen and nitro-
gen species, carbon monoxide sequestration, preservation 
of mitochondrial homeostasis and brain region- and neuron-
type-specific regulatory functions [9–17]. In view of sub-
stantive evidence for ameliorative effects of neuroglobin, we 
produced a genetically modified mouse with neuron-specific 
overexpression of neuroglobin (Ngb-tg) under the control 
of synapsin l promoter and assessed the Ngb-tg mouse in 
a model of acute combustion smoke inhalation [18], which 
we have developed for the un-anesthetized freely moving 
mouse [19–21].

We developed the smoke inhalation survival model to 
facilitate investigation of mechanisms that contribute to 
adverse sequelae seen in survivors of smoke inhalation inci-
dents, such as occur in enclosed spaces or intense forest fires, 
who tend to develop lasting neurologic deficits [22–24]. To 
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this end, we have been studying the smoke-induced temporal 
molecular, biochemical and cellular changes in the mouse 
brain and their modulation by neuron specific overexpres-
sion of neuroglobin. We observed protection by neuroglobin 
in vivo, in our mouse model of smoke inhalation [18, 25] 
and in vitro, in cultured cortical neurons following a nitric 
oxide challenge [16]. We found that at the early recovery 
times post-smoke exposure, elevated neuroglobin mitigates 
mitochondrial impairments, preventing disruption of energy 
homeostasis and escalation of oxidative stress thereby, less-
ening formation of oxidative DNA damage in the mouse 
brain [18], the key factor predicted to contribute to evolu-
tion of smoke induced brain injury [18, 25]. Recently, we 
extended the post-smoke time frame of our studies, to moni-
tor also chronic manifestation including, neurobehavioral 
impairments and long-term cellular changes in the mouse 
brain. We found that acute exposure to combustion smoke 
triggers long-term neuroinflammatory changes, with con-
cordant neurobehavioral deficits in the mouse [26]. In the 
current study, we demonstrate that elevated neuroglobin 
exerts long-term neuroprotection in the setting of acute inha-
lation of combustion smoke.

Materials and Methods

Mouse Model of Acute Inhalation of Combustion 
Smoke

The parental wild-type CB57BL/6 and transgenic Ngb-tg 
mouse strains [18] are housed and bred in the Animal Facil-
ity at the University of Texas Medical Branch (facility oper-
ates in compliance with the USDA Animal Welfare Act, the 
Guide for the Care and Use of Laboratory Animals, under 
OLAW accreditation, and IACUC approved protocols). The 
smoke-inhalation survival model, which we have developed 
for the un-anesthetized mouse was used [18–21, 25, 27]. 
At the initial stages of model development, comparisons of 
smoke exposure outcomes did not reveal gender dependent 
differences and here we report results obtained with male 
mice. Briefly, smoke is produced in smoke-generating cham-
ber by smoldering aspen wood shavings (1.3 g/min) and dis-
persed by a tube-mounted fan into a 20-L transparent mouse 
exposure chamber. Smoke composition in exposure cham-
ber was 3500 ppm carbon monoxide (0.35%), 11,500 ppm 
(1.15%) carbon dioxide, 14.5% oxygen and various volatile 
organic compounds as we reported [20]. Wild-type and Ngb-
tg male mice (3–4 months old) were placed in the smoke 
exposure chamber for 60 min with 10–20 s venting breaks 
to ambient air at approximately 10-min intervals. Total 
exposure time had been calibrated to achieve survival rate 
greater than 95%. Mice handled identically, except for the 
omission of smoke, served as sham-controls. Venous blood 

hemodynamic parameters were 5% and 62% carboxyhemo-
globin in sham-controls and post-smoke mice, respectively, 
with a drop to 11% after 2-h post-smoke recovery in ambient 
air, as we reported [18]. Mice were maintained for 8 months 
after smoke exposure prior to euthanasia and tissue collec-
tion. Mice were evaluated weekly for general health param-
eters including food intake, weight gain and locomotion. No 
overt differences were detected between the sham-control 
and post-smoke groups. As expected, due to cohort attrition 
during the 8 months, 1–3 mice were lost per group indepen-
dently of their assignment to either the smoke-exposed or 
sham-control groups. Schematic diagram of the sequence of 
experimental procedures is shown in Fig. 1a, b.

