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Abstract. Several previous studies have raised controversy 
over the functional role of neuroglobin (Ngb) in the retina. 
Certain studies indicate a significant impact of Ngb on retinal 
physiology, whereas others are conflicting. The present is an 
observational study that tested the effect of Ngb deficiency 
on gene expression in dark‑ and light‑adapted mouse retinas. 
Large‑scale gene expression profiling was performed using 
GeneChip® Mouse Exon 1.0 ST arrays and the results were 
compared to publicly available data sets. The lack of Ngb 
was found to have a minor effect on the light‑induced retinal 
gene expression response. In addition, there was no increase 
in the expression of marker genes associated with hypoxia, 
endoplasmic reticulum‑stress and oxidative stress in the 
Ngb‑deficient retina. By contrast, several genes were identi-
fied that appeared to be differentially expressed between the 
genotypes when the effect of light was ignored. The present 
study indicates that Ngb deficiency does not lead to major 
alternations in light‑dependent gene expression response, but 
leads to subtle systemic differences of a currently unknown 
functional significance.

Introduction

The retina is one of the most metabolically active tissues (1,2). 
The oxygen consumption rate in the dark‑adapted retina is 
considerably higher compared to the light‑adapted condi-
tion (3,4). Empirical evidence indicates that in part, oxygen 
tension in the retina can fall close to 0 mm Hg making these 
sections hypoxic (3,4). Unlike the muscles in which a high 

concentration of myoglobin secures an oxygen reservoir, the 
retina was believed to depend solely on oxygen diffusion 
from the choroid. In 2000, a third member of the hemoglobin 
family was discovered and shown to be expressed in the mouse 
brain  (5). Due to the neuronal expression, the globin was 
named neuroglobin (Ngb). Ngb is a monomeric hemoglobin 
capable of reversibly binding oxygen in vitro (5,6). Ngb was 
highly expressed in the majority of layers in the mouse retina, 
including the photoreceptors (7). The high concentration of 
Ngb was thought to indicate a role in the retinal oxygen supply. 
Another study showed an overlap between Ngb expression and 
areas with the highest number of mitochondria supporting a 
respiratory function of Ngb (8). Previously, several studies 
have implicated a neuroprotective function of Ngb in retinal 
diseases (9‑12). Furthermore, transgenic mice overexpressing 
Ngb were found to be resistant to retinal ischemia (13) and 
in  vivo knockdown of Ngb using small interfering RNA 
(siRNA) induced the degradation of retina ganglion cells 
and behavioral effects associated with compromised visual 
performance (14). In contrast to these studies, we recently 
showed limited Ngb immunoreactivity in the retina and no 
effect of Ngb deficiency on neuronal survival using geneti-
cally Ngb‑deficient (Ngb‑null) mice (15). This is in line with 
studies showing no adverse effect of Ngb deficiency on 
neuronal survival in the brain of mice exposed to hypoxia or 
ischemia (16,17). Therefore, the function of Ngb in the retina 
and brain remains unresolved. In the present study, microar-
rays were used to investigate the effect of Ngb deficiency 
on retinal gene expression. The affect of Ngb deficiency on 
retinal gene expression response to light was investigated, as 
well as whether there was differential expression of marker 
genes associated with oxygen availability, oxidative stress and 
endoplasmic reticulum (ER)‑stress in Ngb‑deficient retina.

Materials and methods

Ngb‑null mice. The Ngb‑null mouse model was created by 
GenOway (Lyon, France) as described previously (17,18).

Animals. A total of 15 wild‑type (wt) c57BL6 and 15 Ngb‑null 
female mice (12‑16 weeks old) were used in the experiment. 
The animals were maintained in a 12/12‑h light/dark cycle 
with ad libitum access to food and water. Five mice of each 
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genotype were euthanized by decapitation either in dark-
ness (t0) or after exposure to 1.5 or 5 h of light. The retinas 
were rapidly dissected out on ice, snap‑frozen on dry‑ice and 
stored at ‑80˚C until RNA extraction. Animal care and all 
experimental procedures were conducted in accordance to 
the principles of Laboratory Animal Care (Law on Animal 
Experiments in Denmark, publication 1306, November 23, 
2007) and approved by the Faculty of Health, University of 
Copenhagen (Copenhagen, Denmark).

