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SUMMARY

Summary
To design therapeutic strategies to treat nervous system related injuries and diseases, the
understanding of homeostasis in the brain supporting the maintenance of pivotal cell survival
promoting mechanisms, has been of great value. Eighteen years following the discovery of
neuroglobin (Ngb), an oxygen-binding protein that is predominantly expressed in neurons of the
central and peripheral nervous system, this protein is considered to promote neuroprotection
by multiple cytoprotective actions of which the exact mechanisms still remain elusive. To
further elaborate on Ngb’s functional significance and modes of action, a plethora of Ngb
overexpressing and Ngb deficient models has been created. While Ngb overexpression models
point at Ngb’s cytoprotective capacities, Ngb deficient models only partially confirm the latter
since in vivo studies on Ngb knockout models do not show major effects. In addition, in vitro
Ngb deficient studies already indicated a role of Ngb during neurodevelopment. In that view,
the level of Ngb expression, either physiologically, overexpressed or downregulated might alter
its functional properties. Furthermore, the experimental setup, being in vitro or in vivo also has
an impact on functional outcome and subsequently the attribution of a physiological and/or
therapeutic role to Ngb. These observations underscore that targeting Ngb through different
research approaches is essential in order to elucidate its functional significance.
In the first part of this doctoral thesis, we evaluated the therapeutic potential of Ngb
overexpression in an acute and chronic mouse model of ischemic heart disease. As the ectopic
expression of Ngb in transgenic Ngb overexpressing mice had already been described to reduce
life-threatening side effects of hypoxic and ischemic insults, Ngb might be beneficial in
cardiovascular diseases. In an acute myocardial infarct model (AMI), we were able to confirm
the protective role of Ngb as myocardial infarct (MI) size was reduced and post-AMI survival
was prolonged in Ngb overexpressing mice. In contrast, in a chronic setting of ischemic heart
disease using a model of advanced atherosclerosis in which coronary plaques and MIs develop
in mice being fed a western diet, only the incidence of coronary plaques was reduced in Ngb
overexpressing mice, but this did not translate into a long term functional or survival benefit.
Overall, we were able to confirm the cytoprotective character of Ngb although the exact
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conditions concerning the type and severity of the insult to elicit Ngb’s protective actions still
remain elusive.
In the second part of this doctoral thesis, we further investigated the regulatory role of Ngb in
neural stem cell (NSC) growth and proliferation using Ngb knockout (NgbKO) models. In a first
study, the loss of Ngb in an in vitro NgbKO model of NSCs in 2D monolayer cultures appeared to
affect CDKN1A/CDK6 expression resulting in enhanced proliferation of NSCs. These data were in
line with previous studies, confirming a role of Ngb in neurodevelopment. Second, we extended
our findings by creating an NgbKO mouse model and investigating the effect of Ngb deficiency in
embryonic brain derived NgbKO-NSCs in both 2D monolayer and 3D neurosphere (NSPH)
cultures. Although 2D monolayer cultures showed enhanced proliferation of Ngb KO-NSCs,
confirming our previous results, 3D NSPH cultures showed impaired Ngb KO-NSPH formation. The
discrepancy in growth potential between 2D monolayer NgbKO-NSC cultures and 3D NgbKO-NSPH
cultures guided us to an additional in vivo experiment in which we studied NSC proliferation and
migration by monitoring adult neurogenesis from the subventricular zone to the olfactory bulb.
Although we expected to observe enhanced (cfr. 2D cultures) or impaired (cfr. 3D cultures) NSC
proliferation in NgbKO mice, there was no difference in NSC proliferation and migration in NgbKO
mice compared to wild type mice. Nevertheless, our combined approach of in vitro and in vivo
research strategies provided new insights in the field of neurodevelopment reflected by the
impact of Ngb on NSC proliferation and growth, inherently dependent on the experimental
setup.
Considering Ngb’s multiple biological activities dependent on a plethora of specific conditions
and stimuli, as we also observed in our Ngb overexpression and Ngb deficient studies,
unravelling Ngb’s functional significance will remain to be challenging in the near future.
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Samenvatting
Bij de ontwikkeling van therapeutische strategieën in de behandeling van neurologische
aandoeningen en neurologische schade, is het van belang om vitale sleutelprocessen, die
zorgen voor het behoud van homeostase en de bijhorende overleving van cellen en weefsels in
het zenuwstelsel, te doorgronden. Achttien jaar na de ontdekking van neuroglobine (Ngb), een
zuurstofbindend eiwit dat hoofdzakelijk geëxpresseerd wordt in neuronen van het centrale en
perifere zenuwstelsel, wordt aangenomen dat dit eiwit neuroprotectie promoot via een scala
van cytoprotectieve processen waarvan de exacte mechanismen nog niet achterhaald zijn. Om
de functie en het belang van Ngb te ontrafelen, werden een hele reeks Ngb-overexpresserende
en Ngb-deficiënte modellen gecreëerd. Hoewel onderzoek naar het effect van Ngb in Ngboverexpresserende modellen de cytoprotectieve hypothese ondersteunt, bevestigen studies in
Ngb-deficiënte modellen deze hypothese slechts gedeeltelijk, gezien het verlies van Ngb in Ngbknock-out in vivo modellen geen groot effect teweeg brengt. Daarnaast toonden in vitro studies
aan dat Ngb mogelijk een rol zou spelen tijdens de ontwikkeling van het zenuwstelsel. Deze
observaties suggereren dat de aanwezige concentratie aan Ngb: fysiologisch, op-gereguleerd of
neerwaarts-gereguleerd, de functie van Ngb kan beïnvloeden. Verder speelt ook de
experimentele opzet, namelijk in vitro of in vivo, een rol in de functionele uitkomst van Ngb en
de daarbij horende fysiologische en/of therapeutische rol die aan dit eiwit kan toegeschreven
worden. Hieruit volgt dat het zeer waardevol is om verschillende onderzoeksstrategieën aan te
wenden om het functionele belang van Ngb te achterhalen.
Gezien eerder werd aangetoond dat transgene muizen die overmatig Ngb tot expressie brengen
cytoprotectieve effecten vertonen op weefsels waar endogeen Ngb ontbreekt, werd de
hypothese gesteld dat Ngb een interessante therapeutische rol zou kunnen spelen in
cardiovasculaire aandoeningen. In het eerste deel van deze doctoraatsthesis werd dan ook met
behulp van transgene muizen die overmatig Ngb tot expressie brengen, de mogelijke
therapeutische rol van Ngb bekeken in een muismodel met een acute of een chronische
ischemische hartziekte. Dit chronische model is een muismodel met geavanceerde
atherosclerose waarin coronaire plaques en myocardiale infarcten ontwikkelen na het
toedienen van een westers dieet. In het acute myocardiale infarct model werd de
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cytoprotectieve hypothese bevestigd, gezien de overmaat aan Ngb in transgene muizen leidde
tot gereduceerde infarctzones en een langere overleving. Dit effect was echter minder
uitgesproken in het atherosclerose model. Hoewel de incidentie van coronaire plaques
aanzienlijk was verminderd, beïnvloedde Ngb overexpressie in de transgene muizen noch de
overleving, noch het voorkomen van myocardiale infarcten in atherosclerotische muizen.
Binnen deze eerste onderzoeksstrategie, die focuste op het overexpresseren van Ngb, werd het
cytoprotectieve karakter van Ngb bevestigd, hoewel de exacte protectieve werking, welke
afhangt van de aard en de ernst van de aandoening, nog niet achterhaald werd.
In het tweede deel van deze doctoraatsthesis werd de regulerende rol van Ngb in de groei en
proliferatie van neurale stamcellen (NSCs) onderzocht gebruikmakende van Ngb knock-out
(NgbKO) modellen. In een eerste studie werd het effect van Ngb deficiëntie in vitro tot stand
gebracht in een 2D cultuur van NSCs. Deficiëntie van Ngb beïnvloedde de expressie van CDKN1A
en CDK6 wat resulteerde in een verhoogde proliferatie van NgbKO-NSCs. Deze observatie
bevestigde eerdere studies en wijst op een mogelijke rol van Ngb in de ontwikkeling van het
zenuwstelsel. Om de vorige studie kracht bij te zetten, werd een Ngb KO muismodel ontworpen
waarvan verschillende NSC lijnen werden afgeleid uit embryonale hersenen om het effect van
Ngb deficiëntie in NSCs te bestuderen in 2D NSC culturen en 3D neurosfeer (NSF) culturen.
Hoewel de NgbKO-NSC 2D culturen een verhoogde proliferatie vertoonden, welke de observaties
uit de vorige studie bevestigden, werd de vorming van Ngb KO-NSFs verhinderd in het 3D
neurosfeer model. Om deze tegenstrijdige resultaten verder te onderzoeken werd adulte
neurogenese in vivo bestudeerd waarbij NSC proliferatie en migratie van de subventriculaire
zone naar de olfactorische bulb werden opgevolgd. Hoewel een verhoogde (cfr. 2D culturen) of
verlaagde (cfr. 3D culturen) in vivo NSC proliferatie werd verwacht, werd er geen verschil
waargenomen tussen NgbKO en wild type muizen. Hoe dan ook bracht de combinatie van in vitro
en in vivo experimenten nieuwe inzichten in het effect van Ngb op de ontwikkeling van het
zenuwstelsel gezien Ngb deficiëntie een invloed heeft op de groei en proliferatie van NSCs,
hetzij een stimulerend effect in 2D culturen, hetzij een onderdrukkend effect in 3D culturen.
Gezien de observaties binnen ons onderzoek naar Ngb overexpressie en Ngb deficiëntie er op
wijzen

dat

Ngb

gekarakteriseerd

wordt

door
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werkingsmechanismen die afhankelijk zijn van specifieke condities en stimuli, zal in de toekomst
de zoektocht naar het functionele belang van Ngb een uitdaging blijven.
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GENERAL INTRODUCTION

1.1.

GENERAL INTRODUCTION

Gaining insight into homeostatic mechanisms in the brain, supporting the maintenance of
pivotal cell survival promoting mechanisms, has been of great value in the development of
therapeutic strategies to treat nervous system related injuries and diseases. An essential role in
the cellular metabolism of this highly metabolically active tissue is reserved for oxygen (O2), a
key player in cell growth and survival. Both up- and downregulation of O2 tension has a
pronounced impact on brain functioning [1]. While the former is responsible for production of
reactive oxygen species (ROS), which are the key players in oxidative stress metabolism, a
reduced O2 tension creates a life-threatening condition as well. According to O2 tension, the
brain is forced to approach its endogenous protective mechanisms and neuroplasticity to
support cell survival and homeostasis.
1.2.

THE GLOBIN SUPERFAMILY

The tight regulation of O2 tension, respiration and oxidative energy production is largely
executed by a phylogenetically widespread family of haem-containing proteins called ‘globins’.
These respiratory proteins appear in all kingdoms of life such as bacteria, fungi, plants and
animals [2, 3]. Globins are small globular metalloproteins typically consisting of about 150
amino acids organised in 6 to 8 α-helices, named A to H from N- to C-terminus, displayed in a
three-over-three or two-over-two α-helical sandwich configuration. This conserved ‘globin fold’
is the key determinant to identify them as members of the globin protein superfamily [4-7]
(Figure 1.1A).
The hydrophobic pocket generated by the globin fold includes a prosthetic group, the
iron-(Fe-)protoporphyrin IX or haem group which is essential for their biological activity. The
haem group, stabilised by non-covalent interactions with the surrounding amino acids,
2+

3+

comprises a Fe-atom in the centre which is able to appear in ferrous (Fe ), ferric (Fe ) or ferryl
4+

(Fe ) state. Furthermore, the central Fe-atom can form six coordinative bonds: four with the Natoms of the pyrrole groups of the haem, one with the N-atom of the proximal histidine located
at the F-helix position 8 (HisF8) and one at the distal side of the haem group that can differ
according to the type of globin. This distal binding site can be empty and subsequently bind an
external diatomic gas like O2, carbon monoxide (CO) and nitric oxide (NO) if the Fe-atom is in
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2+

the Fe form. This coordination state is called penta-coordination. In hexa-coordinated globins
(Figure 1.1B), the sixth binding site of the central Fe-atom is occupied by a distal residue that
might cause an intrinsic binding competition with external ligands, a feature of which the
functional significance is still unknown [8, 9].

Figure 1.1: The classic globin fold. A) The typical three-over-three α-helical sandwich structure with the helices labelled
(A to H) according to the conventional globin nomenclature. The layers of the sandwich structure (indicated in green
and orange) are linked by the CD-loop (in grey). The haem group (in light brown) is located in the hydrophobic pocket.
B) Detailed representation of the proximal and distal site of the haem displaying the Fe-atom (in yellow) in hexacoordination. The Fe-atom is coordinatively bound with the proximal HisF8 and distal HisE7, indicated by the dark
brown dashed lines. Blue, N-atoms; Red, O-atoms. Based on RCSB-PDB ID: 4MPM and modified in Chimera software.

In vertebrates, eight different globin types have been discovered. Among them, haemoglobin
(Hb) and myoglobin (Mb) are considered as the classic globins (Figure 1.2). They both have a
respiratory function by delivering O2 for aerobic energy metabolism. Hb is a heterotetrameric
globin highly present in the red blood cells comprising four haem groups to distribute O2 from
the respiratory organs to the tissues and CO2, bound on the terminal amino groups forming
carbaminohaemoglobin, in the other direction [10]. Mb is a monomeric globin found in muscle
tissue where it acts as an O2 storage molecule that probably provides intracellular diffusion of
O2 to the mitochondria [11, 12]. The monomeric neuroglobin (Ngb) is expressed in neurons of
the central and peripheral nervous system and the dimeric cytoglobin (Cygb) is expressed
widespread in all mammalian tissues (Figure 1.2) [13-17]. It is believed that both globins exert a
protective function, however, the exact mechanisms remain unknown [8]. Recently, Hoogewijs
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et al. discovered another globin predominantly expressed in testis tissue and associated with
spermatogenesis, named androglobin (Adgb) (Figure 1.2). Hb, Mb, Ngb, Cygb and Adgb show a
widespread expression in most vertebrates (Figure 1.2) [2]. Other members of the globin family
in vertebrates include the eye-specific globin E (GbE) [18] found in bird’s eyes, the membranebound globin X (GbX) [19] found in some amphibians and fishes and the developmentally
regulated globin Y (GbY) [20] which was initially identified in amphibians but recently also found
in other vertebrates like turtles [2].

Figure 1.2: Overview of the globins expressed in humans. Hexagons indicate hexa-coordinated globins and pentagons
indicate penta-coordinated globins. Hb, haemoglobin; Cygb, cytoglobin; Mb, myoglobin; Ngb, neuroglobin; Adgb,
androglobin.

About twenty years ago, it was widely accepted that Hb and Mb were the only globins present
in vertebrates. Although the functions of all globins have not been elucidated yet, it has become
clear that the functional significance of globins reaches far beyond their respiratory potential.
Additional activities of globins comprise regulatory functions in NO metabolism and lipid
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metabolism, detoxification of reactive oxygen species (ROS) or nitrogen species (RNS), signal
transduction and preventing apoptosis [2, 9, 21]. Intriguingly, research to the evolution of
vertebrate globins revealed that the last common ancestor displayed only four globins: Ngb,
Adgb, GbX and a globin that is the common ancestor of Hb, Mb, Cygb, GbE and GbY (evolution
of mammalian globins, see Figure 1.3). In addition, it is remarkable that the loss of globins in
specific vertebrate lineages has been compensated perfectly. As they show a widespread
occurrence and a divergent evolution in combination with a substitutional character
compensating one for another, they are believed to carry an enormous functional flexibility,
able to fulfil various functions in vivo to meet the specific needs of a specific animal lineage. This
multifunctional and highly adaptive character is challenging in order to unravel the globin typespecific functional significance [2].

Figure 1.3: Overview of the evolution of globins expressed in humans. Hexagons indicate hexa-coordinated globins and
pentagons indicate penta-coordinated globins. Hb, haemoglobin; Cygb, cytoglobin; Mb, myoglobin; Ngb, neuroglobin;
Adgb, androglobin.

1.3.

NEUROGLOBIN: A CONSERVED CYTOPROTECTIVE PROTEIN

Globins associated with or expressed in nervous tissues are referred to as ‘nerve globins’ and
have been observed in both vertebrates and invertebrates [14, 22-24]. In 1872, Lankester was
the first to observe a nerve globin in the nerve cord of the polychaetes annelid Aphrodite
aculeata [22]. Cygb, Hb and Mb had been reported to be co-expressed in the mammalian
nervous system in addition to their primary tissue-specific expression patterns. However,
Burmester et al. was the first to discover in 2000 a small globin type (± 16 kDa) which is
predominantly expressed in human and mouse brain: neuroglobin [14, 15, 25-28].
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1.3.1.

Structure and reactivity of Ngb

Ngb is an aberrant member of the globin family, featuring only 20 to 25 % protein sequence
identity to Hb and Mb. Despite of its sequence differences, Ngb has a monomeric structure and
exhibits the classical three-over-three α-helical globin fold that forms a hydrophobic pocket
around the haem [29]. Intriguingly in contrast to the classic penta-coordinated globins, the Fe

2+

3+

deoxy and Fe state of the Fe-atom of Ngb’s haem is able to be hexa-coordinated (Figure 1.4).
In absence of an external ligand, the sixth distal position of the haem Fe is bound to the
histidine at position 7 of the E-helix (HisE7) (Figure 1.4). Due to hexa-coordination of the haem
Fe, external ligands (O2, CO and NO) are subjected to an intrinsic binding competition with HisE7
from which the functional significance is not yet understood [8, 9, 29, 30].

Figure 1.4: Schematic presentation of globin hexa-coordination in Ngb. The equilibrium of the hexa- and pentacoordinated form is the rate limiting step in ligand binding. Light brown, haem group; Yellow, Fe-atom; Blue, N-atoms;
Red, O-atoms; Green, atoms of the peptide bond. Based on RCSB-PDB ID: 4MPM and modified in Chimera software.

Hb and Mb are structurally constructed to support O 2 transport and storage, whereas Ngb is
characterised by only a moderate O2-binding affinity under physiological conditions (P50 = 7.5
○

Torr at 37 C and neutral pH). Given their highly metabolic rate, neurons are expected to
experience cellular P50 levels close to zero which means that, under in vivo conditions, the
fractional O2 saturation of Ngb in vertebrates would be too low to play a role in O 2 transport or
storage [31]. Furthermore, the relative low Ngb concentration in the brain (± 1 µM) only
provides limited Ngb capacity to bind and transport or store O2-molecules. In that view, the
physiological functions of Ngb might not be primarily related to oxygen level preservation but
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rather relate to for example scavenging of noxious ROS and RNS which accumulate in the cell
after hypoxic or ischemic insult and subsequent reperfusion of the tissue [32].
Ngb’s sequence is well conserved during mammalian evolution. It has a three-fold slower
evolutionary rate compared to Hb and Mb and its resemblance with some invertebrate nerve
globins point to its link to a very old globin lineage. Hence, these data support a strongly
selected, important function of Ngb to be carried out [14, 33].
1.3.2.