Tissue Collection, Immunohistochemistry 
and Image Analysis

Eight months post-smoke exposure brain tissues were col-
lected and either dissected and snap frozen or fixed in 10% 
formalin for immunohistological analyses (n = 4). Fixed 
brains were paraffin embedded and cut to obtain 5 µm coro-
nal sections through Bregma −3.14 region. Sub-hippocam-
pal regions assessed by immunohistological analyses are 
demarcated on hematoxylin/eosin stained section through 
this region (Fig. 1c). For immunostaining analyses, sec-
tions were processed by standard procedure and incubated 
with the following primary antibodies: anti-glial fibrillary 
acidic protein (GFAP, #AB5804, Millipore, at 1:1000), 
anti-ionized calcium-binding adapter molecule 1 (Iba-1, 
#019-19741, Wako-Chem, at 1:400) and anti-myelin basic 
protein (#AB134018, Abcam, at 1:400). Briefly, sections 
were incubated with primary antibodies for two hours at 
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Fig. 1   Schematic diagram of the experimental design. a, b Timelines 
of procedures and samples collection. c Demarcations of mouse hip-
pocampal regions used for immunohistological analyses on H&E 
stained coronal section through the hippocampus. CA1, CA3—hip-
pocampal subfields Cornu Ammonis 1 & 3; DG—dentate gyrus; 
SGL—subgranular layer; 3V—third ventricle
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RT, followed by 3 × washes with PBS and 30 min incubation 
with biotinylated secondary antibody (anti-mouse #BA9200 
or anti-rabbit #BA1000 at 1:400, Vector Laboratories) fol-
lowed by washing and 30-min incubation with horseradish 
peroxidase streptavidin (#SA5004 Vector Laboratories at 
1:400). Staining was developed by 3, 3′-diaminobenzidine 
(DAB) solution (#K3466, DAKO) and counterstained by 
hematoxylin (#TA060MH, Thermo Scientific). Images were 
taken using Nikon Eclipse 600 microscope. ROIs were delin-
eated using ImageJ software and Iba-1 and GFAP positive 
cells counted using ImageJ. Four non-consecutive sections 
through the hippocampus were scored. Data were expressed 
as mean ± SEM cell number per millimeter square in delin-
eated ROIs for each experimental group (n = 4). Myelina-
tion patterns were assessed by myelin basic protein (MBP) 
immunoreactivity. For quantification, counter stain was 
omitted and images were converted to gray scale, setting 
threshold intensity at 225. The gray scale images were trans-
formed into binary images using the ‘make binary’ function 
of ImageJ. Black areas were defined as positive for myelin 
as previously described [26, 28–30]. Each CA3 region (left 
and right) was divided into three contiguous areas for scor-
ing and positive area percent was calculated as we described 
[26]. Twenty-four ROIs were scored per group (n = 4); data 
are presented as mean ± SEM percent of area positive for 
MBP.

Real‑Time qPCR

Hippocampal RNA was extracted from snap frozen tissues 
(n = 3) using the RNeasy plus mini kit (Qiagen, Valencia, 
CA) as we described [25, 26, 31]. T100 thermal cycler (Bio-
rad) was used to reverse transcribe one microgram of total 
RNA using the iScript RT supermix (Biorad) that includes 
random, as well as, oligo dT primers. Real-time PCR reac-
tions were assembled with SSO FAST Evagreen supermix 
(Bio-Rad) and run using the CFX96 Real-Time System (Bio-
rad). Amplification parameters were 95 °C 2 min, 40 cycles 

of 95 °C 5 s, 55 °C 15 s with 18S ribosomal RNA gene as 
reference gene. The relative amount of target gene RNA was 
calculated according to Schmittgen and Livak [32] using 
the formula: − ΔΔCt = [(CT gene of interest-CT internal 
control) sample-(CT gene of interest-CT internal control) 
control]. Primer sequences are provided in Table 1. Data are 
presented as mean ± SEM (n = 3).