Microarray analysis. RNA was extracted using the InviTrap 
Spin Universal RNA mini kit (STRATEC Molecular GmbH, 
Berlin, Germany) according to the manufacturer's instruc-
tions. In brief, homogenized retinas were transferred to the 
lysis buffer for inactivation of RNases. After 2 min centrifuga-
tion at 12,851 x g the supernatant was transferred to a new 
tube containing 96% pure ethanol and mixed. The mixture 
was subsequently applied to a spin filter tube and centrifuged 
for 2 min at 12,851 x g and the flow through was discarded. 
The filter tube was washed with wash buffer solution followed 
by centrifugation and RNA was eluted with elution buffer. 
Eluted RNA was stored at ‑80˚C until use. The gene expres-
sion profiling was performed with GeneChip® Mouse Exon 
1.0 ST arrays (Affymetrix, Santa Clara, CA, USA) according 
to manufacturer's instructions. Briefly, 50 ng total RNA from 
each sample was amplified using the Ovation Pico WTA 
system V2 (NuGEN Technologies, Inc., San Carlos, CA, USA). 
Fragmentation and biotin labeling was performed using the 
Encore‑Ovation cDNA Biotin Module (NuGEN Technologies). 
The labeled samples were hybridized to the GeneChip® Mouse 
Exon 1.0 ST array (Affymetrix). The arrays were washed and 
stained with phycoerytrin‑conjugated streptavidin using the 
Affymetrix Fluidics Station 450 and the arrays were scanned 
in the Affymetrix GeneArray® 3000  scanner to generate 
fluorescent images, as described in the Affymetrix GeneChip® 
instructions. The cell‑intensity files were generated in the 
GeneChip® Command Console software (Affymetrix).

Differential expression analysis. Differential gene expression 
analysis was performed with DEMI (in‑house designed soft-
ware) (19) as implemented in the R package (www.r‑project.
org; http://cran.r‑project.org/web/packages/demi. Accessed 
September 5, 2014). Gene expression data from Bedolla and 
Torre (20) (GEO: GSE29299) and Porterfield et al (21) (GEO: 
GSE6904) was downloaded from Gene Expression Omnibus. 
A gene was termed differentially expressed when the corre-
sponding false discovery rate (FDR) was  <0.01 and the 
ratio of differentially expressed on‑target probes was >0.5 
(i.e. >50% of the gene‑specific probes were differentially 
expressed in the same direction). Gene set enrichment 
analysis was performed separately for differentially up and 
downregulated genes using g:Profiler (http://biit.cs.ut.ee/gpro-
filer/. Accessed September 5, 2014) (22).

Estimating overlap between the dif ferent microarray 
experiments. The overlap of the differentially expressed genes 
between the different experiments was estimated with Fisher's 
exact test in R. P‑values were corrected using the FDR proce-
dure (23) and enrichments with FDR<0.05 were considered 
to indicate a statistically significant difference. In order to 

compare differentially expressed genes between mouse and 
rat datasets, an annotation table was retrieved that linked rat 
gene identifiers to mouse orthologs from Ensembl (release 75) 
using R (package biomaRt).

Reverse transcription quantitative polymerase chain reaction 
(RT‑qPCR). First strand cDNA was synthesized with random 
hexamers (Invitrogen Life Technologies, Grand Island, NY, 
USA) and SuperScript® III Reverse Transcriptase (Invitrogen 
Life Technologies) from 500 ng total RNA. RT‑qPCR was 
performed using TaqMan® (Applied Biosystems, Foster City, 
CA, USA) gene expression assays (Table I). The expression 
of hypoxanthine phosphoribosyltransferase 1 (Table I) was 
used as internal reference. PCR was performed in 4 parallel 
reactions for each sample. RT‑qPCR reactions were run 
on the ABI PRISM 7900HT Fast Real‑Time PCR system 
machine (Applied Biosystems) and quantified with the ABI 
PRISM 7900 SDS 2.2.2 software. For each assay, an average 
of 4 technical replicates was used as the endpoint. Expression 
levels were calculated using the ΔCt method (24), where the Ct 
of the gene of interest is normalized to a reference gene.