Ngb’s expression levels and pattern

According to its name, Ngb is predominantly expressed in neurons of the central and peripheral
nervous system. In order to understand the functional significance of Ngb, detailed knowledge
of the Ngb expression pattern is an essential prerequisite [2, 34]. In recent years, many studies
focussed on the distribution and relative expression levels of Ngb without reaching a consensus
[34-36]. The lack of reproducibility is probably due to the diversity of techniques used to asses
Ngb mRNA and protein levels and due to the challenging search of a valid and reliable Ngb
antibody. Furthermore, an important concern in the debate of effective Ngb expression sites is
the potential discrepancy between Ngb mRNA and protein expression levels that has to be
taken into account. In that view, Fabrizius et al. performed an RNA-Sequencing (RNA-Seq)
analysis to assess Ngb expression patterns by bioinformatic analyses and confirmed these data
by western blot analyses. In line with previous studies, the highest mNgb levels were found in
the hypothalamus, confirmed on both transcript (± 160 reads per kilobase million (RPKM);
1 076 370 copy number/µg RNA) and protein level (Figure 1.5), while mNgb RNA and protein
expression levels of cortex, cerebellum and hippocampus, regions that where initially
considered as primary Ngb expression sites, remained rather low (± 1 – 4 RPKM). This regional
peak of Ngb expression was even found to be conserved in humans and other mammals [37,
38]. In contrast to several studies reporting high concentrations of Ngb in other non-neural high
metabolically active or specialised tissues including the retina and in several endocrine tissues,
Ngb mRNA expression levels in retina and testes remained rather low according to Fabrizius et
al. [14, 39, 40].
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Figure 1.5: Quantification of Ngb mRNA and protein expression in mouse tissues using RNA-Seq and western blot
(Figure from [38]). A) mNgb mRNA expression levels (RPKM values) and the estimated neuron to glia (N/G) ratio (light
grey boxes) in selected brain regions, retina and testis are displayed as calculated from RNA-Seq experiments. Bars
represent the means of biological replicates ± SD. The N/G ratios are determined by the relative expression of Gfap and
Rbfox3 as (astro)glial and neuronal markers, respectively. B) Quantification of mNgb expression levels in mouse tissues
as determined using qRT-PCR. Bars represent the means of three biological samples (for the hippocampus, cerebral
cortex and cerebellum) or three technical replicates from one biological sample (for hypothalamus, retina and testis) ±
SD. For copy number calculation, the equivalent of 50 ng RNA per reaction was used. C) Western blot of mNgb protein
in mouse brain regions. Different amounts of total protein extracts of each region (two biological replicates for each
region) were loaded per lane (imb, interbrain + midbrain + brainstem, 30 µg; co, cerebral cortex, 70 µg; hi,
hippocampus, 70 µg; cb, cerebellum, 70 µg, Ngb, recombinant Ngb, 15 ng). The arrow points out a protein band of
unknown identity recognized by the antibody, which was used as relative loading control. The anti-Ngb serum used for
detection was validated using mouse Ngb knockout tissues.
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Subcellular cytoplasmatic localisation of Ngb was undisputed for a long time as Ngb mRNA and
protein signals were consistently detected in perikarya, axonal processes, axonal varicosities
and terminal synapses [34, 39, 41-43]. Recently Ngb has been reported to be expressed in the
inner wall of mitochondria and in the nuclei of neurons however these subcellular locations
might not be endogenous but rather induced by stress stimuli [36, 44].
In addition, several studies pointed recently at increasing Ngb mRNA and protein expression
during embryonic development [45, 46]. In that view, Fabrizius et al. assessed mNgb mRNA and
protein levels in embryonic stem cells and embryonic brains during mouse development.
However very low expression of mNgb was reported in embryonic stem cells and early
embryonic brains up to E14 (RPKM < 1), Ngb expression levels slightly increased from prenatal
day E18 to new-borns (D1) and further to young adults (Figure 1.6). In contrast to the
developmental increase of Ngb, this protein is believed to undergo an age-related decline under
physiological aging [47].
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Figure 1.6: Ngb mRNA and protein expression during mouse development using RNA-Seq and western Blot (Figure
from [38]). A) Expression values (RPKM values) for mNgb mRNA in different mouse embryonic stages (ESC, embryonic
stem cells, E11.5–E18 dissected embryonic brain tissue). RNA-Seq datasets were taken from NCBI-SRA. B) Quantification
of mNgb mRNA expression in the developing brain (embryonic, new-born and adult) using qRT-PCR. Data were
normalized to histone H2a mRNA expression as housekeeping gene. The calculated Ngb/H2a ratio in embryonic stage
E10 was set to 1 and the other developmental stages are shown in relation. Each bar represents the mean value ± SD of
at least three biological replicates (for n = 5 – 7). C) Western blot analysis of mNgb and β-ACTIN in mouse embryonic
and adult brain samples (100 μg of whole protein extract; 100 ng of recombinant Ngb). For detection, the in-house
engineered anti-Ngb1 and a commercial β-ACTIN antibody (#2066, Sigma–Aldrich) were used. D) Ngb/β-ACTIN relative
protein ratios calculated from the western blot analyses form panel C.
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1.3.3.

Ngb’s modes of neuroprotection

As Ngb expression sites may vary, recent studies point at distinct Ngb functions for high- and
low-expressing cells and tissues [38]. To date, Ngb is considered to act neuroprotective through
different molecular mechanisms of which the major aim is promoting cellular homeostasis and
survival (Figure 1.7) [14, 21, 30, 48]. It is unlikely that Ngb serves as a classic globin to enhance
O2 supply to the mitochondria of the metabolically active neurons as an enhancer of the
respiratory system. Although Ngb is predominantly expressed in metabolically active cells,
cellular Ngb concentrations are too low and Ngb oxygen affinity is unsuitable to support this
hypothesis as previously described [14, 31]. Secondly, Ngb is believed to act as a detoxifier of
harmful excess of NO and as scavenger of ROS and RNS reducing oxidative stress [32, 49].
Thirdly, Ngb might affect the intrinsic apoptotic pathway at several stages. Ngb is reported to
inhibit opening of mitochondrial permeability transition pores (mPTP) and subsequent pro3+

3+

apoptotic cytochrome c (Cyt c)(Fe ) release. In addition, by sequestering Cyt c(Fe ) and
2+

3+

2+

3+

2+

forming an Ngb(Fe )-Cyt c(Fe ) complex, Ngb(Fe ) reduces Cyt c(Fe ) to Cyt c(Fe ) by a redox
3+

reaction and decreases the release of pro-apoptotic Cyt c(Fe ) supporting cell survival [50].
Next, Ngb might act as a heterotrimeric Gα protein guanosine nucleotide dissociation inhibitor
2+

(GDI). The interaction of Ngb(Fe ) with GDP-bound Gα, protects against neuronal death [51].
Furthermore, it is reported that Ngb inhibits p21-activated kinase 1 (PAK1) and interacts with
members of the RhoGTPase family and Rho guanosine diphospate (GDP) dissociation inhibitor.
As such, Ngb inhibits hypoxia or N-methyl-D-aspartate (NMDA)-induced death signals that
trigger reorganisation of the cytoskeleton and polarisation of lipid raft membrane microdomains as well as associated mitochondrial aggregation [52, 53]. Furthermore, several other
pro-survival mechanisms have been discovered affecting different pivotal cellular processes [54,
55] (Figure 1.7).
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Figure 1.7: Overview of the potential Ngb neuroprotective mechanisms in a neuron. The schematic presentation is a
magnification of the boxed area in the neuron. Ngb may have a respiratory function transporting O2 to the
mitochondria. Ngb is further detected to scavenge ROS and RNS and it may act as a detoxifier of harmful excess of NO.
Ngb has a guanosine nucleotide dissociation inhibitor (GDI) activity and can prevent Gα from binding to the Gβγ
complex, which promotes neuron survival. Ngb also may inhibit the dissociation of RAC-1 from its endogenous GDI,
preventing actin polymerisation and micro-domain aggregation. Furthermore, Ngb might inhibit opening of mPTP pores
of mitochondria and subsequent Cyt c(Fe3+) release. Ngb converts apoptotic Cyt c(Fe3+) to Cyt c(Fe2+) as well. Potentially
harmful species are indicated in dark red and converted non-harmful species in light red. Ngb, neuroglobin; ROS,
reactive oxygen species; RNS, reactive nitrogen species; ETC, electron transport chain; GDI, guanosine nucleotide
dissociation inhibitor; Cyt c, cytochrome c; mPTP, mitochondrial permeability transition pore; GDP, guanosine
diphosphate; RAC-1, ras-related C3 botulinum toxin substrate 1.

1.3.4.

Modulation of Ngb’s gene expression

The variety of mechanisms Ngb uses to maintain homeostasis and promote neuroprotection,
suggests different mechanisms to modulate Ngb’s gene expression. The mammalian Ngb gene
locus is highly conserved and codifies in humans for a 1885 bps unique transcript [56]. The
human Ngb promotor is characterised by many conserved putative transcription factor binding
sites, including two GC-boxes close to the transcription start site. The presence of these GCboxes allows two Specificity protein (Sp) family members: Sp1 and Sp3 to bind and participate in
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gene activation. Of note, hypoxia-inducible factor 1 (HIF1), an important mediator during tissue
preservation in case of a toxic insult or pathology, is reported to upregulate Ngb expression
through Sp1 [33, 57, 58]. Second, two RE1-silencing transcription (REST) sites have been
identified in the human Ngb promotor, -359 and -127 bp relative to the transcription start site,
which are believed to contribute to the predominantly neuron-specific expression pattern of
Ngb and stimulate neuroprotective mechanisms by repressing pro-apoptotic genes [57, 59-61].
Interestingly, RE1 sites can be bound by REST factors that are only expressed in non-neural cell
types. In this view, REST factors are able to silence neuron-specific gene expression in
undifferentiated neuronal progenitor cells [60, 62]. In addition, the promotor region carries
binding sites for several transcription factors like the cAMP response element binding (CREB)
protein, linked to ROS detoxification and neuronal survival [63, 64] and on the other hand the
early growth response protein 1 and members of the nuclear factor κ-light-chain enhancer of
activated B cells (NF-κB) family, both having a role in preservation of basal Ngb levels [65].
Interestingly, NF-κB is also involved in neurodevelopment [66]. In addition, HIF-1, Sp1 and NF-κB
are important for the upregulation of Ngb during hypoxia [65]. Lastly, chromatin remodelling
mechanisms based on DNA methylation are considered to be involved in the tissue-specific
expression of human Ngb as the human Ngb promotor is located in a CpG rich region [57]
supporting the variety of mechanisms to regulate Ngb transcription.
From its discovery, researchers have been scrutinizing the structure, reactivity, expression
pattern, localisation and functional significance of Ngb. Despite the fact that an extensive list of
more than 500 research papers focussing on Ngb exists, the exact mechanisms of Ngb’s
neuroprotective actions remain to be elucidated.
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NGB EXPRESSION MODELS

2.1

ABSTRACT

As one of the central organs of the nervous system, the brain and its accompanying
homeostatic mechanisms are of great importance in order to support vital brain functions.
Eighteen years following the discovery of neuroglobin (Ngb), this protein is considered to
promote neuroprotection by multiple cytoprotective actions of which the exact mechanisms
remain elusive. A plethora of in vivo and in vitro model systems has been designed with various
technologies to evaluate the role of Ngb, generating a toolbox currently used to understand the
biological significance of Ngb. In this chapter, we outline and interpret these different Ngb
expression models covering animal and cellular models of both overexpression and knockout
strategies. As Ngb is a multi-functional protein, tangled up in various signalling pathways, Ngb’s
research will remain challenging. In that view, the present toolbox of interesting expression
models will be of great value to rely on.
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2.2

INTRODUCTION

Eighteen years following the discovery of neuroglobin (Ngb), this protein is considered to
promote neuroprotection by multiple cytoprotective actions of which the exact mechanisms
still remain elusive. As endogenous Ngb levels are rather low, many in vitro and in vivo Ngb
expression models have been created to provoke essential stimuli to study Ngb’s response
mechanisms upon different life-threatening insults. The development of Ngb overexpressing or
Ngb deficient models has already enabled researchers to gain great insights into the significance
of Ngb in wild type (WT) in vivo and in vitro systems. In addition, a better comprehension was
reached on the neuroprotective role of Ngb in several central nervous system pathologies such
as Alzheimer’s disease, Parkinson’s disease and Huntington’s disease, brain ischemia and
hypoxia, neurodegeneration, traumatic brain injury and cancer models [1]. This plethora of Ngb
overexpressing and knockout models has been designed using various technologies and
contributes to a toolbox currently used to understand the biological significance of Ngb. This
chapter will bring an overview on the progress of Ngb expression models over the last eighteen
years (Figure 2.1).

Figure 2.1: Overview of the different types of Ngb expression models. The in vivo models comprise of animal models of
modulated Ngb expression (NgbMod) on the one hand (i.e. Ngb overexpressing and Ngb deficient mouse models) and WT
animals on the other hand. Ngb overexpression in WT animals can be obtained by injection of Ngb-expressing vectors or
protein delivery. Ngb knockdown can be established by injection of anti-Ngb RNAs. The in vitro models comprise
primary cells derived of the NgbMod mouse models, primary cells from WT animals and other cell types. To create Ngb
overexpression or Ngb deficiency, similar techniques can be used as in the in vivo models.
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2.3
2.3.1

ANIMAL MODELS OF NGB MODULATION
Transgenic Ngb overexpression models

About ten years ago, Khan and colleagues were the first to report the production of an Ngb
overexpressing transgenic mouse line, referred to as mNgb-Tg-1 (Table 2.1). Full-length murine
Ngb cDNA was cloned in pTR-UF12d vector downstream of the chicken β-actin promotor and
cytomegalovirus (CMV) enhancer and upstream of Renilla reniformis green fluorescent protein
(GFP). The final construct was digested and microinjected into fertilised eggs of BDF x CD1 mice.
Since the chicken β-actin promotor is tissue non-specific, enhanced Ngb expression in
homozygotes is widespread. It covers multiple cell types and tissues including heart and brainspecific cells such as neurons, astrocytes and endothelial cells in the cerebral cortex [2, 3].
Furthermore, mNgb-Tg-1 mice are viable and do not show any physical or behavioural
abnormalities. Since western blot analysis showed increased Ngb protein levels in heart and
brain of homozygotes, mNgb-Tg-1 mice are frequently used in studies of cerebral and
myocardial ischemia, stroke and neurodegenerative diseases [2-4]. Ischemic studies on mNgbTg-1 mice revealed that the volume of cerebral infarct volumes after occlusion of the middle
cerebral artery (MCAO) was reduced by 30 % as compared to the WT level. The volumes of
myocardial infarcts, produced by occlusion of the left anterior descending coronary artery
(LADCAO) were reduced by 25 % (Table 2.3) [2]. Furthermore, studies on retinal ischemia
revealed that Ngb overexpression proved to be beneficial against retinal ischemia-reperfusion
injury by decreasing mitochondrial oxidative stress-mediated apoptosis. This effect is grounded
in an 11.3 fold higher Ngb mRNA expression in mNgb-Tg-1 mice compared WT controls (Table
2.3). Ngb expression was localised within the mitochondria of the ganglion cells, outer and inner
plexiform layers and photoreceptor inner segments which is a supportive evidence of the
widespread Ngb expression caused by the chicken β-actin promoter [5]. On the other hand,
Alzheimer research on mNgb-Tg-1 x APP (Sw, Ind) (amyloid precursor protein) double transgenic
mice showed increased Ngb levels to reduce amyloid beta (Aβ) deposits, decrease levels of
Aβ(1-40) and Aβ(1-42) and improve behavioural performance, thereby abating the Alzheimer’s
disease phenotype (Table 2.3) [4].
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Subsequently, the Jackson Laboratory backcrossed these mice to a C57BL/6J for at least five
generations to generate the congenic commercially available strain: B6.Cg-Tg(CAG-Ngb,EGFP)1Dgrn/J (007575, The Jackson Laboratory) or mNgb-Tg-1* (Table 2.1) [6]. In analogy to the
original mNgb-Tg-1 mouse model, the derived congenic strain was used in different ischemic
and hypoxic setups [6-8]. Although, while Ngb’s cytoprotective function was confirmed during
acute myocardial infarction, this effect was less pronounced in a mNgb-Tg-1* atherosclerosis
model where Ngb overexpression did not affect survival nor occurrence of myocardial infarcts
(Table 2.3) (Chapter 4) [8]. Intriguingly, on the level of cerebral ischemia, a significant reduction
in brain infarct volume was observed 24 hours after ischemia in mNgb-Tg-1* mice but the
infarct volume was showed to be genetic background specific [6]. In that view, one must be
careful when comparing different studies using mNgb-Tg-1 mice of the original or congenic line.
Furthermore, one must take caution while breeding these specific lines with transgenic
Alzheimer mice or atherosclerotic mice as it is known that one transgene may produce a severe
phenotype in one strain and only a milder one in another strain. Therefore, moving alleles from
one background (BDF x CD1) to another (C57BL/6) or combining different transgenes could
complicate the interpretation and comparison of studies. Hence, we propose to pay attention
to models’ genetic backgrounds as we already do for their homozygous and heterozygous state
[6, 9, 10].
Simultaneously, Wang and colleagues produced a transgenic mouse line, referred to as mNgbTg-2, which overexpresses murine Ngb fused to the N-terminal hemagglutinin epitope tag under
the control of a CMV promoter. It was initially created in a B6C3F1 background and crossed
thereafter with C57BL/6 mice (Table 2.1) [11]. Analogous to the chicken β-actin promoter, the
non-tissue specific CMV promoter in mNgb-Tg-2 mice provides enhanced Ngb expression in
neurons and other cell types such as astrocytes [11]. Although transient focal cerebral ischemia
led to reduced brain infarction volumes in mNgb-Tg-2 mice, as expected from similar results in
mNgb-Tg-1 mice, the response on traumatic brain injury (TBI) was different (Table 2.3) [11, 12].
While Ngb overexpression in mNgb-Tg-1 mice improved sensorimotor outcomes, the recovery
of sensorimotor and spatial memory functional deficits was not improved in mNgb-Tg-2.
Nonetheless, traumatic lesion volume was also reduced in mNgb-Tg-2 mice [12, 13]. This
observation suggests that despite using tissue non-specific promoters, studies on mNgb-Tg-1
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versus mNgb-Tg-2 mice might have a different outcome based on the difference in transgenic
construct. Furthermore, Zhao et al. observed Ngb protein levels to be 1.5 fold higher in mNgbTg-2 mice compared to WT controls. Of note, the mNgb-Tg-2 Ngb level was relatively lower than
when the mouse line was generated five years before [11]. This decline in Ngb expression may
be caused by endogenous depletion of inserted exogenous DNA fragments or by inactivation of
the CMV promoter [12]. In that view, it is crucial to assess Ngb protein levels of transgenic
models regularly to assure the reproducibility of the model. Furthermore, Zhao et al. used a 10point neurological severity score to assess post-TBI neurological dysfunction while Tayler et al.
used the grid walk test. Since the neurological severity score evaluates the ability to walk rather
than the accuracy of locomotion as it does not take foot faults into account, this test is less
sensitive and might discount this important impairment [13]. In addition, both studies used
different controlled cortical impact injury sites and impact parameters, which might influence
the severity of the TBI lesion.
Li and colleagues produced a third in vivo Ngb overexpressing mouse model. Their hNgb-Tg
mouse line overexpresses human Ngb under the control of the human ubiquitin C promoter,
expressing Ngb ubiquitous in neural and non-neural tissues such as the brain, heart and kidneys
(Table 2.1) [14]. Ngb’s protein levels are 3-fold higher than in WT mice, providing
neuroprotection. It was confirmed in this mouse model that CA1 neuronal injury after
hippocampal ischemia-reperfusion was significantly reduced as compared to WT mice,
detecting a decrease in CA1 hippocampal reactive oxygen/nitrogen species (ROS/RNS)
production and lipid peroxidation (Table 2.3). These results are in line with previous discussed
results of the mNgb-Tg mice.
The final reported Ngb overexpression mouse model called rNgb-Tg was produced by Lee and
colleagues and expresses rat Ngb under the control of a neuronal-specific rat synapsin I
promoter (Table 2.1). To date, this mouse model was only used to asses neuroprotective effects
of Ngb on the mouse brain in a model of acute inhalation of combustion smoke generating
oxidative stress in the brain. The rNgb-Tg mouse model revealed that Ngb overexpression
alleviates mitochondrial impairments and oxidative DNA damage formation caused by
combustion smoke inhalation (Table 2.3) [15, 16].
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Table 2.1: Overview of transgenic Ngb overexpressing mouse models.
Mouse ID

mNgb-Tg-1

mNgb-Tg-1*

mNgb-Tg-2

Chicken β-actin

Chicken β-actin

CMV promoter

CMV enhancer

CMV enhancer

GFP

GFP

Hemagglutinin

hNgb-Tg

rNgb-Tg

Human

Rat synapsin I

cDNA
Promoter

Marker

ubiquitin C

Background

BDF x CD1

C57BL/6

C57BL/6

C57BL/6

C57BL/6

References

[2-5]

[6-8, 13, 17]

[11, 12]

[14]

[15, 16]

CMV, cytomegalovirus; GFP, green fluorescent protein. * indicates this line was made congenic. Mouse (m)Ngb models
are presented in green, human (h)Ngb models in orange and rat (r)Ngb in purple.