Hippocampal Neurogenesis

Neuronal progenitor cells were detected by incorporation 
of 5-ethynyl-2′-deoxyuridine (EdU)into genomic DNA of 
neuronal progenitor cells. EdU was delivered intra peritone-
ally (IP) by three injections at 50 mg/kg. First injection was 
given 4 h prior to smoke exposure, followed by second injec-
tion 4 h after smoke and third injection 24 h ahead of eutha-
nasia at 48 h post-smoke. Leica, #CM3050 cryostat was used 
to cut 10 µm hippocampal cryosections. Cryosections were 
mounted on superfrost plus slides (Fisher #12-550-15), fixed 
in 10% buffered formalin (Fisher, #SF100-4), permeabilized 
and blocked by 0.3% Triton-X-100/10% goat serum in citrate 
buffer for 45 min. Click-iT™ EdU Alexa Fluor™ 488 Imag-
ing Kit (Invitrogen, #C10337) was used to detect EdU incor-
poration according to manufacturer’s protocol as previously 
described Jao et al. [33] and as we reported [31]. Cover slips 
were mounted with diamond anti-fade mountant with DAPI 
(Thermo, #P36962). EdU fluorescence (green) was observed 
with Olympus IX71 fluorescence microscope. EdU positive 
cells in the left and right dentate gyrus regions (ROIs) were 
scored for every tenth section for four sections per mouse 
(n = 3); 24 ROIs were scored per group. Data are reported as 
mean ± SEM percent change for total number of EdU posi-
tive cells for the post-smoke versus sham control groups.

Neurobehavioral Testing

Neurobehavioral testing was done at the UTMB Rodent 
In Vivo Assessment Core Facility using standard validated 

Table 1   IDs and sequences and of primers used in study

Gene symbol Sequence Accession #

Forward Reverse

18S gtaacccgttgaaccccatt ccatccaatcggtagtagcg NR_003278.3, 18S ribosomal RNA
CCL2 catccacgtgttggctca gatcatcttgctggtgaatgagt NM_011333.3 chemokine (C–C motif) ligand 2 (Ccl2)
GFAP acagactttctccaacctccag ccttctgacacggatttggt NM_010277.3 glial fibrillary acidic protein
HMOX1 gtcaagcacagggtgacaga atcacctgcagctcctcaaa NM_010442 heme oxygenase 1
IFNG atctggaggaactggcaaaa ttcaagacttcaaagagtctgagg NM_008337.4 interferon gamma (Ifng)
IL6 gaggataccactcccaacagac aagtgcatcatcgttgttcatac NM_031168.1 interleukin 6 (Il6)
IL12B ttgctggtgtctccactcat gggagtccagtccacctcta NM_001303244.1 interleukin 12b (Il12b)
NOS2 ctttgccacggacgagac tcattgtactctgagggctgac NM_010927.3 nitric oxide synthase 2, inducible (Nos2)
TNFA gcctcttctcattcctgcttg ctgatgagagggaggccatt NM_013693.3 tumor necrosis factor (Tnf), variant 1
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protocols as we described [26, 33–36]. All testing was done 
within the 12-h light cycle for return to home cages prior to 
the 12-h dark cycle. Open field: Mice were acclimated for 
60 min in advance of testing. Four opaque wall 38 × 38 cm 
boxes were simultaneously recorded using the TopScan 
(Clever Systems Inc) software, which permits demarcation 
of the chamber’s central (12.4 × 12.4 cm) and peripheral are-
nas. Testing was done seven months post -smoke exposure. 
Each mouse was placed in the box center and movement 
was recorded for 10 min using the video tracking system 
with automated analysis software that quantifies locomotor 
parameters and dissects distances traveled in periphery and 
center arena. Boxes were cleaned between tests (70% etha-
nol) to remove any substances or scents [37]. Open field per-
formance parameters of smoke exposed versus sham control 
groups for wild-type and Ngb-tg mice (4 groups; n = 8–12) 
were analyzed by two-tailed t-test or one-way ANOVA fol-
lowed by Sidak’s multiple comparisons test.