Results

Gene expression analysis in dark‑ and light‑adapted mouse 
retinas. Transcriptome‑wide gene expression analysis was 
performed using retinas of dark‑ and light‑adapted (1.5 and 
5 h) Ngb‑null mice and their wt littermates. The differences 
in expression were studied using DEMI, a recently published 
non‑parametric methodology, which estimates differential 
expression from probe‑level data (19). The effect of light on 
gene expression was more substantial than the effect of geno-
type, as reflected in the numbers of differentially expressed 
genes (Table II). Differential expression of Fos and Egr1, which 
are established light‑responsive genes  (25), was confirmed 
by RT‑qPCR in the genotypes after 1.5 h light pulse (Fig. 1). 
To further confirm that the effect of light was similar to the 
expected effect, the data from two previously published studies 
were reanalyzed, which made raw expression data publicly 
available. In the first study, ex vivo retinas collected from adult 
Long Evans rats, were exposed to light (1000 lux for 3 or 6 h) 
or remained in the dark as a control (20). The second study 
collected expression data from mouse suprachiasmatic nucleus 
(SCN), the main target of retinohypothalamic tract, after 
0.5‑h light pulse and a sham‑light pulse (21). A statistically 
significant overlap of differentially expressed genes between 
the studies was believed to cross‑validate results obtained 
under the distinct experimental setups. As expected, there was 
a significant overlap of differentially expressed genes between 
the corresponding treatments in the present study and the 
two independent datasets (Table III). Specifically, there was a 
significant overlap between the upregulated genes in the mouse 
retina after 1.5‑h light pulse and in the mouse SCN after 0.5‑h 
light pulse. In addition, there was a significant overlap between 
the upregulated genes in the mouse retina after 5‑h light pulse 
and rat retina exposed to 6‑h light pulse ex vivo. A significant 
overlap between the downregulated genes was not observed in 
the corresponding treatments from the different experiments, 
indicating that the light‑specific response is mostly associated 
with upregulation of gene expression. No significant overlap was 
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Table I. TaqMan® assays used for reverse transcription quantitative polymerase chain reaction gene expression validation.

Gene symbol	 Gene name	 Assay identity or sequence

Hif1α	 Hypoxia inducible factor 1α	 Mm00468879_g
Bnip3	 BCL2/adenovirus E1B 19 kDa	 Mm01275601_g
	 interacting protein 3
Gstz1	 Glutatione S‑transferase	 Mm01296880_m1
Gsr	 Glutatione reductase	 Mm00439154_m1
Xbp1	 X‑box binding protein 1	 Mm00457357_m1
Nfe2l2 (Nrf2)	 Nuclear factor (erythroid‑derived 2)‑like 2	 Mm00477784_m1
Egr1	 Early growth response protein 1	 Mm00656724_m1
Fos	 FBJ osteosarcoma oncogene	 Mm00487425_m1
Akap6	 A kinase (PRKA) anchor protein 6	 Mm01292745_m1
Atp8a2	 ATPase, aminophospholipid transporter,	 Mm00443740_m1
	 class I, type 8A, member 2
Entpd4	 Ectonucleoside triphosphate	 Mm00491888_m1
	 diphosphohydrolase 4
Hprt1	 Hypoxanthine phosphoribosyltransferase 1	 F 5'‑GCAGTACAGCCCCAAAATGG‑3',
		  R 5'‑AACAAA GTCTGGCCTGTATCCAA‑3',
		  probe (VIC) 5'‑VIC‑AAGCTTGCTGGTGAAAA
		  GGACCTCTCG‑3'

F, forward; R, reverse. 

Table II. Counts of differentially expressed genes in the retina (false discovery rate <0.01).

	 Differential expressiona	 Ngb‑deficient arraysb	 Wild‑type arraysb

	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Variables	 Up	 Down	 Up	 Down	 Up	 Down

Light pulse, h
  0	   7	   6	 -	 -	 -	 -
  1.5	 23	 27	   5	 36	   28	   11
  5	   9	 11	 21	 29	 323	 283

aNo. of differentially expressed genes in neuroglobin (Ngb)‑deficient retina in reference to wild‑types; bno. of differentially expressed genes after light pulse. 
Differential expression was estimated in regards to the dark‑adapted retina of the same genotype.

Figure 1. Reverse transcription quantitative polymerase chain reaction verification of light‑inducible genes. Gene expression in the retina of neuroglobin 
(Ngb)‑deficient (Ngb‑null) and wild‑type (wt) mice after a 1.5‑h light stimulation. There was a significant induction (P<0.05, t‑test) of (A) Fos and (B) Egr1 in 
the Ngb‑null and wt mice when compared to the dark‑adapted controls. No differential expression was detected between wt and Ngb‑null mice. Expression 
was normalized to hypoxanthine phosphoribosyltransferase 1 as the internal reference (n=5 in each group).

  A   B
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found between the corresponding treatments when the gene sets 
of opposite differential expression direction were compared, 
serving as a negative control. As the pattern of gene set enrich-
ment FDR values was similar, irrespective of the genotype, 
it was concluded that the gene expression response to light is 
largely intact in Ngb‑deficient retina.