2.3.2

Ngb deficient models

Hundahl and colleagues were the first to describe an Ngb knockout mouse model, mNgb-KO-1.
It was generated by crossbreeding an Ngb-floxed (Ngbfl) mouse in which loxP sites were
introduced into the introns flanking exon 2 and 3 of the Ngb locus, with a mouse model
expressing CRE recombinase under the CMV promoter (Table 2.2). Loss of exon 2 and 3 of the
Ngb locus prevents Ngb expression [18]. With this mouse model, Hundahl reports that Ngb
deficiency provokes Hif1A and c-Fos response, and thus lowers the threshold for hypoxiainduced gene expression, however it has no effect on neuronal survival following acute and
prolonged hypoxia in mNgb-KO-1 mice (Table 2.3). Intriguingly, although Ngb overexpression
studies mainly describe the neuroprotective effect of Ngb, ambiguous results have been
reported in Ngb deficient models suggesting that Ngb expressed at endogenous levels does not
have a neuroprotective function in ischemia in vivo [18, 19]. Furthermore, the functional
significance of endogenous Ngb in retina remains unclear. Endogenous Ngb is not supposed to
play a major role in retinal oxygen homeostasis and only has a minor effect on light-dependent
gene expression (Table 2.3). These observations suggest only a subtle systemic role of Ngb. In
addition, Ngb is not believed to affect general circadian behaviour but evokes an increased
behavioural response to light in the suprachiasmatic nucleus together with increased Per1 gene
expression (Table 2.3) [20-22].
As several studies already pointed at the presence of Ngb in the peripheral and central
structures of the auditory system of rats, mice and man, Nowotny and colleagues explored very
recently a new Ngb knockout model to study the role of Ngb in the auditory system (Table 2.2)
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[23-25]. This mNgb-KO-2 mouse model was designed by use of C57BL/6N-derived embryonic
stem

cell

technology

comprising

a

promoter-driven

gene

targeting

cassette:

Ngbtm1a(EUCOMM)Wtsi. Crossbreeding mice carrying this gene targeting cassette with FLPand CRE-deleter strains, controlling the FLP or CRE recombinase under a promoter that was not
specified by the authors, resulted in an Ngb knockout mouse referred to as mNgb-KO-2 [25, 26].
The lack of Ngb in this mouse model resulted only in marginal deficits in hearing ability (Table
2.3) [25].
Table 2.2: Overview of ubiquitous Ngb deficient mouse models.
Mouse ID

mNgb-KO-1

mNgb-KO-2

CRE-Lox

FLP-FRT and CRE-Lox

Exon 2 and 3

Ngbtm1a(EUCOMM)Wtsi

Background

C57BL/6

C57BL/6

References

[18-22]

[25]

cDNA
Recombinant system
Target

Mouse (m)Ngb models are presented in green.

2.3.3

In vivo Ngb overexpression and delivery

In order to introduce ectopic expression of proteins in various cell types and tissues, viral gene
delivery systems based on adenoviruses, adenoassociated viruses and lentiviruses have been of
great value (Figure 2.1). In the quest to scrutinize the functional significance of Ngb, different
systems have been used over the past years. An adenoviral construct, pAd-GFP-rNgb was used
to prove the neuroprotective effect of rNgb overexpression on TBI in rats [27]. By using this
adenoviral vector 5, genes can be transferred to both dividing and non-dividing cells with a
broad range of infectivity, low host specificity, and with high tissue transgene levels.
Furthermore, this vector remains epichromosomal and thus does not integrate in the host
genome. However, its immunogenic character has made its use in clinical applications limited
[28]. To overcome this immunogenic effect, adenoassociated vectors could be used, providing a
high and long-term expression level in vivo and elucidating a very low immune response.
Adenoassociated vectors resemble adenoviral vectors in their remaining features but provide a
limited transgene capacity. Particles can contain up to 4.8 kb compared to 7.5 kb in adenoviral
vectors [28]. Sun et al. intracerebrally injected a pTR-UF12d-mNgb-GFP vector with a CMV
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enhancer, β-actin promoter and with GFP as a reporter gene into the cerebral cortex and
striatum of mice, successfully resulting in increased expression of Ngb in cerebral cortical
neurons. This Ngb overexpression reduced infarct size and improved functional outcome after
an ischemic insult caused by MCAO (Table 2.3) [29]. Additionally, different studies on eye
pathologies applied variations on an adenoassociated-2/2-mNgb vector to administer Ngb
overexpression by subretinal or intravitreous injection. Ocular Ngb levels were proved to be
critical in retinal homeostasis and cellular preservation (Table 2.3) [30-32]. In a rabbit model of
spinal cord injury, lentivirus-mediated Ngb overexpression was successfully obtained by
injection of Lv-rbNgb-eGFP into the spinal cord. Ngb overexpression mediated improvements in
the spinal cord injury outcomes and reduced secondary damages (Table 2.3) [33]. Lentiviral
vectors are an interesting vehicle for gene transfer due to their ability to integrate in the
genome of the non-dividing or dividing host cells and to deliver up to 8 kb of content. Due to
their low immunogenicity, high-efficiency infection, long-term stable expression and neural
stem cell infecting preference, they are an interesting tool in neuro-related research [33].
Another alternative way to achieve Ngb overexpression via vector technology was described by
Li et al. who used an intracerebroventricular injection of a pcDNA3.1-mNgb construct in
APP/PS1 (presenilin-1) transgenic Alzheimer mice. Although Aβ deposition and production was
attenuated after injection of this simple mammalian expression vector, no data were reported
about the efficiency of transfection and level of Ngb overexpression. Therefore, these data
should be interpreted with caution (Table 2.3) [34].
Alternative, Ngb delivery can be obtained by engineering Ngb on the protein level. Sugitani et
al. designed a recombinant chimeric Ngb consisting of four modules encoded by four exons. The
first exon of human Ngb (HHHH, H = human module) was replaced with zebrafish Ngb (ZZZZ, Z =
zebrafish module) as the latter is known to be a cell membrane-penetrating module, creating
the chimeric ZHHH Ngb [35, 36]. Intraocular injection of this recombinant cell membranepenetrating human Ngb protein into mouse eyes led to 2-fold increased Ngb expression in
retinal ganglion cells promoting retinal ganglion cell survival and optic nerve regeneration after
optic nerve injury (Table 2.3) [37]. Another technology to cross membranes including the bloodbrain barrier consists of using cell penetrating peptide (CPP) delivery. Fusion proteins with the
11-amino-acid human immunodeficiency virus trans-activator of transcription (TAT) protein
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transduction domain showed successful delivery of macromolecules into the brain [38].
Systemic injection of TAT-mNgb successfully resulted in increased Ngb levels in neurons of the
mouse brain and increased neuronal survival after MCAO (Table 2.3) [39, 40].
2.3.4

In vivo Ngb silencing through antisense technology

In order to knockdown gene expression, synthetic nucleic acids have been widely used in in
vitro and in vivo setups over the past decades (Figure 2.1). The most common antisense gene
silencing strategies are based on single-stranded antisense oligonucleotides or RNA interference
(RNAi) and have a common aim: hybridisation with a unique target RNA sequence to block
translation. In 2003, Sun et al. described the use of a phosphorothioate antisense
oligodeoxynucleotide (PS-ODN) labelled with fluorescein isothiocyanate (FITC) at the 5’ end and
directed against part of the initial coding region of mNgb [29]. Intracerebroventricular injection
of this anti-mNgb PS-ODN increased the infarct volume and aggravated functional neurological
outcome after focal cerebral ischemia induced by MCAO which is in contrast with the results in
Ngb overexpression models (Table 2.3) [29]. PS-ODNs are the major studied ODNs because of
their relative ease of synthesis and nuclease stability. To obtain the latter, PS-ODNs have an Satom replacing the non-bridging O2-atom of the sugar phosphate backbone. This chemical
modification greatly improves stability towards nuclease digestion and improves binding to
serum proteins in vivo. Hence, an increased half-life and greater delivery is created.
Transfection efficiency and antisense activity remained rather moderate. High levels of PS-ODNs
were needed due to inadequate affinity for the target sequence leading to increased nonspecific hybridisations. Except for the ability to activate RNase H for degradation of mRNA, the
phosphorothioate backbone is known to cause cytotoxicity due to their high affinity to several
proteins on the cell surface or in serum. Presence of non-specific effects resulting from intrinsic
activities of the backbone may complicate the determination of the biological effect of silencing
the Ngb gene [41-43].
In recent years, the mechanism of RNAi has become an important player in the sequencespecific degradation of host mRNA. This technology is based on cytoplasmic delivery of dsRNA
such as short hairpin RNAs (shRNAs) identical to the target sequence which can be degraded
through an enzymatic pathway involving the endogenous RNA-induced silencing complex [44].
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Transfection of shRNAs can be lipid-based through a plasmid vector encoding shRNAs
transcribed by an RNA-polymerase III or modified polymerase II promoter, or appears via
infection with virally produced vectors. In case of the latter, high and stable long-term
expression can be provided since shRNAs are integrated into the host DNA. After transcription,
shRNA is transported to the cytosol and interacts with the DICER enzyme to modify the
molecule to be recognized by the RNA-induced silencing complex. Lechauve et al. injected antiNgb shRNA in the vitreous body of rats which led to reduced activities of respiratory chain
complexes I and III, degeneration of retinal ganglion cells and impairment of visual function
(Table 2.3). However, as the authors did not mention the exact shRNA system, these results
should be evaluated with caution knowing that adenoviral delivery of shRNA might have toxic
effects in mice [45]. For this reason it is of great value that Lechauve et al. included a scrambled
shRNA control in order to overcome ambiguous results [46].
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Table 2.3: Overview of in vivo and in vitro modulation of Ngb expression and their tissue-specific outcome.

Ngb knockdown/-out

Ngb overexpression

Brain

In vivo modulation
- Reduced MCAO lesion
- Reduced AD phenotype
- Ambiguous outcome after TBI
- Reduced oxidative stress

[2, 6, 11, 29, 39, 40]
[4, 34]
[11-13, 27]
[15, 16]
[5]
[30-32, 37]

Primary cells

Neuronal

Cell lines

Neuronal

Retina / Eye

- Reduced apoptosis after ischemia
- Protection against eye pathologies

Heart

- Reduced LADCAO lesion
- No effect on atherosclerosis

Spinal cord

- Improved outcome after injury

[33]

Mitochondria

Brain

- No major effects after hypoxia
- Increased MCAO lesion

[18]
[29]

Primary cells

Neuronal

Eye

- No major effects
- Impairment of retinal integrity
- No major effects

[20-22]
[46]
[25]

Cell lines

Neuronal

[2, 8]
[8]

Non-neuronal

In vitro modulation
- Protective against hypoxia
- Reduction of AD pathology
- Protective against OGD
- Promoting neuronal development

[47-49]
[4]
[50, 51]
[52]

- Protective against hypoxia
- Reduction of AD / PD pathology
- Protective against OGD
- Protective against oxidative stress
- Promoting neuronal development
- Protective against apoptosis
- Tumour promoting effect on cancer cells
- Reduction of AD pathology
- Protective against oxidative stress
- Protective against apoptosis
- Tumour suppressing effect on cancer cells

[53-55]
[56, 57]
[58]
[59-61]
[52]
[62]
[63]
[64]
[65]
[66]
[67]

- Protective against OGD

[51]

- Increased susceptibility for OGD
- Increased susceptibility for oxidative stress
- Suppression of neuronal development
- Reduction of retinal homeostasis

[46]
[68]
[52]
[46]

- Increased susceptibility for oxidative stress
[69, 70]
- Suppression of neuronal development
[52]
Ear
Non-neuronal - Decreased protection against apoptosis
[66]
- Ambiguous effect on cancer cells
[63, 67]
MCAO: middle cerebral artery occlusion; AD: Alzheimer’s disease; TBI: traumatic brain injury; LADCAO: left anterior descending coronary artery occlusion; OGD: oxygen and glucose
deprivation; PD: Parkinson’s disease;
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2.4
2.4.1

IN VITRO MODELS OF NGB EXPRESSION
Cellular lines derived of Ngb overexpression mouse models

A first method to obtain Ngb overexpressing cell lines is culturing cells from Ngb genetically
modified mouse models (Figure 2.1). Primary cortical neurons were prepared from mouse
embryos (E16) of mNgb-Tg-1 and mNgb-Tg-2 mouse lines [4, 47, 48, 50]. This research strategy
allows exploring in vivo observations on a molecular basis in vitro. The research group of Khan
et al. already reported beneficial effects of Ngb overexpression in an in vivo model of
Alzheimer’s disease and subsequently demonstrated that Ngb overexpression showed
resistance to toxic effects of N-methyl-D-aspartate (NMDA) and Aβ(25-35) by preservation of
several cellular processes (Table 2.3) [4]. Furthermore, they explored the regulation of the
mechanism behind the previously reported neuroprotective capacities of Ngb in hypoxic
conditions (Table 2.3) [47]. Analogously, the research group of Wang et al. studied the effects of
oxygen deprivation in the mNgb-Tg-2 mouse model and subsequently tried to link hypoxiaresponsive genes to neuronal homeostasis and mitochondrial function (Table 2.3) [48, 50]. In
general, mouse model-derived cells are favoured as for example primary cortical neurons
derived from transgenic mice were already subjected to the transgenic modification during all
developmental stages. On the other hand, in vitro modified cells developed as wild type cells
before being affected. The latter may mask important effects of the modification.
2.4.2

Vector technology in Ngb overexpression systems in vitro

As many studies focus on the role of Ngb in neural-derived tissues in vivo, Ngb overexpression
was mainly assessed on a plethora of equivalent neural-like cell lines in vitro: primary cortical
neurons [51, 52], SH-SY5Y and N2a neuroblastoma cells [52, 54, 58, 59, 61, 62], HN33 mouse
hippocampal neuron x neuroblastoma cells [53, 60], PC12 pheochromocytoma cells [56], human
H4 neuroglioma cells [57], human U87 and U251 glioblastoma cells [63] and mouse HT22
hippocampal neuronal cells [17] (Figure 2.1). Moreover, as Ngb has been linked to
cytoprotection and hypoxia-response in general, non-neural-like cell lines were successfully
transfected to overexpress Ngb as well, including rat H9c2 cardiomyocytes [66], HepG2 human
liver cancer cells [67] and well-characterised human embryonic kidney HEK293 cells [64].
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In a study to unravel the role of Ngb in oxygen and glucose deprivation (OGD), Yu et al. created
murine Ngb overexpressing primary mouse cortical neurons using the adenoassociated vector
pACP. Adenoassociated vectors are widely used since, as described in section 2.3.3, they are
highly effective in transducing dividing and non-dividing cells. They provide stable gene
expression although they usually do not integrate into the genome [71]. Transduced mouse
primary cortical neurons showed a 4.6 fold increase in Ngb resulting in significantly reduced
OGD-induced neuron death that could, at least in part, be ascribed to mitochondrial
mechanisms (Table 2.3) [51]. Another viral vector-based transduction was carried out by Zhang
et al. using the retroviral pMMP vector to overexpress human Ngb in human U87 glioblastoma
cells. An increased cell proliferation and apoptosis resistance were reported, which could be
attributed to about 2.7 fold increased Ngb expression levels (Table 2.3). Retroviral vectors are
also widely used because they have the same advantages as the adenoassociated vectors and
they show to have higher transduction efficiencies in addition. However, they randomly
integrate into the host genome which may lead to interruption of essential genes of the host
[71]. In that view, interpretation of data might become ambiguous as it is difficult to state if the
resulting biological phenotype is caused by Ngb overexpression or by gene interruption in the
host.
Besides the use of viral vector technology, high levels of stable and transient Ngb
overexpression can be obtained in mammalian host cells using CMV promoter driven
overexpression vectors such as pEGFP-N1 and pcDNA3.1 [52, 53, 56-60, 62, 64, 66, 67].
Transient transfection can be used to generate and investigate relative short-term impact of
Ngb overexpression. Li et al. created an Alzheimer’s disease model where PC12 cells are pretreated with Aβ. This cell line was transiently transfected using pcDNA3.1-hNgb and a decrease
in the levels of Aβ-induced ROS and lipid peroxidation was reported, supporting the
effectiveness of transient transfections (Table 2.3). They showed that the higher pcDNA3.16

hNgb concentrations (0.5, 1.0 and 2.0 µg per 10 cells) were, the higher the Ngb expression on
mRNA and protein level (± 4 fold, ± 8 fold ± 16 fold compared to the empty vector) were.
However repeated transfections might be needed to keep up the level of Ngb overexpression
[56]. In order to assure stable Ngb overexpression levels, providing long-term expression of the
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exogenous genetic material, the transfected genetic material is integrated into the host cell
genome under antibiotic selection
An added value of the use of the pEGFP-N1 vector is the presence of eGFP to evaluate the
transfection efficiency. In line with the latter, the pcDEST40 expression vector assesses high
overexpression levels of Ngb in a transient way tagged by a His- and V5 epitope-tag [54, 61].
Additionally, validated antibodies are present for reporter molecules such as eGFP, His-tag and
V5-tag providing an extra control on ambiguous Ngb specific antibodies. Furthermore, as
previously discussed in the in vivo models, an alternate adenoassociated expression vector
exists that provides stable overexpression of Ngb under the strong chicken β-actin promoter
and CMV enhancer: the pTR-UF12d expression vector. Incorporation of a GFP sequence
provides an extra validation of the overexpression of Ngb and GFP and can analogously be used
in the determination of the transfection efficiency [17].
The majority of reported studies expresses the Ngb overexpression level in comparison to the
one of empty vector transfected cells or relative to endogenous mRNA and/or protein Ngb
levels in a specific cell type [17, 53, 54, 56, 58-60, 62, 66, 67]. Antao et al. explored the effect of
Ngb overexpression in SH-SY5Y cells after H2O2 insult and reported these results in another way.
They referred to the in vivo situation in the brain by calculating the Ngb concentration in this
SH-SY5Y model and comparing it to the brain Ngb concentrations. In this view, Antao et al.
reported neuroprotective effects of Ngb after H2O2 insult by reducing oxidative stress and
increasing intracellular ATP concentrations. The concentration of the Ngb-fusion protein was 13
mg / 200 ml cell lysate corresponding to 3.7 mM, which is approximately 4-fold greater than
that estimated in the brain [61, 72].
2.4.3