Novel Object Recognition (NOR) Test

Sham controls and smoke exposed wild-type and Ngb-tg 
mice (four groups; n = 8–12) were subjected to learning/
memory assessments at 7.5 months post-smoke exposure. 
Testing was carried out according to standard validated 
protocols [33–36, 37–40] consisting of training sessions in 
which the mouse is allowed to explore two identical objects, 
and testing sessions where one of the original objects is 
replaced with a novel object, using the intermediate 4-h trial 
interval [36, 38, 40, 41]. Briefly, mice were habituated by 
exploration of an empty box for 10-min sessions over two 
consecutive days. On the third day each mouse was habitu-
ated in an empty novel object recognition box for 10 min. 
Twenty-four hours after the last habituation session mice 
were subjected to the training session as follows: each mouse 
was gently placed in a box with two identical objects, with 
nose facing the middle point of the wall away from objects 
and let explore for 10 min prior to return to home cage. After 
a 4-h retention interval, one of the objects was replaced with 
a novel object and the mouse was placed in a similar manner 
in the arena for the testing 10-min exploration session. Time 
spent with the familiar and novel objects during testing was 
recorded using TopScan digital video-based data capture 
and analyzed by Topscan version-2 software (CleverSys. 
Inc). The object discrimination ratio for the testing session 
was calculated for each mouse using the following for-
mula: time exploring specified object/(time exploring novel 
object + time exploring familiar object) as we described [36, 
38, 40, 41]; data are presented as the mean ± SEM. One-
sample t-test was used to determine if discrimination ratio 
was different than chance (0.5) and one-way ANOVA to 
determine the effect of treatment.

Statistical Analysis

All data are reported as mean ± standard error of the mean 
(SEM). Two-tailed Student-t test or one-way analysis of 
variance (ANOVA) followed by Sidak’s multiple com-
parison test was used to analyze differences between the 
groups. Data were analyzed using Excel or GraphPad Prism 
software. Statistical significance was determined using a P 
value ≤ 0.05.

Results

Elevated Neuroglobin Attenuates Long‑Term 
Neuroinflammation and Myelin Depletion Induced 
in Mouse Hippocampus by Acute Inhalation 
of Combustion Smoke

We previously found that acute inhalation of combustion 
smoke induces long-term inflammatory changes in the 
mouse hippocampus [26]. The changes involve increases 
in the number of GFAP and Iba-1 positive cells, as well 
as reduced density of myelinated fibers, suggestive of an 
onset of a chronic inflammatory condition in the aftermath 
of acute smoke exposure. In the current study, we found that 
smoke-induced inflammatory changes are averted in brains 
of Ngb-tg mice when compared to the smoke exposed wild-
type mice. Astrocytes and microglia in the CA1 and dentate 
gyrus hippocampal regions were assessed by immunoreac-
tivity of the astrocytic glial fibrillary acidic protein (GFAP) 
and the microglial marker, ionized calcium binding protein 
(Iba-1), respectively [42, 43], whereas myelination patterns 
were evaluated by immunoreactivity of myelin basic protein 
(MBP), a major structural protein in myelin sheath [44]. By 
8 months after smoke exposure, no significant increases in 
the number of GFAP and Iba-1 positive cells were observed 
in the Ngb-tg brains, when compared sham controls. In con-
trast, post-smoke analyses revealed increases in numbers 
of GFAP and Iba-1 positive cells in the similarly exposed 
wild-type mice (Figs. 2, 3, and Table 2). Likewise, density 
of myelinated fibers assessed by MBP immunoreactivity 
(Fig. 4) was reduced by smoke exposure in the wild-type 
but remained unchanged in hippocampi of Ngb-tg mice. 
For quantification of myelinated fibers, counter staining 
with hematoxylin was omitted and MBP immunoreactivity 
was transformed into binary gray scale images. Quantifi-
cation revealed reduced post-smoke MBP density in CA3 
regions of wild-type but not Ngb-tg mice. In combination, 
immunohistochemical analyses demonstrated that long-term 
inflammatory changes that manifest after smoke inhalation 
in wild-type brains are alleviated in brains of the similarly 
treated Ngb-tg transgenic mice.
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Smoke Induced Changes in Inflammatory Gene 
Expression are Attenuated in the Ngb‑Tg Mouse