Exposure to 1.5‑h light pulse revealed three gene ontology 
categories with weakly significant enrichment. The set of 
upregulated genes included several early response genes, such 
as Egr1, Fos, Fosl2, Per1 and Nr4a1‑3, indicating effective-
ness of the light pulse (Fig. 2). Of these, Nr41a, Per1, Fos, 
Fosl2 and Nr4a2 have also been confirmed in the study by 
Araki et al  (25), as light inducible transcripts in the SCN, 
which is a light responsive brain area directly innervated by 
the eye. Similarly, the reanalysis of data from the study by 
Porterfield et al (21) indicated the upregulation of Nr4a1, Egr1 
and Fos in SCN after 0.5‑h light pulse. Functional annotation 
analysis of genes upregulated in response to 5‑h light pulse 
revealed numerous significantly enriched categories associ-
ated with translation, RNA‑splicing and visual perception. 
Gene ontology categories enriched among downregulated 
genes were mostly correlated with the term ‘G‑protein coupled 
receptor activity'. Closer inspection of the downregulated gene 
set revealed a high proportion of olfactory and vomeronasal 
receptor genes, which were dismissed as uninformative and 
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Figure 2. Known and predicted protein interactions between light‑induced 
genes in the retina and the suprachiasmatic nucleus (SCN). The circles depict 
the genes that were upregulated in response to light. Connecting lines indicate 
protein interaction information as retrieved from STRING (40). (A) Genes 
induced by 1.5‑h light pulse (neuroglobin‑deficient and wild‑type arrays 
were pooled). (B) Genes induced in the mouse SCN by 0.5‑h light pulse, data 
published by (21). Thicker or thinner lines show more or less evidence of 
interactions between the proteins, respectively. The genes overlapping in the 
datasets are presented with accentuated circles.

  A

  B
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therefore, not deserving further investigation. In our previous 
studies, we have observed similar, and most likely nonspecific, 
induction of the olfactory and vomeronasal receptor genes in 
the brain in response to various stimuli (data not shown).

Despite the overall similarity of light‑induced gene expres-
sion responses between Ngb‑null mice and wt, the present 
study aimed to investigate whether there are systemic geno-
type‑related differences in the retina. Specifically, the aim was 
to identify the genes that are differentially expressed when the 
effect of light is ignored. Samples with identical genotypes 
(n=15) were pooled and it was found that there were several 
differentially expressed genes between the pools (Table IV). 
The three main differential expression estimates from the 
array study were confirmed by RT‑qPCR (Fig. 3).

Several studies have indicating a role of Ngb in scav-
enging reactive oxygen species. A recent study showed that 
Ngb regulates Hif1α and Nrf2 (Nfe2l2) expression and anti-
oxidant levels in cells exposed to hypoxia (26). Therefore, 
the following genes were chosen for differential expression 
analysis using RT‑qPCR in the dark‑adapted retina: Hif1α, the 

Hif1α target gene Bnip3 (27), the glutathione system genes Gsr 
and Gstz1, the master regulator of oxidative stress responsive 
genes Nfe2l2 (28) and the unfolded protein response regulator 
Xbp1 (29). None of the genes exhibited evidence of differential 
expression between the genotypes, indicating that there was 
no apparent elevation of ER‑stress, oxidative stress or hypoxia 
response in the Ngb‑null retina (Fig. 4).

Discussion

A number of studies have reported high levels of Ngb in the retina 
and adverse effects of Ngb knockdown on neuronal survival, 
leading the hypothesis that Ngb is important for retinal oxygen 
homeostasis and neuronal survival  (7‑14,30‑32). Recently, 
Chan et al (13) found that transgenic overexpression of Ngb 
conferred protection against retinal ischemia via a decrease in 
oxidative stress levels. Similarly, Lechauve et al (14) showed 
that siRNA knockdown of Ngb reduced mitochondrial activity, 
induced cell death and had an adverse effect on visual perfor-
mance. In the present study, genome‑wide transcriptional 

Table IV. Differences in the retinal gene expression between neuroglobin (Ngb)‑deficient and wild‑type mice when light exposure 
is ignored.