Alternate ways of Ngb delivery

As already described in section 2.3.3, CPPs have been considered of great value to deliver
proteins over the membranes of cells and even over the blood-brain barrier [38]. Two CPPs
have been reported in Ngb research, TAT [38] and Chariot/Pep-1 [73]. They have been used to
transduce neural-like cells such as PC12 pheochromocytoma cells [55], retinal ganglion cell line
RGC-5 [74], SH-SY5Y neuroblastoma cells [74] and primary rat cortical neurons [49] as nonneural-like cells such as human pancreatic islets [65]. In contrast to gene delivery by viral or
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non-viral vectors, the intracellular Ngb delivery is not expressed as increased fold change of
mRNA or protein expression level. It is rather reported as a specific concentration of CPP-Ngb
administered to the cells, generally about 0.2 – 2 µM CPP-Ngb. In addition, most of the studies
evaluate uptake of the construct by screening for the FITC label attached to CPP-Ngb by
immunocytochemistry, flow cytometry or western blot [49, 55, 65, 74]. In general, studies using
CPP-Ngb delivery are focussed on the role of Ngb in hypoxia and oxidative stress. An important
note should be considered from the study of Zhou et al. in which 48 hours after TAT-Ngb
delivery no FITC signal was found, pointing at a transient character of Ngb presence. The
relatively fast decrease of Ngb levels should be taken in consideration during time-dependent
hypoxic insults or oxidative stress on cells [49]. While Peroni et al. do not report
neuroprotective effects of Ngb in RGC-5 and SH-SY5Y cells 12 hours or 18 hours under OGD,
Zhou et al. and Mendoza et al. report beneficial effects of Ngb after 24 hours of hypoxia and
oxidative stress (Table 2.3). As different concentrations of CPP-Ngb and different periods of
hypoxia and OGD were used to induce the Ngb neuroprotective effects, it is difficult to compare
the different studies [49, 55, 65, 74].
Another way to mimic and assess the effect of intracellular overexpression of Ngb in neurons is
to incubate Ngb with purified mouse neuronal mitochondria (Table 2.3). Yu et al. report
+

inhibition of NAD release and cytochrome c (Cyt c) release due to excesses of Ngb [51].
However, this strategy is very different from the in vivo situation and should only be used to
assess detailed mechanistic insights rather than to obtain first evidences of a potential mode of
action. In addition, the recombinant chimeric ZHHH Ngb can be used in vitro as well as in vivo,
making direct correlations achievable (section 2.3.3) [35, 36, 75].
2.4.4

Vector technology in Ngb knockdown experiments in vitro

Analogous to the in vivo Ngb silencing, the use of RNAi has proven to be a powerful tool to
study the functional significance of Ngb in vitro (Figure 2.1). In general, RNAi is based on the
sequence-specific degradation of host mRNA after the recognition by double stranded RNA that
is identical to the target sequence as described in 2.3.4 [76]. In Ngb research, short interfering
RNA (siRNA) and shRNA are mainly used [46, 51, 52, 63, 66-70]. The simplest approach of RNAi
is directly transfecting siRNA into the cytosol [4, 46, 68, 70]. However, this technique is limited
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since not every cell type may be transfected as easily as another, leading to variation in
transfection efficiencies [44]. Nayak et al. transfected primary turtle neuronal cultures with
eGFP constructs to evaluate their setup and determine the probable transfection efficiency rate
of their anti-turtle-Ngb siRNA [68]. This method is considered reliable since it is widely used in
similar Ngb knockdown studies [51, 52, 68]. On the other hand, shRNA is widely used to silence
Ngb expression [51, 52, 66, 67]. shRNA is a synthetic RNA molecule with a short hairpin
secondary structure and in contrast to the direct cytoplasmic delivery of double stranded siRNA,
shRNA is delivered on a DNA plasmid. In this view, shRNA enables long-time stable expression
since it can be transcribed episomal or by the host machinery as it can integrate into the host
genome in some cases [44]. Several studies use the GFP-expressing p-Genesil-1 expression
plasmid vector encoding shRNA of Ngb transcribed by the RNA-polymerase III hU6 promoter
[51, 66, 67]. Introducing shRNA into cells can be carried out by bacterial or virally produced
vectors enabling transfection of cells which are normally not capable of transfection. Yu et al.
inserted the shRNA against mouse Ngb in the retroviral plasmid pGFP-VRS to transduce primary
mouse cortical neurons [51]. After transcription, shRNA is exported from the nucleus processed
by DICER to siRNA that interacts with the RNA-induced silencing complex to degrade specific
mRNA. In general, the use of shRNA is favoured over using siRNA. The latter requires high
concentration of direct delivery, leading to more off-site non-specific effects. Furthermore,
whereas shRNA provides a stable knockdown mechanism, siRNA is only stable for 48 hours,
making repeated transfections necessary to overcome the transient nature. It is to be noted
that selection by drug resistance can be time consuming. In that view, evaluation of Ngb
expression on transcript and protein level is necessary to prove the reliability of shRNA and
siRNA models. In general scrambled siRNA sequences or empty shRNA vectors (e.g. p-Genesil-1)
are used as a control [46, 51, 52, 63, 66-70]. RNAi methodologies created Ngb-deficient cellular
models that showed increased susceptibility for OGD oxidative stress and apoptosis [46, 66, 6870], suppression of neuronal development [52], reduction of retinal homeostasis [46] and
ambiguous effects on cancer cells [63, 67].
Another way to create an in vitro cell line lacking Ngb is by making use of CRE-Lox
recombination. Ngb has already been identified as a potential influencer during neuronal
development supported by relatively low Ngb expression levels in the early stages of mouse
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brain development, which elevate during the later stages and even further increase reaching
the young adult state. Hence, it is of great value to investigate the functional significance of Ngb
in this process in neural stem cells (NSCs). Hence Luyckx et al. generated an Ngbfl mouse model
targeting exon 2 and 3 of the Ngb locus by inserting loxP sites. Successful in vitro CRE-Lox
recombination allowed to study the characteristics of these Ngb knockout NSCs and unravelled
CDKN1A/CDK6-dependent increased proliferation of NSCs due to the loss of Ngb (Chapter 5)
[77].
In contrast to unanimous results of Ngb in overexpression models supporting the
neuroprotective hypothesis, in vivo studies on Ngb knockout models do not support this
hypothesis for endogenously expressed Ngb (Table 2.3). In addition, in contrast to these in vivo
Ngb knockout studies, in vitro studies on Ngb knockdown cells do claim a role of endogenous
Ngb in protection against oxidative stress and oxygen deprivation [51, 68, 70], apoptosis [66]
supporting retinal homeostasis [46] and neuronal development [52]. Concerning the latter, also
Luyckx et al. reported increased growth proliferation in NSCs of which the role in neuronal
development is still unknown [77]. Intriguingly, ambiguous results were found in cancer
research. Although Zhang et al. reported that Ngb knockdown promoted human HCC cell line
growth and proliferation and tumour growth in vivo through the RAF/MEK/ERK pathway,
another research group of Zhang and colleagues stated that Ngb knockdown restrained U251
glioma cell growth and facilitated apoptosis (Table 2.3) [63, 67]. However the study of Zhang et
al. in 2013 showed downregulation of endogenous Ngb in hepatocellular carcinoma while Ngb is
reported to be upregulated in glioma in the study of Zhang et al. in 2017 [63, 67]. These
observations support the plethora of functions where Ngb may exert. On the one hand, Ngb can
support hypoxia-mediated defences to allow cancer cells to adapt themselves in the tumour
microenvironment and, on the other, it may enable tumour suppressor capacities in other
malignant cells [63, 67, 78-80].
2.5

OTHER REGULATORS OF NGB GENE EXPRESSION

Ngb’s over- or ectopic expression elicits survival promoting cytoprotective effects in different
pathologies in nervous and non-nervous tissues. In this view, injured tissues might benefit from
therapeutic administration or induction of Ngb expression (Table 2.4). Targeted intracellular
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Ngb delivery or upregulation would be of great value since Ngb, except for zebrafish Ngb, is
found to be membrane impermeable [35, 75].
Hemin, the ferric chloride salt of haem which is pharmaceutically used in the treatment of
porphyria attacks, has already been described to stimulate expression of haemoglobin and
myoglobin [81, 82]. In addition, Zhu et al. demonstrated that Ngb is a hemin-inducible gene in
neural cells through the sGC-PKG pathway [83]. Furthermore, deferoxamine, a cobalt and iron
chelator which is used to treat iron poisoning appeared capable of inducing Ngb protein
expression in cultured neurons [53]. In addition Jin et al. described that HN33 cells showed
increased Ngb protein levels growing them in the presence of short-chain fatty acids cinnamic
acid and valproic acid [84]. Cinnamic acid derivatives have been reported to have antioxidant
and antimicrobial properties making them promising compounds with high potential for
development into drugs [85]. Valproic acid is an anticonvulsant drug used in the treatment of
patients with seizure disorders [86]. Zara et al. showed promising results that administration of
Ibuprofen and lipoic acid conjugate to rats suffering Alzheimer’s disease promote maintenance
of Ngb levels similar to the control group ensuring Ngb to perform neuroprotective and survival
promoting effects [87]. Furthermore, Ngb should be considered as a hormone-inducible protein
promoting cytoprotection after upregulation as it has been linked to several hormones such as
17β-oestradiol, an oestrogen steroid hormone [88, 89], a glycoproteic hormone erythropoietin
(EPO) [90, 91] and thyroid hormones (THs) [92]. A detailed overview of Ngb inducers can be
found in the work of Ascenzi et al. (Table 2.4) [78].
Nevertheless, compounds that can pharmacologically or biologically raise Ngb levels must
induce sub-toxic Ngb levels to preserve cellular homeostasis and, in addition, still manage to
achieve sufficient doses to promote protection and survival.
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Table 2.4: Positive in vitro and/or in vivo modulators of human and rodent Ngb levels.
Modulators
mRNA
Hemin
+ (*)
Deferoxamine
+ (*)
Short-chain fatty acids
+ (*)
Ibuprofen and R-α-lipoic
ND
acid conjugate
17β-oestradiol
+ (*)
EPO
+ (#)
TH
+ (#)
EPO, erythropoietin; TH, thyroid hormone; ND, not determined.
respectively. Adapted from Ascenzi et al. [78].

2.6

Protein
+ (*)
+ (*)
+ (*)
+ (#)

(*)

and

(#)

References
[83]
[53, 84]
[84]
[87]

+ (*)
[88, 93, 94]
+ (#)
[91]
+ (#)
[92]
indicate in vitro and in vivo studies

THE FUTURE OF NGB EXPRESSION MODELS

Eighteen years following the discovery of Ngb, it is clear that many open questions remain
regarding the biological significance of this protein. Ingenious technologies have contributed to
achieve a plethora of Ngb in vivo and in vitro expression systems (Figure 2.1). Although concrete
modes of action and major functionalities of Ngb remain elusive, a toolbox of models has been
composed. As the level of endogenous Ngb expression and overexpression differs between
models, interpretation of a comparative study is ambitious and limited, though not essential.
Moreover, Ngb inducible insults such as hypoxia, ischemia and oxidative stress in vivo, markedly
differ from the in vitro setups. Furthermore, these models highly differ from specific,
neurological injuries or neurodegenerative disease models. Different secondary survival
promoting mechanisms might be expected to take into effect, depending on the composition of
the microenvironment around the tissue or cells. Furthermore, especially in case of inborn Ngb
knockout animal models, compensatory mechanisms might have been induced upon
development, masking the effect of Ngb deficiency [18]. Remarkably, Ngb overexpression
model systems all point to a role of Ngb in neuroprotection and cytoprotection in general.
However, Ngb deficient models show ambiguous results not indicating a specific endogenous
significance of Ngb. In the light of these variations, it is believed that Ngb has widespread
biological activities that need to be evaluated thoroughly with specific validated controls
relevant to the specific experimental conditions. As Ngb is a multi-functional protein, tangled up
in various signalling pathways, Ngb’s research will remain challenging. In that view, the present
toolbox of interesting expression models will be of great value to rely on.
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AIMS OF THE STUDY

In the study to unravel and understand the protective mechanisms to preserve vital brain
function, neuroglobin (Ngb) is believed to play an interesting role in both rescue and survival
supporting mechanisms. This small member of the globin family was discovered in 2000 and
showed its presence predominantly in neurons of the central and peripheral nervous system
and some little non-neuronal expression in for example the endocrine system. Despite enclosing
all key determinants supporting membership of the globin family, Ngb structurally differs
somewhat from well-known globins such as haemoglobin (Hb) and myoglobin (Mb), suggesting
a different functional destination for Ngb compared to the classic globins. The moderate O2binding affinity under physiological conditions and the hexa-coordinated structure of the iron
atom of the haem leading to a possible intrinsic binding competition with external gaseous
ligands such as oxygen (O2), carbon monoxide (CO) and nitric oxide (NO) support the hypothesis
that Ngb is not constructed to transport or store O2. Over the past eighteen years, Ngb has been
studied extensively resulting in a plethora of hypotheses supporting the neuroprotective and
even cytoprotective effect of Ngb. As an in-depth study of Ngb expression models indicated
ambiguous results depending on the initial preference to study an Ngb deficient or Ngb
overexpression model, it is recommended to study both expression systems in order to unravel
specific Ngb mechanisms of action. In this thesis, three different research strategies were used
to elucidate the significance of Ngb (Figure 3.1).

Figure 3.1: Outline of the study.
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The first aim of this thesis uses an in-house available Ngb overexpression mouse model (mNgbTg-1*) to investigate the potential role of Ngb in acute and chronic ischemic heart disease in
mice (Chapter 4).
Ngb’s expression is induced upon neuronal hypoxia and cerebral ischemia and it protects
against hypoxic and ischemic neuronal injury. Because a transgenic mouse model
overexpressing murine Ngb showed that the volume of cerebral infarcts was reduced by
approximately 30 % after cerebral ischemia and that the volume of myocardial infarcts was
decreased by approximately 25 % after myocardial ischemia, we believed that Ngb might have a
therapeutic role in a broad range of cardiovascular ischemic conditions such as acute
myocardial infarction (AMI) and advanced atherosclerosis. Furthermore, historical data
obtained in our lab pointed already at the cytoprotective role of Ngb during AMI by enhancing
post-AMI survival and reducing myocardial infarct size by 14 % one week after AMI. As in
advanced atherosclerosis stenotic or ruptured coronary plaques may lead to ischemia and are
responsible for the occurrence of acute myocardial infarctions, we postulated a similar
cytoprotective role of Ngb in an advanced atherosclerosis mouse model. In that view, we
investigated in Chapter 4 the effect of Ngb overexpression on survival as well as on the size and
occurrence of myocardial infarctions in a mouse model of advanced atherosclerosis. As these
mice develop coronary plaques and myocardial infarction in mice being fed a western-type diet,
this mouse model represents chronic ischemic heart disease. In that view, it is valuable to
compare the results obtained in the latter with the outcome of the previous studied AMI mouse
model.
In contrast to the first aim, the next aims investigate the role of Ngb in different Ngb deficient
models. In that view, the second aim was to assess Ngb knockout effects on neurodevelopment
by evaluating the growth and proliferation of neural stem cells (NSCs).
Recently, Ngb gained growing interest in the field of neurodevelopment since its expression has
been described to rise steadily during the late prenatal days to new-borns and young adults.
Furthermore, on molecular basis, recent evidence indicates an interaction of Ngb with
phosphatase and tensin homolog (PTEN) and AKT that leads to prominent effects in the
PTEN/PI3K/AKT signalling pathway ascribing Ngb to neuritogenesis and neuronal development
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in general. As NSCs are fundamental key players during brain development, they are of great
value to be used as a tool to study neurodevelopment. An in-house generated Ngb-floxed
(Ngbfl) mouse model, comprising loxP sites into the introns flanking exon 2 and 3 of the Ngb
locus, was used to culture embryonic brain-derived NSCs (Ngbfl-NSCs). The latter were in vitro
subjected to CRE-Lox recombination to obtain Ngb knockout (NgbKO)-NSCs. In Chapter 5, a
comparative in vitro study combined with transcriptome analysis of both lines was carried out
to identify Ngb-associated up-and downregulation of cell cycle proteins.
The third aim was to investigate the effect of Ngb knockout on growth properties of
embryonic-brain derived NSC from an in-house created NgbKO mouse model in 2D monolayer
cultures compared to 3D neurosphere cultures.
Previous findings in Chapter 5 indicated that the loss of Ngb affects expression of specific cell
cycle genes resulting in enhanced proliferation of NSCs in 2D monolayer cultures. As the
experimental setup consisted of an in vitro created NgbKO-NSC line, we aimed in Chapter 6 to
extend these findings using multiple new NgbKO-NSC lines directly isolated from NgbKO mice
studying these in a 2D monolayer and 3D neurosphere system. As remarkable differences in
growth properties have been observed between NSCs of Ngb WT and NgbKO mice in a 2D system
compared to a 3D system we further explored the distinct role of Ngb in these systems as well
as in adult neurogenesis in vivo.
Based on these three research strategies, the overall results are evaluated and discussed in
Chapter 7 and summarised into general conclusions.
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NGB IN ISCHEMIC HEART DISEASE

4.1

ABSTRACT

Neuroglobin (Ngb) is an oxygen-binding protein that is mainly expressed in nervous tissues
where it is considered to be neuroprotective during ischemic brain injury. Interestingly,
transgenic mice overexpressing Ngb reveal cytoprotective effects on tissues lacking endogenous
Ngb, which might indicate a therapeutic role for Ngb in a broad range of ischemic conditions. In
the present study, we investigated the effect of Ngb overexpression on survival as well as on
the size and occurrence of myocardial infarctions (MI) in a mouse model of acute MI (AMI) and
-/-

a model of advanced atherosclerosis (ApoE Fbn1

C1039G+/-

mice), in which coronary plaques and

MI develop in mice being fed a western-type diet. Overexpression of Ngb significantly enhanced
post-AMI survival and reduced MI size by 14 % one week after AMI. Gene expression analysis of
the infarction border showed reduction of tissue hypoxia and attenuation of hypoxia-induced
inflammatory pathways, which might be responsible for these beneficial effects. In contrast,
Ngb overexpression did not affect survival or occurrence of MI in the atherosclerotic mice
although the incidence of coronary plaques was significantly reduced. In conclusion, Ngb proved
to act cytoprotectively during MI in the acute setting while this effect was less pronounced in
the atherosclerosis model.
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4.2