The extent of changes in mRNAs levels of proinflamma-
tory cytokines post-smoke exposure was compared in hip-
pocampi of wild-type and Ngb-tg mice. RNA extracted from 
hippocampai of mice maintained eight months post-smoke 
and age matched sham controls was probed for expression of 
genes associated with inflammatory processes [45]. Elevated 
levels of mRNAs for glial fibrillary acidic protein (GFAP), 
interleukin-12 beta (IL-12B), interferon gamma (IFN-γ), 
tumor necrosis factor-α (TNF-α) and the chemokine C–C 
motif ligand 2 (CCL2), as well as, elevated expression of 
heme oxygenase 1 (HMOX1), a phase ll antioxidant enzyme, 
were detected (Fig. 5). Comparison of the extent of change 
in gene expression induced by smoke in the wild-type and 
in the Ngb-tg mice revealed a trend for attenuation of the 
smoke-induced upregulation of inflammatory gene expres-
sion in the Ngb-tg hippocampus. Most of the analyzed genes 
were significantly less upregulated in Ngb-tg hippocampi 
when compared to the similarly exposed wild-type mice, 
consistent with the possibility that neuroglobin contributes 
to preservation of anti-inflammatory environment [5].

Post‑smoke Reduction in Neurogenesis 
in Subgranular Zone of the Dentate Gyrus 
of Wild‑Type and Ngb‑tg Mice is Comparable

Conditions that adversely affect the brain have been impli-
cated in impediment of adult neurogenesis [46, 47]. Here, 
the status of post-smoke neurogenesis in subgranular layer 
of dentate gyrus was assessed by incorporation of the thy-
midine analog, EdU, into newly synthesized genomic DNA 
of neuronal progenitor cells that divide prior to their dif-
ferentiation into neurons. We found that by 48 h after acute 
smoke exposure, hippocampal neurogenesis was signifi-
cantly reduced in both the wild-type, as well as Ngb-tg 
mice (Fig. 6). Because the Ngb-tg mouse is engineered to 
overexpress neuroglobin under the control of synapsin l 
promoter [18], overexpression is limited to differentiated 
neurons that express synapsin l [48]. Accordingly, effects 
of elevated neuroglobin on neurogenesis are not directly 
testable in this transgenic model. Rather our findings are 
consistent with the substantive evidence showing protec-
tion by neuroglobin of mature neurons in diverse models 
of neuronal injury [5, 6, 10]. These findings indicate that 
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months after acute inhalation of smoke. Representative images of 
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(left) and post-smoke (right), wild-type (top panels) and Ngb-tg 
(bottom panels) mice (nuclei stain blue with hematoxylin; scale 
bar = 50 µm). Quantitation of GFAP positive cell number/mm2 in ROI 
is given as mean ± SEM in Table 2. P < 0.05 was considered signifi-
cant (experimental group n = 4)
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gyrus regions of wild-type but not Ngb-tg mice is observed eight 
months after acute inhalation of smoke. Representative images of 
Iba-1 positive microglia in CA1 (a) and DG (b) of sham-controls 
(left) and post-smoke (right), wild-type (top panels) and Ngb-tg (bot-
tom panels) mice (hematoxylin counter stain; scale bar = 50  µm). 
Quantitation of Iba-1 positive cell number/mm2 in ROI is given as 
mean ± SEM in Table 2. P < 0.05 was considered significant (experi-
mental group n = 4)
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in our model neuroglobin exerts protection via mecha-
nisms other than direct modulation of neurogenesis.