Direction	 FDR	 Gene symbol	 Description

Up	 1.10e‑23	 Akap6	 A kinase (PRKA) anchor protein 6
Up	 6.76e‑22	 Tmem229b	 Transmembrane protein 229B
Up	 2.60e‑22	 Serpina3n	 Serine (or cysteine) peptidase inhibitor, clade A, member 3N
Up	 1.28e‑13	 Gdpd3	 Glycerophosphodiester phosphodiesterase domain containing 3
Up	 1.28e‑13	 Ccdc115	 Coiled‑coil domain containing 115
Down	 7.56e‑36	 Entpd4	 Ectonucleoside triphosphate diphosphohydrolase 4
Down	 2.39e‑31	 Atp8a2	 ATPase, aminophospholipid transporter‑like, class I, type 8A, member 2
Down	 5.10e‑18	 Snapc1	 Small nuclear RNA activating complex, polypeptide 1
Down	 2.20e‑16	 Heatr5a	 HEAT repeat containing 5A
Down	 2.37e‑13	 Lcmt2	 Leucine carboxyl methyltransferase 2

Five most significant differentially upregulated and downregulated genes between Ngb-deficient and wild-type arrays. FDR, false discovery rate.

Figure 3. Reverse transcription quantitative polymerase chain reaction verification of the differentially expressed genes between Ngb‑null and wild‑type mice. 
Expression was normalized to hypoxanthine phosphoribosyltransferase 1 (Htpr1) as the internal reference (n=9‑10 in each group). Differential expression 
significance was estimated with one‑tailed t‑test to confirm the direction of expression dynamics reported by the microarray.
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profiling was used to study the effect of Ngb deficiency on 
gene expression in the eye under various light conditions. 
Based on a number of studies indicating an involvement of 
Ngb in retinal respiration, it was thought that Ngb‑null retina 
would exhibit an altered expression of genes associated with 
hypoxic and oxidative stress response. Furthermore, an effect 
for whether Ngb deficiency on gene expression response to 
light is required for normal retinal function was expected.

In the present study, functional annotation of differentially 
expressed genes in the dark‑adapted retina showed no evidence 
for the enrichment of the gene sets associated with oxidative 
metabolism or cellular stress. Similarly, RT‑qPCR analysis of 
the marker genes for hypoxia, oxidative stress and ER‑stress 
did not indicate differential expression between the genotypes. 
These results suggest that Ngb deficiency does not lead to an 
altered light response or expressional changes indicative of 
cellular stress. In addition, these results are in line with our 
previous study, suggesting low and limited expression of Ngb 
in the retina (15), as well as with the study by Fago et al (33) 
that suggested the low O2 affinity of Ngb appears to be incom-
patible with a physiological role in mitochondrial O2 supply at 
the low O2 tensions. The current results are also supported by 
the apparently normal circadian rhythm and the induction of 
light‑responsive genes in the SCN of Ngb‑null mice (18).

The study of systemic gene expression differences when 
the effect of light was ignored revealed several differentially 
expressed genes between Ngb‑null mice and wt. The three 
genes showing the most significant differential expression 
were Akap6, Entpd4 and Atp8a2. The only gene of the three 
that was upregulated, Akap6, lies within 35 Mbp from the Ngb 
locus and its differential expression may be due to the congenic 
footprint (34). Entpd4 is responsible for cleaving nucleotide 

tri‑ and diphosphates and is believed to be involved in the 
rescue of nucleotides from the lysosomal/autophagic vacuole 
lumen (35). To the best of our knowledge, we are not aware of 
any previous studies indicating a functional coupling between 
Ngb and Entpd4. Atp8a2 is highly expressed in testes, spinal 
cord, brain and retina (36‑38) and is an adenosine triphosphate 
(ATP)‑dependent lipid flippase that translocates aminophos-
pholipids from the exoplasmic to cytoplasmic leaflets of 
membranes  (39). A straightforward functional association 
between Atp8a2 and Ngb is unclear as the former is essential 
for the correct functioning of photoreceptor cells (39), which do 
not appear to express Ngb (15). As Atp8a2 consumes a notable 
amount of cellular ATP in the photoreceptor cells (37), it could 
be hypothesized that if Ngb is involved in oxygen delivery in 
the retina then a lack of Ngb may lead to a reduced capacity for 
oxidative phosphorylation resulting in a lower rate for Atp8a2 
expression. Of note, Atp8a2 deficiency leads to the decline in 
visual perception and auditory failure (39).

In conclusion, the present study indicates that Ngb defi-
ciency does not lead to major alternations in light‑dependent 
gene expression response, but leads to subtle systemic differ-
ences of currently unknown functional significance. Further 
studies are required to ascertain whether Atp8a2 and Entpd4 
are functionally coupled to Ngb.
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