INTRODUCTION

Neuroglobin (Ngb) is an intracellular oxygen-binding protein related to the globin family [1-3]. It
is induced upon neuronal hypoxia and cerebral ischemia and protects against hypoxic and
ischemic neuronal injury [4]. The quest for unravelling the functional significance of this
evolutionary conserved protein to date has resulted in a variety of hypotheses (for instance
enhancing O2 supply to the mitochondria of metabolically active neurons, preventing apoptosis
and reducing oxidative stress by scavenging reactive oxygen and nitrogen species (ROS/RNS))
that suggest a neuroprotective effect whose underlying mechanism has not been fully
understood yet [5, 6]. In the past few years, the interest to explore the mechanism behind the
neuroprotective role of Ngb has been expanded to cytoprotection in general, for example after
myocardial infarction (MI). Although endogenous Ngb expression is restricted to neurons of the
central and peripheral nervous systems [7], a transgenic mouse model overexpressing murine
Ngb under a chicken β-actin promoter and distal cytomegalovirus (CMV) enhancer (mNgb-Tg-1)
has shown increased Ngb expression in multiple cell types and tissues including brain, arteries
and heart [8, 9]. According to previous studies, Ngb overexpression caused reduction of
cerebral infarcts after occlusion of the middle cerebral artery (MCAO) [9, 10] even up to 30 %
[9] and in addition, myocardial infarcts produced by occlusion of the left anterior descending
coronary artery (LADCAO) were decreased by approximately 25 % in Ngb overexpressing mice
compared to wild type (WT) littermates, reflecting the beneficial effect of this globin [9]. The
finding that Ngb has cytoprotective effects on tissues lacking endogenous Ngb expression might
indicate a therapeutic role for Ngb in a broad range of cardiovascular ischemic conditions such
as acute myocardial infarction (AMI) and advanced atherosclerosis.
In the present study, a validated AMI mouse model with permanent ligation of the LADCA was
used to investigate the role of Ngb in an acute ischemic setting [11]. Although several therapies,
such as administration of anti-platelet drugs and urgent reperfusion of the occluded coronary
culprit have proven clinical significance in the setting of AMI, these approaches are still
associated with significant mortality and morbidity. In view of the abovementioned
observations, the Ngb overexpression mouse model driven by its cytoprotective potential [9] is
an interesting tool to gain new insights in acute ischemic heart disease. On the other hand,
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atherosclerotic plaques develop silently over decades and can cause thrombosis or stenotic
occlusion, resulting in severe complications, such as MI, stroke or even sudden cardiac death
-/-

[12]. The ApoE Fbn1

C1039G+/-

mouse represents a unique model of advanced atherosclerotic

plaques with plaque formation even in the coronary arteries, which is almost never the case in
ApoE

-/-

mice [13]. The heterozygous mutation C1039G

+/−

in the fibrillin- (Fbn)1 gene causes

fragmentation of elastic fibres in the media of the vessel wall [14]. The combination of
-/-

fragmented elastic fibres with a western-type diet (WD) in ApoE Fbn1

C1039G+/-

mice leads to

increased plaque formation with important cardiac endpoints such as MI and sudden death
-/-

[13]. In the present study, we crossbred the ApoE Fbn1

C1039G+/-

mouse with a transgenic mouse

overexpressing Ngb (mNgb-Tg-1*) to assess the effect of Ngb on the progression of
atherosclerosis and its complications. The combined application of a model of AMI and a
chronic atherosclerosis model to investigate the role of Ngb overexpression ensures a broad
study of the cytoprotective effects of Ngb in ischemic heart disease.
4.3
4.3.1

MATERIALS AND METHODS
Mice

4.3.1.1 AMI model
Homozygous (homoz)Ngb-Tg-1 mice (B6.Cg-Tg(CAG-Ngb,-EGFP)1Dgrn/J, stock number 007575,
The Jackson Laboratory) (mNgb-Tg-1* mice, Chapter 2) were crossbred with C57BL/6J mice
(stock number 000664, Charles River) to produce heterozygous (hetz)Ngb-Tg-1 mice. By
heterozygous breeding, both hetzNgb-Tg-1 mice and WT littermates were obtained. The colony
of experimental animals was maintained on a C57BL/6J background for at least ten generations.
All mice used in this experiment were 4 - 5 month old males with a weight of 25 - 30 g.
4.3.1.2 Atherosclerosis model
-/-

In-house ApoE Fbn1

C1039G+/-

mice on a C57BL/6J background were crossbred with homozNgb-

Tg-1 mice (B6.Cg-Tg(CAG-Ngb,-EGFP)1Dgrn/J, stock number 007575, The Jackson Laboratory)
-/-

(mNgb-Tg-1* mice, Chapter 2) to obtain ApoE Fbn1
-/-

provided ApoE Fbn1

C1039G+/-

-/-

and ApoE Fbn1

C1039G+/-

C1039G+/-

hetzNgb-Tg-1 mice. Further breeding

hetzNgb-Tg-1 littermates, which were used

in this study. The colony of experimental animals was maintained on a C57BL/6J background for
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at least ten generations. All mice used in this experiment were female, and the experiments
started at the age of 2 months with a weight of 15 - 20 g and lasted for 4 or 6 months.
For all experiments, mice were housed in a temperature-controlled room with a day-night cycle
(12/12) and had free access to food and water. All animal procedures were performed in
compliance with the guidelines from Directive 2010/63/EU of the European Parliament on the
protection of animals used for scientific purposes and approved by the Ethics committee of the
University of Antwerp.
4.3.2

Experimental study design

4.3.2.1 AMI model
AMI was induced by permanent ligation of the LADCA in WT (n = 56) and hetzNgb-Tg-1 (n = 21)
mice. In brief, mice were anesthetised (Avertin (tribromoethanol) 0.25 mg/g, intraperitoneally),
intubated using a 22G intravenous catheter and mechanically ventilated with a small rodent
ventilator (MiniVent type 845, Harvard Apparatus, ventilation at 10 µl/g, 180 breaths/min, 2 cm
H2O-positive end-expiratory pressure). Body temperature was maintained by using a heating
pad. A left parasternal thoracotomy was performed transecting ribs 4 and 5. After adequate
exposure of the heart, the pericardium was cleaved and the LAD was ligated approximately 2
mm below the left atrial appendage using 7-0 polypropylene sutures (Pronova BV-1, Ethicon,
Johnson & Johnson). Successful LAD ligation was evidenced by white discoloration of the
myocardium, elevation of the ST segment on electrocardiographical monitoring and visual
identification of the ligated artery in the infarction zone. Eight WT mice were sham-operated,
i.e. without ligation of the LAD. Subsequently, the operation wound was closed in layers, mice
were weaned from ventilation, extubated and placed under a heat source until full recovery.
Mice were monitored until 7 days after AMI and killed.
4.3.2.2 Atherosclerosis model
Mice were fed a western-type diet (WD) (AB Diets) starting at the age of 2 months. Cases of
sudden death were documented. At the end of the experiment (17 or 25 weeks of WD) mice
were killed.
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4.3.3

Plasma cholesterol levels in atherosclerotic mice

Blood samples were obtained via retro-orbital aspiration and added to 20 µl
ethylenediaminetetraacetic acid (EDTA) 10 % to counteract coagulation. Samples were diluted
1:3 with 0.9 % NaCl. Analysis of total plasma cholesterol was performed via the Total
Cholesterol Reagent kit (Randox).
4.3.4

Echocardiography
-/-

Transthoracic echocardiograms of ApoE Fbn1

C1039G+/-

-/-

(n = 9) and ApoE Fbn1

C1039G+/-

hetzNgb-Tg-

1 mice (n = 14) were performed at 17 weeks of WD on anesthetised mice (isoflurane; 3 % for
induction and 1.5 % for maintenance, IsoFlo, Abbott) using a Toshiba diagnostic ultrasound
system (SSA-700A), equipped with a 15 MHz transducer. End-diastolic diameter (EDD) and endsystolic diameter (ESD) were measured and fractional shortening (FS = [EDD - ESD] / EDD x 100)
was calculated.
4.3.5

Survival

After AMI, survival was studied in WT (n = 44) and hetzNgb-Tg-1 (n = 20) mice up to 7 days.
-/-

Long-term survival was studied in ApoE Fbn1

C1039G+/-

-/-

mice (n = 15) and ApoE Fbn1

C1039G+/-

hetzNgb-Tg-1 mice (n = 14) up to 17 or 25 weeks of WD.
4.3.6

Histology

4.3.6.1 AMI model
One week after AMI, a cross-sectional segment of the heart of WT and hetzNgb-Tg-1 mice,
taken 1 mm below the ligature, was fixed in paraformaldehyde (4 %) and embedded in paraffin
(FFPE). FFPE tissues were used for morphometric analysis of infarct size by haematoxylin-eosin
(HE) staining. Images were captured with a Zeiss Axiophot microscope equipped with an
Olympus DP70 camera and further processed in Adobe Photoshop to create composite images.
P

Morphometric analysis was performed on composite microscopic images using the Cell image
analysis software. Infarct size was determined on heart cross-sections and computed as
percentage of the total left ventricle (LV) ([infarct area / total LV area] x 100).
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4.3.6.2 Atherosclerosis model
After sudden death or at the end of the experiment, mice were perfusion-fixed with
paraformaldehyde (4 %) via a catheter in the left ventricle for 30 min. Subsequently, the
-/-

proximal ascending aorta, the brachiocephalic artery and the heart of the ApoE Fbn1
-/-

and ApoE Fbn1

C1039G+/-

C1039G+/-

hetzNgb-Tg-1 mice were dissected. Samples were immediately post fixed

in paraformaldehyde (4 %) and FFPE embedded. Serial cross-sections (5 µm) of the aorta and
the heart were cut and prepared for histological analysis. Total plaque area was measured on
HE stained slides. Sirius red staining was performed to detect collagen. Necrosis was defined as
acellular areas filled with necrotic clefts and necrotic debris. Plaque composition was further
determined by immunohistochemistry using anti-α-smooth muscle cell actin (F377, Sigma) and
anti-Mac 3 (553322, Pharmingen) to detect smooth muscle cells and macrophages, respectively.
The occurrence of MI (defined as large fibrotic areas) and coronary plaques was analysed on
Masson’s trichrome staining (transversal sections). If plaques were present in the coronary
arteries, the percentage of stenosis was measured. All images were acquired with Universal
Grab 6.1 software using an Olympus BX40 microscope and were quantified with Image J
software (NIH).
4.3.7

Gene expression analysis

Specimens of the infarct border zone, the heart, brain and aorta were harvested, flash-frozen in
liquid nitrogen and further processed for total RNA isolation. Following DNase I (RQ1 RNaseFree DNase, Promega) treatment, RNA concentration and purity were analysed using Nanodrop
spectrophotometer (Thermo Scientific) readings at 260 and 280 nm. First-strand cDNA synthesis
was performed on 1 µg total RNA with the transcriptor first-strand cDNA synthesis kit (Roche)
according to the manufacturer’s instructions. For validation of Ngb expression levels in heart
and aorta, real-time quantitative PCR was performed on a StepOnePlus system (Life
Technologies). The parameters for PCR amplification were 95 °C for 2 min followed by 40 cycles
of 95 °C for 15 s and 60 °C for 1 min. Each real-time PCR reaction comprised Power SYBR Green
PCR Master Mix (Applied Biosystems), 10 ng cDNA (RNA equivalents) and 150 nM of each
primer: mPpia (F-CAGACGCCACTGTCGCTTT, R-TGTCTTTGGAACTTTGTCTGCAA), mTbp (FCCCCACAACTCTTCCATTCT,
CTCCGCTTTCATGTAGAGGAAG,

R-GCAGGAGTGATAGGGGTCAT),
R-GACATCTCCTAGTTTGGACAGTG),
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(F(F-
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TACAATGGCCGCCAGTTCT, R-TGGTCACTGCAGCATCAATCA). The geNorm algorithm in qBase+
(Version 3.0, BioGazelle) was used to determine the optimal combination of reference genes for
internal normalization (i.e. peptidylprolyl isomerase A (Ppia), TATA-box binding protein (Tbp)
and phosphoglycerate kinase (Pgk)). Normalized relative gene expression was determined by
the E

-∆∆Cq

method. On the other hand, gene expression analysis of hypoxia-induced

inflammatory genes at the infarction border zone after AMI was carried out using Taqman gene
expression assays (Applied Biosystems) on a LightCycler 480 instrument (Roche). The LightCycler
Taqman Master Mix (Roche) was used to obtain transcript levels of hypoxia-inducible factor
(Hif-)1, intracellular adhesion molecule (Icam-)1, vascular cell adhesion molecule (Vcam-)1,
nitric oxide synthase (Nos)3 and vascular endothelial growth factor (Vegf)a (Applied
Biosystems). All qPCR reactions were carried out on 10 ng cDNA (RNA equivalents) as follows:
after an initial denaturation-activation step at 95°C for 10 min, amplification consisted of 45
cycles of denaturation at 95 °C for 10 s, annealing at 60 °C for 30 s and measurement of
fluorescence at 72 °C for 1 s. The geNorm algorithm was used to determine the optimal
combination of reference genes for internal normalization (i.e., hypoxanthine-guanine
phosphoribosyltransferase (Hprt), translationally controlled tumour protein (Tpt-)1 and β-2microglobulin (B2m)). Normalized relative gene expression was determined by the E

-∆∆Cq

method.
For

validation

of

the

mouse

model

using

RT-PCR,

amplification

of

mNgb

(F-

CTCTGGAACATGGCACTGTC, R-ACCACAGCTCCGTAGAGTCG) was performed. The parameters for
PCR amplification were as follows: 95 °C for 2 min followed by 35 cycles of 95 °C for 1 min, 57 °C
for 1 min and 72 °C for 1 min, ending with 72 °C for 10 min. Samples were loaded on a 1 %
agarose gel for gel electrophoresis using a GeneRuler 1 kb DNA ladder (Thermo Scientific) as
reference.
4.3.8

Statistical analysis

Data are depicted as mean ± SEM. Statistical analyses were performed with IBM SPSS Statistics
24 and GraphPad Prism 6 software. Relative expression levels of Ngb (Figure 4.1), infarct size in
the AMI model (Figure 4.2A), coronary stenosis in the atherosclerosis model (Figure 4.3B) and
fractional shortening (Table 4.1) were analysed by independent samples t-test. Survival was
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analysed by Kaplan-Meier plots (Figure 4.2C and Figure 4.3D). Relative expression levels of
hypoxia-related genes (Figure 4.2D) was analysed by Kruskal-Wallis and Mann-Whitney tests.
Incidence of coronary plaques (Figure 4.3A) was analysed by Fisher’s exact test. P < 0.05
indicated statistical significance.
4.4
4.4.1

RESULTS
Ngb is overexpressed in heart and aorta after cross-breeding with Ngb-Tg-1 mice

As a validation of Ngb overexpression in hetzNgb-Tg-1 mice, higher Ngb expression levels were
observed in the brain of hetzNgb-Tg-1 mice, compared to endogenous Ngb expression levels in
WT mice (Figure 4.1A-B). In addition, cross-breeding with the Ngb-Tg-1 transgenic mouse model
significantly induced Ngb overexpression in non-endogenous Ngb expressing tissues such as the
heart (131 ± 28 fold) (Figure 4.1A-C) and aorta (1.85 ± 0.5 fold) (Figure 4.1D).

Figure 4.1: Validation of the hetzNgb-Tg-1 mouse model at the transcript level. Agarose (1 %) gel electrophoresis of
RT-PCR amplicons from (1) brain and (2) heart tissue of an A) WT and B) hetzNgb-Tg-1 mouse with a GeneRuler 1 kb
DNA ladder as reference. C) Relative expression levels of Ngb in the heart expressed as fold changes in hetzNgb-Tg-1
mice (n = 3) compared to WT mice (n = 3). D) Relative expression levels of Ngb in the aorta expressed as fold changes in
hetzNgb-Tg-1 mice (n = 3) compared to WT mice (n = 3). * P < 0.05, ** P < 0.01.

4.4.2

Ngb overexpression reduces MI size after AMI

MI size was 42 ± 6 % in WT versus 28 ± 3 % in hetzNgb-Tg-1 mice (Figure 4.2A). Microscopic
examination of the MI zone in hetzNgb-Tg-1 mice revealed a distinct infarction pattern as
compared to WT mice. While WT mice mostly displayed complete transmural infarctions,
hetzNgb-Tg-1 overexpressing mice showed a patchier MI area (Figure 4.2B).
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4.4.3

Survival after AMI is enhanced by Ngb overexpression

The survival rate during the first week after AMI was significantly higher in hetzNgb-Tg-1 mice
(95 % (19/20)) than in WT mice (73 % (32/44)) (Figure 4.2C), suggesting an important role for
Ngb in AMI.
4.4.4

Ngb overexpression attenuates hypoxia signalling and reduces vascular adhesion
molecule expression after AMI

Ngb overexpression has previously been shown to attenuate hypoxia signalling and
inflammation in neuronal ischemia [4]. Therefore, transcript levels of hypoxia and
inflammation-linked factors were determined in infarct border tissue specimens of hetzNgb-Tg1 (n = 10) and WT mice (n = 8) one week after AMI or sham operation of WT mice (n = 8) (Figure
4.2D). AMI-induced upregulation of hypoxia-inducible factor Hif-1α (81 % in WT vs. 33 % in
hetzNgb-Tg-1 compared to sham), vascular adhesion molecules Icam-1 (80 % in WT vs. -9 % in
hetzNgb-Tg-1 compared to sham) and Vcam-1 (100 % in WT vs. 23 % in hetzNgb-Tg-1 compared
to sham) was significantly attenuated at the mRNA level in hetzNgb-Tg-1 compared to WT mice.
Nos3 and Vegfa expression did not significantly differ in the infarct border zone between
hetzNgb-Tg-1 and WT mice one week after AMI.
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Figure 4.2: Analysis of the AMI model: MI size, survival and gene expression of hypoxia-induced inflammatory genes
at the infarction border zone. A) Infarct size in WT (n = 10) versus hetzNgb-Tg-1 (n = 14) mice after AMI. B)
Representative images of a transmural infarction of a WT mouse (left) versus a patchy infarction in a hetzNgb-Tg-1
mouse (right) 7 days after AMI. C) Kaplan-Meier plot of survival up to 7 days after AMI in WT (n = 44) and hetzNgb-Tg-1
(n = 20) mice. Mortality during surgical procedures was not taken into account. D) Relative expression levels of Hif-1α,
Icam-1, Vcam-1, Nos3 and Vegfa in the infarction border zone of WT (n = 8), hetzNgb-Tg-1 (n = 10) and sham-operated
WT (n = 8) mice. * P < 0.05, ** P < 0.01, *** P < 0.001, ns: not significant.
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4.4.5

Ngb overexpression does not alter plasma cholesterol levels in the atherosclerosis
model

Analysis of total plasma cholesterol revealed no significant difference between both
-/-

phenotypes after 17 weeks of WD (ApoE Fbn1

C1039G+/-

-/-

-/-

hetzNgb-Tg-1: 151 ± 87 mg/dl) and 25 weeks of WD (ApoE Fbn1
Fbn1

C1039G+/-

4.4.6

C1039G+/-

: 257 ± 64 mg/dl, ApoE Fbn1
C1039G+/-

: 180 ± 13 mg/dl, ApoE

-/-

hetzNgb-Tg-1: 232 ± 38 mg/dl).