Elevated Neuroglobin Mitigates Long‑Term 
Neurobehavioral Deficits Induced in Mice by Acute 
Inhalation of Combustion Smoke

In view of attenuated inflammatory changes in the Ngb-
tg brains, we asked whether neuroglobin might mitigate 
also the smoke induced neurobehavioral deficits observed 
in longitudinal studies with the smoke exposed wild-type 
mice [26]. In the current study, wild-type and Ngb-tg mice 
were evaluated in Open Field (OF) and New Object Rec-
ognition (NOR) testing paradigms. OF testing gauges the 
mouse locomotor performance and exploratory behavior 
[34, 35, 37], whereas NOR testing serves to assess learn-
ing and memory functions [35, 36, 38, 40]. We subjected 
Ngb-tg and wild-type mice to OF testing at seven months 
post-acute exposure to combustion smoke. Locomotion 

Table 2   Post smoke changes 
in density of GFAP and Iba-1 
positive cells in CA1 and 
dentate gyrus regions

Values are mean ± SEM; *P < 0.05 post smoke versus sham control

Wild-type Ngb-tg

Sham control Post smoke Sham control Post smoke

GFAP+ cells/mm2

 CA1 153 ± 14 191 ± 10* 169 ± 12 153 ± 9
 Dentate gyrus 384 ± 19 450 ± 13* 400 ± 39 411 ± 5

Iba-1+ cells/mm2

 CA1 86 ± 4 130 ± 8* 100 ± 6 67 ± 5*
 Dentate gyrus 100 ± 16 145 ± 8* 100 ± 5 111 ± 12
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Fig. 4   Myelin basic protein (MBP) immunoreactivity is reduced after 
acute inhalation of smoke in CA3 hippocampal regions of wild-type 
but not Ngb-tg mice. a Representative images of coronal sections 
immunostained for MBP are shown. For quantification purposes, 
sections were immunostained for MBP without hematoxylin coun-
terstain. Images were converted to gray scale and assigned positiv-

ity threshold; images of CA3 regions generated by the ‘make binary 
function’ of ImageJ were analyzed. b Bar graphs show mean ± SEM 
percent for MBP positive areas calculated from 24 regions of interest 
scored per each of the four experimental groups: sham controls (CN) 
and post-smoke (SM) wild-type and Ngb-tg mice (n = 4); *P < 0.05; 
NS not significant
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Fig. 5   Post-smoke hippocampal inflammatory gene expression is ele-
vated to a greater extent in wild-type compared to Ngb-tg mice. Real 
time-qPCR revealed higher mRNA levels of inflammatory genes in 
post-smoke hippocampi of wild-type when compared to Ngb-tg mice. 
Data are presented as mean ± SEM of expression fold change versus 
the respective sham controls (n = 3); *Indicates different from smoke-
induced fold change in the wild-type mouse (GFAP p = 0.0461; IL-
12B p = 0.0265; IFN-γ p = 0.0202; TNF-α p = 0.0264; HMOX1 
p = 0.0291)
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patterns and distances traveled were recorded for wild-
type and Ngb-tg sham-controls, as well as, the wild-type 
and Ngb-tg post-smoke groups (n = 8–12). Recording was 

done using the TopScan video tracking system and auto-
mated software (Fig. 7). When compared to the respec-
tive sham-controls, analyses revealed a ~ 20% reduction in 
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Fig. 6   Smoke exposures reduce adult neurogenesis in the mouse den-
tate gyrus. Neurogenesis was monitored by incorporation of EdU, a 
traceable thymidine analog, into newly synthesized DNA of neu-
ronal progenitor cells in the subgranular zone of dentate gyrus. a 
Representative merged images of EdU/DAPI staining are shown for 
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percent change relative to respective sham-control in EdU positive 
cells in subgranular zone of dentate gyrus (n = 3 mice) *P < 0.05
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total distance traveled in smoke exposed wild-type but not 
the smoke-exposed Ngb-tg mice (Fig. 7b). Notably, activ-
ity traces also revealed reduced exploration of the center 
arena suggestive of anxiety-like behavior in the post-
smoke wild-type but not post-smoke Ngb-tg (Fig. 7c). The 
results for the wild-type mice are in agreement with our 
earlier findings using additional testing paradigms, which 
revealed persistent anxiety-like behavior in wild-type mice 
following acute smoke exposure [26]. Here, we expanded 
the scope of testing and asked whether acute exposure to 
smoke could also affect learning and memory functions. 
The new object recognition (NOR) paradigm [36, 38, 40], 
which exploits rodent’s ability to distinguish previously 
explored from novel objects was chosen for testing. We 
found that after acute smoke exposure, the discrimination 
ratio between novel and familiar objects was reduced in 
the wild-type but not in Ngb-tg mice (Fig. 8), indicating 
that in Ngb-tg, protection by elevated neuroglobin of tar-
gets adversely affected by smoke inhalation prevents also 
the development of memory deficits.

Discussion

Acute inhalation of combustion smoke, such as may occur 
in house fires and other enclosed spaces, leads to early as 
well as delayed neurological sequelae in survivors [22, 23, 
48–51]. The primary neurotoxic components of smoke 
include carbon monoxide, hydrogen cyanide and organic 
volatile compounds that synergize with hypoxia and free 
radical-generators to initiate brain injury [51–54]. To date, 
unlike the better characterized sequelae of carbon monoxide 
poisoning [54–60], the progression of chronic neurological 
deficits resulting from acute inhalation of smoke remains 
understudied. Consequently, the mechanistic link between 
smoke-induced perturbation of brain homeostasis and onset 
of delayed neurological consequences is not well understood 
[60–63] and the question as to whether akin to other types 
of brain injury, acute exposure to combustion smoke might 
predispose to brain disorders later in life is still open.

To address these issues, we have developed a long-term 
survival smoke-inhalation model for the un-anesthetized, 
freely moving mouse [26]. Our earlier studies in this model 
that focused on short-term post-smoke recovery times 
revealed mitochondrial perturbations, reduced ATP levels 
and formation of oxidative DNA damage in the mouse brain 
[19–21, 27], whereas assessments at long-term post-smoke 
recovery times, revealed neuroinflammatory changes and 
neurobehavioral deficits [26]. We produced a transgenic 
mouse (Ngb-tg) with neuron-specific overexpression of 
neuroglobin [18], an oxygen binding neuronal protein that 
proved protective in many different models of hypoxic and 
ischemic brain injuries [13, 17, 63–66], as well as models 
of neurodegenerative disease [66–70]. Using the Ngb-tg 
mouse, we reported that at the early recovery times elevated 
neuroglobin helps sustain mitochondrial respiration and 
ATP content, raising the threshold of smoke injury in the 
brain [18, 25], and in vitro, raising the threshold of nitric 
oxide injury in primary cortical neurons [16]. In the current 
study, to assess the potential role of elevated neuroglobin in 
long-term neuroprotection, manifestations of acute smoke 
exposure were compared in the wild-type and Ngb-tg mice. 
We found that elevated neuroglobin attenuates inflamma-
tory changes induced in the brain by smoke exposure and 
alleviates concomitant long-term neurobehavioral deficits. 
Specifically, elevated neuroglobin attenuated the post-smoke 
increases in inflammatory cytokine expression, in the num-
bers of GFAP and Iba-1 positive cells and depletion of 
myelin in hippocampal regions of the Ngb-tg mouse brain. 
Importantly, neuroglobin alleviated the smoke inhalation-
induced learning/memory deficit that developed in wild-type 
mice after acute inhalation of combustion smoke.

Although, we still lack a unifying mechanism to 
account for the neuroglobin mediated protection reported 
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in many settings of brain injury, the extant literature 
cites many outcome measures that are highly relevant to 
smoke-induced perturbations of neuronal function. The 
reported protective effects of neuroglobin span cytosolic 
and mitochondrial compartments and include temporary 
oxygen storage under hypoxic conditions, neutralization 
of reactive oxygen and nitrogen species, sequestration of 
carbon monoxide, augmentation of the electron transfer 
chain [9, 10, 14, 15], trapping of catecholamine oxidation 
products [71], G-protein modulation that averts apoptosis 
and favors neuronal survival [72, 73] and regulation of 
neuronal energy metabolism [74]. In view of neuroglobin-
mediated protection of many targets that are perturbed 
by smoke exposures [18, 25], we hypothesized that the 
magnitude of adverse long-term manifestations of smoke, 
might also be reduced, due at least in part, to anti-inflam-
matory milieu maintained by elevated neuroglobin [5–8]. 
Interestingly, a therapeutic application based on the high 
affinity of neuroglobin for carbon monoxide, the major 
component of smoke, has been developed recently [9]. 
In that case, investigators modified neuroglobin structure 
to further augment its binding affinity for carbon monox-
ide in effort to produce a life-saving antidote for carbon 
monoxide poisoning [9, 75] that is criticaly pertinent and 
applicable to combustion smoke exposures.