The incidence of coronary plaques in atherosclerotic mice is significantly reduced by
Ngb overexpression
-/-

MI was present in 62 % and 40 % of the ApoE Fbn1

C1039G+/-

-/-

and ApoE Fbn1

C1039G+/-

hetzNgb-Tg-1

mice respectively, although this reduction was not statistically significant (P = 0.22). The
location of the infarcts in the heart was random and differed between the septum wall and left
or right ventricle in both groups. Concomitant with the presence of MIs, the incidence of
-/-

coronary plaques was significantly lower in the presence of Ngb (ApoE Fbn1
-/-

(19/22), ApoE Fbn1

C1039G+/-

C1039G+/-

: 86 %

hetzNgb-Tg-1: 56 % (10/18)) (Figure 4.3A). Coronary stenosis tended
-/-

to decrease (74 ± 5 % in ApoE Fbn1

C1039G+/-

-/-

and 52 ± 14 % in ApoE Fbn1

C1039G+/-

hetzNgb-Tg-1) (P

= 0.07) (Figure 4.3B). Perivascular fibrosis of the coronary arteries was observed in both the
presence (44 %) and absence (56 %) of Ngb overexpression (Figure 4.3C).
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Figure 4.3: Analysis of the atherosclerosis model: coronary characteristics and survival. A) Incidence of coronary
plaques in a group of ApoE-/-Fbn1C1039G+/- (n = 22) versus ApoE-/-Fbn1C1039G+/-hetzNgb-Tg-1 (n = 18) mice. B) Coronary
stenosis (%) in ApoE-/-Fbn1C1039G+/- (n = 14) and ApoE-/-Fbn1C1039G+/-hetzNgb-Tg-1 (n = 7) mice. C) Masson’s trichrome
staining of the heart and magnification of the boxed area revealed the presence of coronary plaques and fibrosis of
heart tissue. (scale bar left part = 300 µm, scale bar magnification = 50 µm); L = lumen, P = plaque, F = fibrosis;
Representative images were selected from 8 - 10 evaluated samples. D) Kaplan-Meier plot of survival up to 25 weeks of
WD in ApoE-/-Fbn1C1039G+/- (n = 15) and ApoE-/-Fbn1C1039G+/-hetzNgb-Tg-1 (n = 14) mice. Mortality in the first 10 weeks of
WD was not taken into account. * P < 0.05, ns: not significant.
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4.4.7

Ngb overexpression does not affect left ventricular heart function of atherosclerotic
mice

Left ventricular heart function was monitored at 17 weeks of WD. There were no significant
-/-

differences in EDD, ESD or FS between ApoE Fbn1

C1039G+/-

-/-

and ApoE Fbn1

C1039G+/-

hetzNgb-Tg-1

mice (Table 4.1).
-/-

Table 4.1: Assessment of the left ventricular function of ApoE Fbn1
C1039G+/Fbn1
hetzNgb-Tg-1 mice after 17 weeks of WD.

C1039G+/-

versus ApoE

-/-

ApoE-/-Fbn1C1039G+/ApoE-/-Fbn1C1039G+/-hetzNgb-Tg-1
EDD (mm)
3.4 ± 0.2
3.7 ± 0.2
ESD (mm)
2.2 ± 0.2
2.3 ± 0.2
FS (%)
36 ± 2
38 ± 2
ApoE-/-Fbn1C1039G+/- (n = 9) and ApoE-/-Fbn1C1039G+/-hetzNgb-Tg-1 (n = 14) mice. Independent samples t-test showed no
significance. EDD, end-diastolic diameter; ESD, end-systolic diameter; FS, fractional shortening.

4.4.8

Atherosclerotic plaque size and composition do not alter by Ngb overexpression

In the proximal aorta and the brachiocephalic artery, the atherosclerotic plaque size and
-/-

percentage of necrosis were similar between ApoE Fbn1

C1039G+/-

-/-

C1039G+/-

and ApoE Fbn1

hetzNgb-Tg-1 mice after 17 and 25 weeks of WD (Table 4.2). Moreover, the amount of collagen
and the number of smooth muscle cells and macrophages were not significantly different
either, even after 25 weeks of WD (Table 4.2).
4.4.9

Ngb overexpression has no effect on survival of atherosclerotic mice
-/-

No significant difference in survival rate was observed between ApoE Fbn1
-/-

(9/15)) and ApoE Fbn1

C1039G+/-

C1039G+/-

mice (60 %

hetzNgb-Tg-1 mice (57 % (8/14)) after 25 weeks of WD (Figure

4.3D). Cases of sudden death during the first 10 weeks of WD were unrepresentative and were
not taken into account.
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Table 4.2: Plaque characteristics of the proximal ascending aorta and brachiocephalic artery from ApoE Fbn1
hetzNgb-Tg-1 mice at 17 and 25 weeks of WD.

ApoE-/-Fbn1C1039+/-

ApoE-/-Fbn1C1039+/-hetzNgb-Tg-1

ApoE-/-Fbn1C1039+/-

17 weeks of WD

C1039+/-

-/-

and ApoE Fbn1

C1039+/-

ApoE-/-Fbn1C1039+/-hetzNgb-Tg-1
25 weeks of WD

Proximal ascending aorta
Plaque size (x 104 µm2)

60.0 ± 6.3

59.3 ± 6.9

73.8 ± 9.1

86.3 ± 20.9

Necrotic core (%)

11.9 ± 2.5

10.2 ± 2.3

8.7 ± 1.8

11.2 ± 1.5

Collagen (%)

10.3 ± 1.2

11.7 ± 1.6

16.2 ± 0.9

a

14.0 ± 1.4

c

12.9 ± 1.2b

Smooth muscle cells (%)

6.3 ± 0.6

7.1 ± 0.8

14.1 ± 1.4

Macrophages (%)

0.8 ± 0.1

1.0 ± 0.2

4.0 ± 0.5c

3.9 ± 1.0c

Plaque size (x 104 µm2)

33.6 ± 2.9

33.0 ± 4.0

35.6 ± 5.1

43.6 ± 4.8

Necrotic core (%)

9.5 ± 2.1

12.5 ± 2.2

8.3 ± 2.3

6.4 ± 1.4

Collagen (%)

9.5 ± 1.6

12.6 ± 1.6

22.1 ± 3.2a

25.7 ± 2.3b

Smooth muscle cells (%)

6.9 ± 1.1

5.3 ± 1.0

2.5 ± 0.3a

3.2 ± 0.3

0.6 ± 0.1

c

2.4 ± 0.5a

Brachiocephalic artery

Macrophages (%)

0.5 ± 0.1

2.6 ± 0.4

Sample size n = 8 – 10. Independent samples t-test showed no significances between ApoE-/-Fbn1C1039+/- and ApoE-/-Fbn1C1039+/-hetzNgb-Tg-1 mice. Within one genotype, independent
samples t-test showed several significances over time. a P < **; b P < ***; c P < ****.
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4.5

DISCUSSION

Given the strong interplay between globins and oxygen availability in general [15] and Ngb
upregulation under hypoxic and ischemic conditions in particular [16], the present study aimed
to investigate the effect of Ngb overexpression in both an acute and a chronic mouse model of
myocardial ischemia. To establish high cardiac expression levels of Ngb, the constitutive chicken
β-actin promoter and distal CMV enhancer have already been proven to be of great value [17,
18]. Similarly to previous studies reporting on the mNgb-Tg-1 mouse model, we found induction
of significant expression levels of Ngb in the brain [8, 10, 19], heart [9] and aorta, giving rise to
higher Ngb concentrations than observed physiologically.
Although endogenous Ngb expression does not occur in normal cardiomyocytes, the induction
of Ngb expression in the heart using a transgenic mouse model led to cytoprotection during
acute myocardial ischemia with a significant impact on survival. Indeed, heterozygous
overexpression of Ngb in hetzNgb-Tg-1 mice resulted in a lower mortality rate 7 days after
induction of AMI, which coincided with a significant reduction in infarction size, and is in line
with previous reports [9, 10]. Moreover, while WT mice mostly displayed large transmural
infarctions one week after AMI, hetzNgb-Tg-1 mice showed smaller MIs with areas of myocyte
survival being most prominent at the epi- and endocardial border. Interestingly, Ngb
overexpression led to attenuation of Hif-1α transcription in the border zone of the infarcted
area. Under hypoxic conditions, the activity of Hif-1 is upregulated and initiates the
transcription of hypoxia-inducible target genes [20, 21]. These gene products in turn restore
oxygen homeostasis by inducing glycolysis, erythropoiesis and angiogenesis [22]. The finding
that Ngb overexpression reduces Hif-1α expression during the subacute phase of AMI indicates
that Ngb overexpression might be able to attenuate hypoxia, hypoxia sensing and/or
downstream hypoxia-inducible inflammatory responses. In general, the mechanism of action by
which Ngb exerts its neuroprotective effects presently remains unclear and is still a topic of
debate [23]. Despite the fact that Ngb was originally thought to play a role in O2 storage and
transport, its moderate O2-binding affinity under physiological conditions, in combination with
its relatively low endogenous concentrations (± 1 µM) in the brain, could also suggest other
functional roles [3, 24, 25]. Even in the transgenic Ngb-Tg-1 model, where higher Ngb transcript
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levels are present, compared to the physiological range (fivefold in hetzNgb-Tg-1 brain
compared to WT brain) [10], it is likely that the moderate O2-binding affinity of Ngb will prevent
Ngb from acting as an O2 storage or transport protein. Alternatively, Ngb might exert its
protective effects by acting as a scavenger of hypoxia-induced reactive oxygen and nitrogen
species and thereby reducing oxidative stress [26-28]. On the other hand, the local
concentration of Ngb might be sufficient to act as a sensor molecule for signal transduction in
response to hypoxia. Ngb might be triggered by NO, O2, or other signalling molecules to alter its
protein conformation and thereby causing associated intracellular signalling which activates
cytoprotective pathways [23, 29, 30]. Furthermore, the finding that expression of Icam-1 and
Vcam-1, two adhesion molecules that play a role in neutrophil-mediated inflammatory
processes [31], was significantly lower in hetzNgb-Tg-1 mice than in WT mice, suggests that Ngb
overexpression has yet unrecognized anti-inflammatory properties that might be responsible
for the beneficial effects on infarction size and cardiac mortality. Given the cytoprotective
effects of Ngb, administering the protein or boosting its expression levels in the ischemic
myocardium may be a promising adjunct in the treatment of myocardial ischemic injury.
-/-

Atherosclerotic ApoE Fbn1

C1039G+/-

mice represent a unique model of advanced atherosclerosis,

also in coronary arteries, with human-like complications including MI and sudden death. First,
-/-

we analysed the effect of Ngb on the heart of ApoE Fbn1

C1039G+/-

mice in this model of chronic
-/-

myocardial ischemia. Although the decreased incidence of MIs in ApoE Fbn1

C1039G+/-

hetzNgb-

Tg-1 mice did not reach statistical significance, the incidence of coronary plaques was
significantly reduced by 31 % in Ngb positive mice, indicating the cytoprotective effect of Ngb as
shown in the AMI model. However, Ngb did not affect cardiac function as shown by
echocardiography. Second, analysis of plaque progression in the proximal aorta and
brachiocephalic artery showed that Ngb overexpression had no effect on plaque size or
-/-

composition between ApoE Fbn1

C1039G+/-

-/-

and ApoE Fbn1

C1039G+/-

hetzNgb-Tg-1 mice. These

findings contrast with the results of previous studies showing decreased neointima formation
and plaque inflammation after targeting hypoxia via the reduction of Hif-1α [32, 33]. It has been
demonstrated that Ngb acts protectively under hypoxic and ischemic conditions both in vitro
and in vivo [4, 9, 28, 34, 35]. It is important to note that very pronounced hypoxic or ischemic
conditions (e.g. hypoxic chambers, surgical occlusion such as the AMI procedure carried out in
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the present study) were used in most of these studies. In atherosclerosis, the level of hypoxia is
milder and probably does not reach the threshold of severity needed to fully benefit from Ngb
overexpression.
4.6

CONCLUSION

In conclusion, Ngb acts cytoprotectively during MI in an acute setting (ligation of the LADCA),
but this effect is less pronounced in a chronic setting (MI after stenosis of coronary arteries).
Overexpression of Ngb significantly enhanced post-AMI survival and reduced MI size one week
after AMI. These beneficial effects in the setting of AMI might be explained by reduction of
tissue hypoxia and attenuation of hypoxia-induced inflammatory pathways. Although the
incidence of coronary plaques was significantly reduced by Ngb overexpression in a coronary
atherosclerosis model, this did not translate into a long term functional or survival benefit.
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NGB IN 2D NSC CULTURES

5.1

ABSTRACT

In the quest to unravel its functional significance, neuroglobin (Ngb), a brain-specific
neuroprotective protein, has recently been proposed as an actor in neurodevelopment. As
neural stem cells (NSCs) are fundamental during brain development, the present study aimed at
investigating the role of Ngb in the growth and proliferation of NSCs by comparing an Ngbfloxed (Ngbfl-)NSC line, equivalent to the wild type cellular situation, with an in-house created
Ngb knockout (NgbKO-)NSC line. NgbKO-NSCs were characterised by an increased growth and
proliferation capacity in vitro, supported by RNA sequencing and western blot results reporting
the downregulation of CDKN1A and the upregulation of CDK6, both enhancing the cell cycle.
Based on additional gene ontology enrichment and pathway analyses, we hypothesise that the
loss of Ngb affects multiple cellular signalling pathways with the most important being the AKTTP53 axis.
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5.2

INTRODUCTION

As a member of the globin family, neuroglobin (Ngb) is an oxygen-binding protein that is mainly
expressed in neurons of the central and peripheral nervous system. Since its discovery in 2000,
many in vitro and in vivo studies were performed to scrutinize the functional significance of this
highly conserved protein [1-3]. To date, Ngb is considered to act neuroprotectively since it is
induced upon neuronal hypoxia and cerebral ischemia and protects neurons in oxygen-deprived
conditions caused for example by traumatic brain injury or neurodegenerative disorders [4-8].
Although the molecular mechanism behind Ngb’s neuroprotective character still remains to be
elucidated, various hypotheses have been proposed. These molecular actions include enhancing
O2 supply to the mitochondria of metabolically active neurons, preventing apoptosis and
scavenging reactive oxygen and nitrogen species (ROS/RNS) and thereby reducing oxidative
stress [2]. More recently, Ngb gained growing interest in the field of neurodevelopment. While
early stages of mouse brain development are characterised by low-level Ngb mRNA and protein
expression, Ngb levels steadily rise from the late prenatal days to brain maturing new-borns and
even further to young adults, presenting the protein as a potential key player during brain
development [9, 10]. In addition, Ngb co-expression with SOX-3 and SOX-4, involved in the
preservation of progenitor neuronal cells, in the neurogenic subventricular zone (SVZ) in adult
rat brain supports a potential role of Ngb in neural stem cell (NSC) migration, proliferation and
neurogenesis [11-13]. Recent molecular evidence even states an interaction of Ngb with
phosphatase and tensin homolog (PTEN) and AKT which leads to prominent effects in the
PTEN/PI3K/AKT signalling cascade suggesting a role of Ngb in neuritogenesis and neuronal
development in general [14].
NSCs are of great value to investigate the role of Ngb in different stages of neurodevelopment.
In the present study, we first generated an Ngb-floxed (Ngbfl) mouse model by introducing loxP
sites into the introns flanking exon 2 and 3 of the Ngb locus. From this mouse model, we
cultured embryonic brain-derived NSCs (Ngbfl-NSCs), followed by in vitro CRE-Lox recombination
to obtain an Ngb knockout (NgbKO-)NSC line. A comparative in vitro study combined with
transcriptome analysis of both Ngbfl-NSC and NgbKO-NSC lines was performed and validated on
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the protein level, thereby identifying Ngb-associated up- and downregulation of cell cycle
proteins.
5.3
5.3.1

MATERIALS AND METHODS
Mice

The Ngb knockout model was created using CRE-Lox recombination. The development of the
Ngb-floxed mouse model, containing two loxP recombination sites flanking critical regions of
the Ngb gene, was performed by GenOway under the project no. genOway/EV/MOE-1NGB/120307. In brief, using 129Sv/Pas embryonic stem (ES) cell DNA, a targeting vector
consisting of 8.9 kb of mouse genomic DNA (gDNA) containing the entire Ngb gene locus
supplemented with a loxP site in intron 1 and a validated FRT-neomycin-FRT-loxP cassette in
intron 3 was constructed in our lab. Next, after transfection via standard electroporation
procedures, the linearized targeting construct was introduced into the mouse genome by
homologous recombination in 129Sv/Pas ES cells (GenOway). Recombinant clones resistant to
G418 were validated by genomic PCR and southern blot. To obtain chimeric mice, positive
selected recombinant ES cells were injected into C57BL/6 recipient blastocysts, isolated from
pregnant C57BL/6 females. Thereafter, chimeric mice were mated with C57BL/6 mice and
subsequently with C57BL/6 FLP mice (GenOway) to allow germ line excision of the neomycin
selection cassette. Speed congenic backcrossing to C57BL/6 was performed. The Max-Bax single
nucleotide polymorphism panel (Charles River) was used to screen animals with the highest
percentage of recipient versus donor strain DNA. After 5 crossings, the background was 99.73 %
C57BL/6. These mice are defined as Ngb-floxed (Ngbfl) mice.
All mice were bred in the animal facility of the University of Antwerp. Animals were housed in a
temperature controlled room with day-night cycle (12/12) and free access to food and water.
All experiments were conducted in compliance with the guidelines from Directive 2010/63/EU
of the European Parliament on the protection of animals used for scientific purposes and all
experiments were approved by the Ethics Committee of the University of Antwerp.
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5.3.2

Neural stem cell cultures

NSCs were cultured from the embryonic brain of a male Ngbfl embryo of 14 to 16 days
postcoitus following a protocol previously described [15] with minor modifications [16]. Briefly,
the embryonic brain was enzymatically dissociated using a 0.2 % collagenase A (Roche)/DNase I
(1000 Kunitz/50 ml, Sigma) solution in phosphate-buffered saline (PBS) for 2 h at 37 °C in a
shaking water bath. The cell population obtained was then resuspended in 10 ml neural
expansion medium (NEM), consisting of Neurobasal A medium (Invitrogen) supplemented with
10 ng/ml epidermal growth factor (EGF, ImmunoTools), 10 ng/ml human fibroblast growth
factor-2 (hFGF-2, ImmunoTools), 100 U/ml penicillin (Invitrogen), 100 mg/ml streptomycin
(Invitrogen), 0.5 µg/ml amphotericin B (Invitrogen), and 1 % modified N2 supplement. The
modified N2 supplement consisted of DMEM/F12 medium (Gibco) supplemented with 7.5
mg/ml bovine serum albumin (BSA, Invitrogen), 2.5 mg/ml insulin (Sigma), 2 mg/ml apotransferrin (Sigma), 0.518 µg/ml sodium selenite (Sigma), 1.6 mg/ml putrescine (Sigma) and 2
µg/ml progesterone (Sigma). Cells were plated in a T25 culture flask in order to obtain a
neurosphere (NSPH) population. Next, NSPHs were dissociated using accutase (Sigma) and cells
were plated in 10 ml NEM on fibronectin-coated (5 µg/ml in PBS, R&D Systems) T25 culture
flasks to allow outgrowth of an adherently growing NSC culture. Following 24 h of culture, nonadherent cells were removed and 10 ml fresh NEM was added to the cultures. After 7 days,
cultured cells were harvested following accutase (Sigma) treatment for 5 min at 37 °C and
seeded in a new fibronectin-coated T25 flask in 10 ml NEM (passage 1). For routine cell culture,
NEM was replaced each 3 - 4 days and NSC cultures were split 1:5 every 7 days. Cell cultures
were incubated at 37 °C and 5 % CO2. NSCs derived from Ngbfl mice are defined as Ngbfl-NSCs.
5.3.3

mRNA lipofection of neural stem cell cultures

mRNA encoding the CRE recombinase protein was prepared as described previously [17, 18]
and mRNA lipofection was performed following the protocol of Reekmans et al. [16]. Directly
prior to mRNA lipofection, fresh mRNA (5µg)/Lipofectamine