In addition to the previously observed molecular and cel-
lular changes [19–21, 27], activation of immunoinflamma-
tory pathways by smoke exposure at early recovery times has 
been reported [76]. While we detected neuroinflammatory 
changes in the wild-type mouse brain also 8 months after 
initial smoke esposure [26], no significant neuroinflamma-
tory changes involving astrogliosis, microgliosis or myelin 
depletion were evident in the Ngb-tg brain. An important 
aspect of our long-term studies is that ameliorative effects 
detected at the cellular and tissue level in the post-smoke 
Ngb-tg brains, are concordant with alleviation of smoke 
induced neurobehavioral deficits. Using the Open Field 
testing paradigm, we detected reduced exploratory activity 
in the wild-type but not in the Ngb-tg mice seven months 
after exposure to smoke (Fig. 7). The marked avoidance of 
center arena by the post-smoke wild-type mice is sugges-
tive of anxiety-like behaviour. This is consistent with other 
anxiety indicators, including reduced time in the open arms 
of elevated plus maze and increased cued freezing behav-
ior, which we previously observed post-smoke in wild-type 
mice [26]. Here, using the NOR testing paradigm, long-term 
impairment in the learning/memory task was detected in 
wild-type but not Ngb-tg mice subjected to identical smoke 
exposure (Fig. 8). NOR is a hippocampus- and prefronatal 
cortex dependent task [77] and this outcome is consistent 
with preservation of cognitive function in Ngb-tg mice, 
plausibly due to the anti-inflammatory environment main-
tained by elevated neuroglobin. Elevated neuroglobin has 

been previously linked with improvment of neurologic func-
tion in aged mice, where age-associated neuroinflammation 
contributes to neurologic deficits [78].

Of note, in the current study, we found that smoke expo-
sure has an acute inhibitory effect on subgranular zone/
dentate gyrus neurogenesis. While it is still unresolved to 
what extent modulations of adult neurogenesis correlate 
with neurobehavioral changes [79, 80], adult neurogenesis 
is considered critical for brain plasticity and its compromise 
has been associated with neurodegenerative disease [46]. 
Here we demonstrate for the first time that dentate gyrus 
neurogenesis is reduced following acute exposure to com-
bustion smoke. However, because the Ngb-tg transgene is 
under the control of synapsin l promoter, in our system neu-
roglobin overexpresion is restricted to differentiated neurons 
and absent from progenitor cells that drive neurogenesis. 
Hence, while neuroglobin has been previously implicated in 
promoting neurogenesis [81], due to the transgene design, 
this particular aspect of neuroglobin is not testable in our 
experimental system.

Interestingly, while neuroglobin was found protective in 
many models of brain injury, only few studies have explored 
the long-term protective effects of neuroglobin, particularly 
as they pertain to manifestations of neurologic deficits. Our 
data suggest that preservation of mitochondrial function 
and energy homeostasis that have been attributed to neu-
roglobin in many models of brain injury might help mitigate 
the impact of smoke exposure averting neuropathologic out-
comes and progression of neurologic deficits. Our results 
demonstrate that manipulation of neuroglobin levels might 
be useful for prevention of adverse effects of smoke inhala-
tion injury and broaden the scope of therapeutic applications 
of neuroglobin, suggesting that pharmacologic approaches to 
augment neuroglobin levels following acute smoke exposure 
warrant further investigation.
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