TM

2000 (10 µl) mixtures were

prepared in 600 µl OptiMem medium (Invitrogen), according to the manufacturer’s instructions.
Next, subconfluent (70 %) T25 flask cultures of NSCs were washed twice with PBS and fresh
NEM without antibiotics (10 ml) and mRNA lipoplexes (600 µl) were added to the cultures. After
4 h, medium was refreshed to remove remaining lipoplexes. Confluent cultures were harvested,
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partially used to extract gDNA to verify CRE-mediated excision, and seeded in T25 flasks. NgbflNSCs which underwent excision of the Ngb-floxed locus were considered as Ngb knockout
(NgbKO) cells and defined as NgbKO-NSCs.
5.3.4

gDNA extraction and genotyping

gDNA extraction was performed using the Wizard SV Genomic DNA Purification System
(Promega) according to the manufacturer’s instructions. To identify the presence of two Ngbfloxed alleles, a polymerase chain reaction (PCR) was performed using 50 ng forward primer
Fin1loxP (5’-TCATTCCCCCAGATTCTGAT-3’), annealing upstream of the distal loxP site, and 50 ng
reverse primer Rin1loxP (5’-AAACGGGCAATAGCATCAAG-3’), annealing downstream of the distal
loxP site. In the presence of loxP sites, an amplified product of 279 bp is expected. Intermediate
and final targeting vectors were used as negative controls. PCR was performed using Taq DNA
polymerase (Life Technologies) according to the manufacturer’s instructions following a 2 min
incubation on 94 °C before proceeding to 35 cycles of 94 °C for 30 s, 55 °C for 30 s and 72 °C for
1 min, ending with an incubation of 10 min on 72 °C. Lengths of amplicons were compared to a
GeneRuler 1 kb DNA ladder (ThermoFisher Scientific) on a 1.5 % agarose gel.
To evaluate the excision of the Ngb-floxed locus, a PCR was performed targeting the full Ngbfloxed locus by Fin1loxP (5’-TCATTCCCCCAGATTCTGAT-3’) and reverse primers annealing exon 4,
Rex4 (5’-ACCACAGCTCCGTAGAGTCG-3’). Successful CRE-Lox recombination results in the
excision of the Ngb-floxed locus and an amplified product of approximately 960 bp. PCR was
performed using the expand long template kit (Roche) according to the manufacturer’s
instructions following a 2 min incubation on 94 °C before proceeding to 35 cycles of 94 °C for 30
s, 56 °C for 1 min and 68 °C for 5 min, ending with an incubation of 10 min on 68 °C. To assess
the gender of the NSC line used in this study, isolated gDNA was used in a mouse sex genotype
PCR which was carried out as described in literature [19]. Lengths of amplicons were compared
to a GeneRuler 1 kb DNA ladder (ThermoFisher Scientific) on a 1 % agarose gel.
5.3.5

mRNA extraction

Cell pellets of NgbKO-NSCs and Ngbfl-NSCs of three consecutive passages were treated with
TriReagent (Sigma) for 10 min at room temperature. Additionally chloroform (Merck) was
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added and after 10 min samples were centrifuged at 13 400 g for 15 min at 4 °C. The upper RNA
containing transparent layer was collected and processed with the PureLink RNA mini kit
(Ambion) according to the manufacturer’s instructions, including an on-column DNase I
digestion using the PureLink DNase Set (Life Technologies). RNA concentration and integrity
were analysed using the Qubit RNA HS Assay (Life Technologies) and BioAnalyzer total RNA
Nano Chip (Agilent) respectively.
5.3.6

Real-time quantitative PCR

First strand cDNA synthesis was performed on 1 µg total RNA with the SuperScript III reverse
transcriptase (Invitrogen) according to the manufacturer’s instructions. For validation of Ngb
expression levels, qRT-PCR was carried out on the ABI Prism 7500 Fast and 7000 Sequence
Detection Systems (Applied Biosystems). Each real-time PCR reaction comprised the amount of
cDNA equivalent to 25 ng of total RNA in a 10 μl reaction containing SYBR Green (GoTaq RealTime Master Mix, Promega) with 0.33 μM of each primer targeting Ngb (Ngb-qPCR-For: 5´GCTCAGCTCCTTCTCGACAG-3´; Ngb-qPCR-Rev: 5´-CAACAGGCAGATCAACAGAC-3´) or Rplp0
(Rplp0-qPCR-For : 5‘-AGGGCGACCTGGAAGTCC-3‘; Rplp0-qPCR-Rev: 5‘- GCATCTGCTTGGAGCCCA3‘). The parameters for amplification were 95 °C for 15 s, 58 °C for 30 s, 72 °C for 30 s,
measuring the fluorescence during the last step of each cycle. The standard-curve approach by
measuring Ct-values was used to calculate mRNA levels. Assay performance was calculated by a
serial dilution of a standard-plasmid containing the amplicon sequence. Quantification of Ngb
was carried out using the absolute quantification method with serial dilutions of a known
standard to calculate copy numbers per µg RNA.
5.3.7

Astrocyte and neuronal differentiation of neural stem cells

For differentiation of NSCs to astrocytes, NSCs were plated in 1 ml Neurobasal A medium
(Invitrogen) supplemented with 1 % modified N2 supplement and 1 % foetal calf serum (Gibco)
2

in a density of 15 000 cells/cm on fibronectin-coated (5 µg/ml in PBS, R&D Systems) cover slips.
For neuronal differentiation, NSCs were plated in 1 ml Neurobasal A medium (Invitrogen)
supplemented with 1 % foetal calf serum (Gibco), 2 % B-27 (Gibco) and 2 ng/ml human
2

fibroblast growth factor-2 (hFGF-2, ImmunoTools) in a density of 10 000 cells/cm on poly-L-
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ornitin (15 µg/ml in PBS, Sigma)/laminin (10 µg/ml in PBS, Sigma)-coated cover slips. Cells were
cultured for 11 days and half of the medium was replaced every 2 - 3 days.
5.3.8

Glucose deprivation induced cell death under normoxia and anoxia
5

Following seeding of cells in triplicate in a 6-well plate with a density of 1 x 10 cells per well,
medium was refreshed after 24 h and cells were incubated with glucose deprived medium,
under normoxic or anoxic (5 % CO2, 95 % N2) conditions for 24 or 48 h. Anoxia was achieved
using a humidified Bactron IV anaerobic chamber (Shel Lab) as described [20]. Confirmation of
the stability of O2 tension in the gas phase at < 0.1 % O2 was obtained by a Greisinger GMH3691
air oximeter (Metresys). After normoxia or anoxia, cells were harvested, counted manually in a
Neubauer chamber and cell viability was measured by flow cytometry. Normalization was
carried out using values of the starting point (100 %).
5.3.9

Flow cytometry
4

Cell viability of at least 1 x 10 cells per sample was evaluated on an Epics XL-MCL analytical flow
cytometer (Beckman Coulter) using GelRed® (1x final concentration, Biotum). Flow cytometric
data were analysed using FlowJo software (LLC).
5.3.10

Growth curve analysis
4

Cells were plated in a 6-well culture dish in triplicate in a density of 5 x 10 cells/well. After
accutase (Sigma) treatment, cells were counted manually in a Neubauer chamber. The number
of cells was recorded daily over a 4-day period. Normalization was carried out using values of
the starting point (100 %).
5.3.11

Immunofluorescence microscopy

Immunofluorescent staining of undifferentiated and differentiated NSCs was performed using
following antibodies: a polyclonal rabbit anti-glial fibrillary acidic protein antibody (anti-GFAP,
1/1000, Abcam ab7779) in combination with an fluorescein isothiocyanate (FITC)-labelled goat
anti-rabbit secondary antibody (1/200, Jackson ImmunoResearch 111-096-045) and a
monoclonal mouse anti-mouse neuron-specific beta-3 tubulin antibody (anti-TuJ1, 1/200, R&D
Systems MAB1195) in combination with an AlexaFluor 555-labelled goat anti-mouse secondary
antibody (1/200, Invitrogen A21425) for differentiation experiments and with a phycoerythrin
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(PE)-labelled anti-Ki67 antibody (1/20, BD 556027) for anti-Ki67 staining. Cell cultures grown on
cover slips were washed with Tris-buffered saline (TBS), fixated with 4 % paraformaldehyde in
TBS for 20 min at room temperature (RT), washed again with TBS and incubated with 0.1 %
Triton-X-100 (Sigma) in TBS for 30 min. Next, cover slips were incubated for 1 h at RT with goat
serum (1/5, Jackson ImmunoResearch) in TBS for anti-GFAP staining or with goat serum (1/5,
Jackson ImmunoResearch) and AffiniPure Fab Fragment Goat anti-Mouse IgG (H+L) (1/100,
Jackson ImmunoResearch) in TBS for anti-TuJ1 and anti-GFAP double staining or for 1 h at 37 °C
with 3 % BSA and AffiniPure Fab Fragment Goat anti-Mouse IgG (H+L) (1/250, Jackson
ImmunoResearch) for anti-Ki67 staining. After washing with TBS, cover slips were incubated
overnight at 4 °C with primary antibody in 10 % milk powder. For anti-GFAP and anti-TuJ1
staining, cover slips were washed with TBS and incubated for 1 h on RT with secondary
antibodies. After washing with TBS, cover slips were incubated for 10 min at RT with 4’, 6diamidino-2-phenylindole (DAPI, 1/1000, Sigma) in TBS. After a final washing step with
demineralised water, cover slips were mounted with ProLong® Gold antifade reagent (Life
Technologies). Visualisation of immunostained cells was performed using a standard
fluorescence microscope (Olympus BX51) equipped with an Olympus DP71 digital camera.
Olympus Cell-F Software was used for image acquisition and processing. Images for Ki67
staining were analysed with TissueQuest software (TissueGnostics).
5.3.12

Assay for cell cycle distribution
2

Cells were plated in a density of 5500 cells/cm in NEM and cultured for 5 days until 80 – 90 %
confluency was reached. Cell cycle distribution was evaluated using Cycletest

TM

Plus DNA kit (BD

Biosciences) on an Epics XL-MCL analytic flow cytometer (Beckman Coulter) and analysed with
FlowJo (LLC).
5.3.13

RNA-Sequencing library preparation and Illumina sequencing

Total extracted RNA from NgbKO-NSCs and Ngbfl-NSCs was used for RNA-Seq library preparation.
Libraries were generated by StarSEQ (Mainz, Germany) using the Illumina TrueSeq RNA sample
preparation Kit v.2 (Illumina). Each library was prepared using 825 ng of total RNA. Sequencing
was performed on an Illumina HiSeq 2500 instrument in rapid mode employing a paired-end,
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100 bp read length sequencing strategy. RNA-Seq data are available at the European Nucleotide
Archive under accession number PRJEB20351.
5.3.14

Data processing and RNA-Seq mapping procedure

The FASTX–Toolkit (http://hannonlab.cshl.edu/fastx_toolkit/index.html) was used for quality
filtering and adapter trimming. The first 15 bp of each read were clipped. Reads shorter than 20
nucleotides and reads that possessed phred score’s smaller than 20 for more than 20 percent of
the read were discarded. Quality assessment of the Illumina RNA-Seq reads was performed
using the FastQC software (http://www.bioinformatics.fbabraham.ac.uk/projects/fastqc/) prior
and after the trimming procedure. FASTQ files were imported into the CLC Genomics
Workbench version 7.5 (CLC Bio-Qiagen, Aarhus, Denmark) and mapped against the gene
regions of the mouse reference genome build 38 (GRCm38). For read-mapping the alignment
cost parameters were set as follows: mismatch cost 2, insertion cost 3 and deletion cost 3. For
filtering the resulting alignments, only mapped reads were included in the output, if at least 95
% of the read length matched the reference sequence with an identity of at least 95 %.
Furthermore, only reads were retained which mapped uniquely against one specific region in
the reference genome.
5.3.15

Differential gene expression analysis

To identify differentially expressed genes (DEGs) in the dataset, the number of total exon reads
for each gene and for both conditions were extracted from the RNA-Seq mapping together with
the corresponding official gene symbols. Based on these read-count data we performed a
differential gene expression analysis using the DESeq Bioconductor package version 1.18.0 [21]
within R version R-3.1.2 (www.r-project.org) for statistical computing. In absence of biological
replicates for each condition, the ‘blind’ method for computing the empirical dispersion with
the settings: fitType: ‘local’ and SharingModel ‘fit-only’ were used as described in the DESeq
vignette

for

working

without

replicates

(http://www.bioconductor.org/packages/devel/bioc/vignettes/DESeq/inst/doc/DESeq.pdf).
DEGs were identified using a Benjamini-Hochberg (BH) adjusted P-value at a significance level of
P < 0.05.

87

CHAPTER 5

5.3.16

Functional enrichment and pathway analysis

Gene Ontology (GO) enrichment analysis was performed separately for up- and downregulated
genes using the WEB-based Gene SeT AnaLysis Toolkit (WebGestalt) [22, 23]. The whole mouse
genome was set as reference. To determine statistically enriched terms, the hypergeometric
method combined with a more conservative Bonferroni P-value correction (P < 0.01) was used
for statistical testing. Furthermore only statistically enriched terms that comprised at least 4
genes of the input dataset were selected. To conduct Ingenuity Pathways Analysis (IPA) (Qiagen;
www.ingenuity.com), we imported all identified DEGs into IPA together with their
corresponding fold changes and BH-corrected P-values and performed a core analysis with
default settings. Significant canonical pathways were determined by using Fisher’s exact test
with a P-value threshold of P < 0.01.
5.3.17

2

RT profiler PCR array

As a validation of the results extracted from RNA-Seq and to identify potential differently
2

expressed cell cycle genes, RT profiler cell cycle PCR arrays (Qiagen) were applied according to
manufacturer’s instructions. Potential up- and downregulated genes were selected via the
online provided tools (Qiagen).
5.3.18

Principle component and hierarchical clustering analyses

To confirm that the cells used in this study can be clearly termed as NSCs, principle component
(PCA) and hierarchical clustering analyses (HCA) were performed using our own and additional
public available transcriptome datasets from different cells types of the mouse brain
(astrocytes, neurons, NSCs, NSPHs, oligodendrocytes and oligodendrocyte progenitor cells). The
following RNA-Seq datasets were included in the analysis and downloaded as FASTQ-Files from
the Sequence Read Archive of NCBI: SRX861703, SRX2588589, SRX380380, SRX380382,
SRX380384, SRX380386, SRX539543, SRX591754 and SRX1620324. Trimming, quality filtering
and mapping of the reads were done within the CLC Genomics Workbench version 9.0 (CLC Bio
Qiagen, Aarhus, Denmark) using the same parameters as already described. All subsequent
analyses and calculations were done in R (v.3.4.2). PCA and HCA were carried out on the logtransformed normalized counts using the rlogTransformation function of the DESeq2 package
(v.1.18.1). PCA was further calculated by using the plotPCA function of DESeq2 with default
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settings and visualised via the ggplot2 package (v.2.2.1). Hierarchical clustering analyses were
performed based on a Pearson correlation distance of a subset of known marker genes for
NSCs, astrocytes, and cells of the neuronal and oligodendroglial lineage by using the cor and
hclust commands in R and drawn via the heatmap.2 function of the gplots package (v.3.0.1). The
following marker genes were included in the analysis: NSC-markers Abcg2, Ascl1, Fabp7, Hes1,
Nes, Pax6, Slc1a3, Sox2, Sox3, Sox9 and Vim; astrocyte-specific markers Acsbg1, Aldh1l1, GFAP
and Gli3; neuronal linage markers Dcx, Dlx2, Eomes, Gad1, Map2, Rbfox3, Syt1, Syp, Tbr1,
Tubb3; oligodendroglial lineage markers Mbp, Mobp, Mag , Mog, Olig2, Plp1 and Sox10 [24-31].
5.3.19

Western blot

NSCs were harvested by accutase treatment (Sigma) and incubated on ice for 5 min with NPER

TM

Reagent (ThermoFisher Scientific) supplemented with cOmplete

TM

Mini Protease

Inhibitor Cocktail (Roche) following the manufacturer’s instructions and centrifuged at 10 000 g
for 10 min to obtain whole-protein extracts. Total protein concentration was determined using
TM

the Pierce

BCA Protein Assay kit (ThermoFisher Scientific). The protein extracts (50 µg for

CDKN1A, AKT, P-AKTSER, P-AKTTHR and 130 µg for CDK6) and the PageRuler

TM

Plus Prestained

Protein Ladder (ThermoFisher Scientific) were subjected to 12,5 % SDS-PAGE and transferred to
®

an Immobilon -P PVDF membrane (Millipore). The membrane was blocked for 1 h on RT with 5
% milk powder in TBS and incubated overnight on 4 °C with primary antibody (monoclonal
mouse anti-β-ACTIN (1/10 000, Sigma A1978), monoclonal rabbit anti-CDKN1A (1/1000, Abcam
ab109199) or monoclonal mouse anti-CDK6 (1/2000, Cell Signalling #3136)) in 5 % milk powder
and 0.1 % Tween-20 (Sigma) in TBS or with primary antibody (monoclonal rabbit anti-AKT
(1/1000, Cell Signalling #4691), monoclonal rabbit anti-P-AKTSER (1/2000, Cell Signalling #4060),
polyclonal rabbit anti-P-AKTTHR (1/1000, Cell Signalling #9275)) in 5 % BSA (Sigma) and 0.1 %
Tween-20 (Sigma) in TBS. After washing with TBS, the membrane was incubated for 1 h on RT
with secondary antibody (Horseradish Peroxidase (HRP)-conjugated polyclonal goat anti-mouse
antibody (1/1000, Dako P0447) or HRP-conjugated polyclonal goat anti-rabbit antibody (1/2000,
Dako P0448)) in TBS. After washing with TBS, Luminata Forte Western HRP Substrate (Millipore)
was added to the membrane and targeted proteins were visualised using a G:BOX (SynGene)
imager and analysed using GeneSnap and ImageJ.
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5.3.20

Statistical analysis

Levels of Ngb copy number (Figure 5.1C) were analysed using independent samples t-test using
GraphPad Prim 6.0. The effect of oxygen treatment and genotype on the percentage of growth
was modelled using multiple linear regression (Figure 5.3). The percentage surviving cells, after
normalization, was entered as dependent variable. Genotype, time and oxygen were entered as
independent variables. Since the change over time followed an approximately linear pattern,
time was entered as a continuous variable. The multiple regression model was fitted by
stepwise backward elimination, starting from a full model with all interaction terms, and
eliminating non-significant terms in each step. The difference in the growth pattern (Figure
5.4A) was analysed using a two-way ANOVA model, the difference in mean growth between the
2 genotypes at each separate day was analysed using independent samples t-tests. For the Ki67
immunostaining (Figure 5.4B), the relation between the Ki67 labelling index and the genotype
of NSCs was modelled with a linear mixed model, adding a random intercept term to account
for the non-independence between observations within the same cover slip. Linear mixed
models were fitted using the lme4 package in the statistical package R, version 3.1.0 (www.rproject.org). Significance of the genotype effect was tested using the F-test with the KenwardRoger correction, as implemented in the pbkrtest package. The posthoc test was carried out
using the package multcomp, with the Tukey correction for multiple testing. Cell cycle
distribution (Figure 5.4C) was analysed by Mann-Whitney U tests in GraphPad Prism 6.0.
western blot assays (Figure 5.5C) were normalized to β-ACTIN expression where after the signal
in NgbKO-NSC extracts was normalized to the signal of Ngb fl-NSC extracts. Therefore, Wilcoxon
signed-rank tests were used to analyse the normalized data. In general P < 0.05 indicated
statistical significance.
For transcriptomics, statistics on RNA-Seq data processing, DEGs, IPA, PCA and HCA were
2

described in the respective sections. Expression levels obtained by the RT profiler array were
analysed by independent samples t-tests. In general P < 0.05 indicated statistical significance.
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5.4
5.4.1

RESULTS
Generation of an Ngbfl- and an NgbKO-NSC line from a new mouse model

A new mouse model was created, in which Ngb was targeted by introducing loxP sites into the
introns flanking exon 2 and 3 of the Ngb locus (the Ngbfl locus, see Figure 5.1A). As exons 2 and
3 encode the haem pocket together with two histidine codons known to be essential for the
correct folding and activity of the Ngb protein, targeting this region leads to a loss of function of
Ngb after CRE-Lox recombination [1, 32]. Ngbfl-NSCs were isolated from the brain of an Ngbfl
embryo and lipofected with Cre recombinase-encoding mRNA to obtain the NgbKO-NSC line. PCR
analysis on gDNA extracts from Ngbfl- and NgbKO-NSCs clearly showed the absence of the Ngbfl
allele in the latter, confirming the desired excision of exon 2 and 3 by CRE-Lox recombination
(Figure 5.1B). As qRT-PCR analysis showed an Ngb copy number of 2.67E+05 ± 0.37E+05 per µg
RNA of Ngbfl-NSCs while Ngb expression was absent in NgbKO-NSCs (P < 0.0001), the latter was
considered as a valid Ngb knockout cell line (Figure 5.1C).
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Figure 5.1: Schematic presentation, validation and characterisation of the Ngb knockout model. A) Schematic
presentation of the gene targeting strategy starting with the endogenous Ngb locus (upper construct), the Ngb-floxed
locus representing the locus of Ngbfl-NSCs (middle construct) and the CRE-mediated excised locus representing the
locus of NgbKO-NSCs (bottom construct). The solid line represents the chromosome sequence, grey-hatched rectangles
represent coding exons and triangles represent loxP sites. Neo represents the neomycin positive selection cassette
flanked by FRT sites. Diagram is not depicted to scale. B) Validation on gDNA level: agarose gel electrophoresis after PCR
to the Ngb locus of Ngbfl-NSCs (lane 1) and NgbKO-NSCs (lane 2). L: 1 kb ladder. C) Validation on transcript level by qRTPCR expressed as Ngb copy number per µg RNA of Ngbfl-NSCs and NgbKO-NSCs. Data were depicted as mean (n = 6) ± SD
(**** P < 0.0001). D) In vitro differentiation potential of Ngbfl-NSCs (left) and NgbKO-NSCs (right). The upper row
represents staining of undifferentiated NSCs and the lower row represents staining of differentiated NSCs both with
immunostaining for DAPI and GFAP in column 1 and 3 and immunostaining for DAPI, GFAP and TuJ1 in column 2 and 4.
Representative images were taken from 2 independent experiments consisting both of 3 replicate stainings. Scale bar:
100 µm. NSC, neural stem cell; GFAP, glial fibrillary acidic protein; TuJ1, neuron-specific beta-3 tubulin.
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5.4.2

Characterisation of Ngbfl- and NgbKO-NSC lines

To demonstrate that cultured Ngbfl- and NgbKO-NSCs have the capacity to differentiate into both
+

+

glial (GFAP astrocytes) and neuronal (TuJ1 neurons) cell lineages, in vitro differentiation was
performed (Figure 5.1D). While undifferentiated Ngbfl- and NgbKO-NSCs were not
immunoreactive for GFAP or TuJ1, in vitro differentiated Ngbfl- and NgbKO-NSCs clearly showed
the morphological presence of astrocytes and neurons. Astrocyte-differentiated Ngbfl- and
NgbKO-NSCs were both immunoreactive for GFAP, but not for TuJ1, while neuronallydifferentiated Ngbfl- and NgbKO-NSCs were immunoreactive for TuJ1 but not for GFAP. In
addition, to confirm the cellular identity of our NSC preparations, we characterised the
transcriptional profile of undifferentiated Ngbfl- and NgbKO-NSCs in comparison to expression
profiles of NSC populations, astrocytes, oligodendrocytes and their progenitor cells, as well as
mature neurons using public RNA-Seq datasets. All RNA-Seq data were mapped to the mouse
reference genome and reads were counted and normalized. RNA-Seq profiles of the sampled
datasets were then compared using two different approaches: a principle component analysis
(PCA) and an unsupervised hierarchical cluster analysis (HCA). The PCA (Figure 5.2A) showed
that the two NSC lines grouped with NSCs and NSPHs obtained in three other, independent
studies. This can be interpreted as strong indication of a true NSC identity of Ngb fl- and NgbKONSCs. Second, an unsupervised HCA was performed based on a subset of published marker
genes for NSCs, astrocytes, neurons and oligodendrocytes (Figure 5.2B). Based on the
expression of established marker genes, Ngbfl- and NgbKO-NSCs again showed a consistent
grouping with the NSCs and NSPHs from other published studies. Furthermore, the HCA showed
that established markers for radial glia-like NSCs (e.g. Sox2, Fabp7, Slc1a3, Olig2 and Vim [15])
were clearly enriched as strongly expressed genes in Ngb fl- and NgbKO-NSCs. Furthermore, the
analysis also implied that the Ngbfl- and NgbKO-NSCs did not undergo further differentiation
since genes such as Eomes/Tbr2, Dcx and Dlx2, which are known to be markers for intermediate
progenitors or neuronal differentiation [26, 33-36] were only very weakly expressed. Overall,
these data demonstrate that loss of Ngb expression does not influence (stem) cell identity and
differentiation capacity of NSCs.
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Figure 5.2: Principle component (A) and hierarchical cluster (B) analysis. The principle component analysis (PCA) and
hierarchical cluster analysis (HCA) are based on our own NSC transcriptomes and publicly available RNA-Seq datasets
from different cells types of the mouse brain: astrocytes (ACY), neurons (NEU), neural stem cells (NSC): yellow triangle,
Ngbfl-NSC; green triangle, NgbKO-NSC; neurospheres (NSPH), oligodendrocytes (ODC) and oligodendrocyte progenitor
cells (OPC). A proper grouping of the NSCs from our study (Ngbfl/KO-NSCs) with NSCs and NSPHs from three other
independent, public RNA-Seq studies is observed.
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5.4.3

NSC mortality following glucose deprivation under normoxia and anoxia was not
affected by the absence of Ngb

Ngbfl- and NgbKO-NSCs were subjected to glucose deprivation under normoxia (GD) and under
hypoxia (OGD) for 24 and 48 h. The effect of oxygen treatment and genotype on the percentage
of growth was modelled using multiple linear regression. The final model included significant
interaction terms between genotype and oxygen (P < 0.001), and between time and oxygen (P <
2E-16), but no significant interaction between genotype and time (P = 0.42). This means that
OGD, but not GD, significantly reduced cell survival over time resulting in almost total mortality
after 48 h without noticeable differences between Ngbfl- and NgbKO-NSCs lines (Figure 5.3).

Figure 5.3: Glucose deprivation of Ngbfl-NSCs and NgbKO-NSCs under normoxia or hypoxia. Relative growth of NgbflNSCs and NgbKO-NSCs after 0, 24 and 48 h of glucose deprivation under normoxic (GD) or anoxic (OGD) conditions. The
growth at start was used to normalize (100 %). Data were depicted as mean (n = 3) ± SD. The progress in time is
significantly different depending on oxygen treatment (P < 2E-16) but within an oxygen treatment there is no difference
between the genotypes (P = 0.42).
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5.4.4

NgbKO-NSCs display enhanced cell proliferation as compared to Ngb fl-NSCs

As glucose-deprived NgbKO-NSCs displayed some degree of increased proliferation, although not
significant, under normoxia compared to Ngbfl-NSCs after 24 h (115 ± 20 % Ngbfl-NSCs versus
139 ± 23 % NgbKO-NSCs; Figure 5.3, GD condition) and after 48 h (149 ± 26 % Ngbfl-NSCs versus
186 ± 13 % NgbKO-NSCs; Figure 5.3, GD condition), a deregulation of the growth pattern in
NgbKO-NSCs was suggested. A growth curve analysis of both NSC lines indeed revealed a
significantly different growth pattern in NgbKO-NSCs compared to Ngbfl-NSCs (P < 0.001)
characterised by consistently significant higher cell numbers at each of the 4 days in Ngb KO-NSCs
(P < 0.01) (Figure 5.4A). Analysis of the proliferation capacity by anti-Ki67 staining confirmed the
significantly higher proliferation potential of NgbKO-NSCs compared to Ngbfl-NSCs (P < 0.001)
with 57.6 ± 5.4 % Ki67-labelled NgbKO-NSCs and only 24.6 ± 6.7 % Ki67-labelled Ngbfl-NSCs
(Figure 5.4B). In addition, we assessed cell cycle distribution over G0/G1, S and G2/M phases in
Ngbfl- and NgbKO-NSC lines to evaluate changes in the length of a specific cell cycle phase.
However, loss of Ngb did not alter cell cycle phase distribution (P = 0.4 for G0/G1 phase, P = 0.2
for S phase, P = 0.7 for G2/M phase) (Figure 5.4C).
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Figure 5.4: Growth and cell cycle distribution analysis of Ngbfl-NSCs and NgbKO-NSCs. A) Growth curve analysis of NgbflNSCs (full line) compared to NgbKO-NSCs (striped line) over 4 days. Lines connect the mean (n = 3) ± SD. The cell number
at start was used to normalize (100 %). B) Percentage Ki67+ stained nuclei in Ngbfl-NSCs compared to NgbKO-NSCs. Data
are depicted as mean (n = 14) ± SD. C) Cell cycle distribution of Ngbfl-NSCs (full bars) compared to NgbKO-NSCs (white
bars). DNA content was measured by flow cytometry according to the Vindelov method. Cells were divided into 3
groups according to the cell cycle phase: G0/G1 (≤2n); S (2n-4n); G2/M (4n). The percentage of cells in each phase is
presented as mean (n = 3) ± SD. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001, ns = not significant.

5.4.5

NgbKO-NSCs showed altered expression of cell cycle genes

Illumina RNA sequencing based on total extracted RNA from Ngbfl-NSCs and NgbKO-NSCs
obtained 42 - 45 million raw sequence reads for each cDNA library. RNA-Seq data are available
at the European Nucleotide Archive under accession number PRJEB20351. Using the CLC
Genomic Workbench (version 7.5) for mapping against the mouse reference genome (build
GRCm38), 71.8 – 77.5 % of the trimmed and quality filtered reads uniquely mapped to the
genome. Using DESeq to identify differential expressed genes with an adjusted P-value
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threshold of P < 0.05, the NgbKO-NSCs demonstrated 55 upregulated genes and 116
downregulated genes with fold-changes of at least 5.6 compared to the Ngbfl-NSCs.
The most significantly upregulated genes included insulin-like growth factor 2 mRNA binding
protein 3 (Igf2bp3), zinc finger DBF-type containing 2 (Zdbf2), cartilage oligomeric matrix
protein (Comp), fibronectin type III domain containing 3C1 (Fndc3c1) and dorsal inhibitory axon
guidance protein (Draxin) (Table 5.1). The most significantly downregulated genes, ranked by
adjusted P-value, were: annexin A3 (Anxa3), DNA-damage-inducible transcript 4-like (Ddit4l),
six3 opposite strand transcript 1 (Six3os1), transferrin (Trf) and interferon-induced protein with
tetratricopeptide repeats 3 (Ifit3) (Table 5.1). In agreement with the observed augmented
growth and proliferation in NgbKO-NSCs compared to Ngbfl-NSCs, a clear up-regulation of the
cyclin dependent kinase 6 (Cdk6) and an intense downregulation of the cyclin-dependent kinase
inhibitor p21 (Cdkn1a), both important cell cycling genes, could be revealed (P < 0.01) in NgbKONSCs (Table 5.1).
Table 5.1: Top 15 most significant up- and downregulated genes in NgbKO-NSCs.
Top 15 upregulated DEGs
Gene ID

P value

Top 15 downregulated DEGS
Fold change

Gene ID

P value

Fold change

Igf2bp3
3.88E-09
403.7
Anxa3
1.79E-13
-inf.
Zdbf2
4.66E-08
+inf.
Ddit4l
7.51E-12
-1269.0
Comp
2.29E-07
+inf.
Six3os1
3.77E-10
-153.7
Fndc3c1
2.58E-07
98.5
Trf
1.32E-09
-57.0
Draxin
7.32E-07
44.5
Ifit3
3.88E-09
-79.5
Hoxa10
4.21E-06
+inf.
Cdkn1a
9.52E-09
-43.4
Neat1
2.15E-05
17.7
Kcnk1
5.56E-08
-55.3
Hes5
6.61E-05
32.2
Fos
5.98E-08
-34.5
Stk32b
7.27E-05
28.8
Fosb
8.23E-08
-42.0
Myt1
2.32E-04
37.7
Gap43
1.05E-07
-110.5
Trim25
4.82E-04
29.3
Rtp4
1.05E-07
-51.6
Col6a2
5.92E-04
44.5
Itih5
1.11E-07
-611.9
Shox2
6.00E-04
+inf.
Ifit3b
1.35E-07
-99.9
Cdk6
6.37E-04
36.7
Mylk
1.35E-07
-70.0
Wbscr17
7.89E-04
16.4
Oasl2
2.52E-07
-31.8
Genes with upregulated expression in NgbKO-NSCs are shown on the left; downregulated genes in NgbKO-NSCs are shown
on the right. Genes were ranked by adjusted P-value. Inf, infinity; NSC, neural stem cell; DEG, differentially expressed
gene.

2

Quantification and validation of up- and downregulated cell cycle genes by an RT profiler PCR
array confirmed enhanced cell growth by showing significant upregulation of Cdk6 in NgbKO-
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NSCs compared to Ngbfl-NSCs (P < 0.05). In addition, Cdc7 and Ccna1 were upregulated, though
not significantly. Also confirming the RNA-Seq data, Cdkn1a proved significantly downregulated
in NgbKO-NSCs compared to Ngbfl-NSCs (P < 0.05) (Figure 5.5A). To confirm the altered
expression of Cdk6 and Cdkn1a on protein level, western blot experiments were carried out
(Figure 5.5B-C). Total protein extracts of NgbKO-NSCs showed a clear and significant decrease of
CDKN1A expression (P < 0.05) and a moderate, but significant increase of CDK6 expression
compared to the Ngbfl-NSCs extracts (P < 0.05) (Figure 5.5B-C), thus supporting the RNA-Seq
2

and RT profiler transcript analyses.

Figure 5.5: Expression levels of cell cycle genes in Ngbfl-NSCs and NgbKO-NSCs. A) Relative expression levels of cell cycle
genes expressed as logarithmic fold changes in NgbKO-NSCs compared to Ngbfl-NSCs obtained by RNA-Seq and RT2 array.
B) Western blot to CDK6 and CDKN1A in Ngbfl-NSC (lane 1) and NgbKO-NSC (lane 2) protein extracts. β-ACTIN was used as
a positive control. Representative images were taken from 6 or 7 independent experiments. C) Quantification of the
western blot signal of Ngbfl-NSC and NgbKO-NSC protein extracts to CDK6 and CDKN1A. Relative density was normalized
to β-ACTIN. Data are depicted as mean (n = 6 for CDK6 and n = 7 for CDKN1A) ± SD. * P < 0.05.
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5.4.6

Developmental processes were upregulated in Ngb KO-NSCs

Using the WebGestalt tool, a gene ontology (GO) enrichment analysis based on functional
annotations for each differentially expressed gene (DEG) yielded 29 significantly
overrepresented biological processes for up-regulated DEGS and 21 for down-regulated DEGs (P
< 0.01) (Supplementary Tables S5.1 and S5.2). For upregulated DEGs, the predominant
overrepresented terms were related to developmental processes like ‘anatomical structure
development’ (P < 0.01), ‘neurogenesis’ (P < 0.01), and ‘cell-, tissue-, organ- or nervous system
development’ (P < 0.01). In contrast, the GO enrichment indicated that downregulated genes in
the NgbKO-NSCs were mainly associated with biological terms that are predominantly involved in
inflammatory- or immune response-related processes. Terms like ‘innate immune response’ (P
< 0.01), ‘response to stress’ (P < 0.001), ‘response to interferon alpha’ (P < 0.01) or ‘beta’ (P <
0.01) were significantly enriched.
5.4.7

Ingenuity pathway analysis suggested an interplay between Ngb and signalling
pathways

To investigate if the observed DEGs are associated with common canonical pathways based on
known interactions among them, an Ingenuity Pathway Analysis (IPA) was carried out. IPA
revealed 13 statistically significant canonical pathways (P < 0.01), most of them involved in
cellular signalling processes (Table 5.2). Among those, the TP53 signalling pathway was the most
significant one, characterised by a common feature of multiple ingenuity canonical pathways: a
decrease of Cdkn1a expression in NgbKO-NSCs compared to Ngbfl-NSCs, which could be
confirmed on the protein level (Figure 5.5B-C), and an increase in Akt3 expression in NgbKONSCs. To explore the altered expression of AKT or phosphorylated (P)-AKT on the protein level,
western blot experiments were carried out. No significant alterations in the overall AKT, PAKTSER or P-AKTTHR levels could be demonstrated so far (Supplementary Figure S5.1).
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Table 5.2: Significantly altered canonical pathways in Ngb KO-NSCs compared to Ngbfl-NSCs.
Ingenuity canonical pathways

P-value

Genes

TP53 signalling
GM-CSF signalling
Acute phase response signalling
Interferon signalling
JAK/STAT signalling
HER-2 signalling in breast cancer
Hepatic fibrosis / hepatic stellate cell
activation
Aryl hydrocarbon receptor signalling
UVA-induced MAPK signalling
Glioma signalling
HGF signalling
EGF signalling
Glutamate receptor signalling

1.00E-03
1.38E-03
2.09E-03
2.29E-03
2.40E-03
2.88E-03
4.47E-03

Ccng1(↓),Trp53inp1(↓),Cdkn1a(↓),Akt3(↑), Tnfrsf10b(↓)
Ets1(↑),Akt3(↑),Stat1(↓),Camk2b(↓)
C4b(↓),Fos(↓),Trf(↓),Akt3(↑),Serpina3n(↓),A2m(↓)
Ifit3(↓),Irf9(↓),Stat1(↓)
Fos(↓),Cdkn1a(↓),Akt3(↑),Stat1(↓)
Cdkn1a(↓),Cdk6(↓),Alt3(↑),Areg(↑)
Ednrb(↓),Col6a2(↓),Csf1(↓),Stat1(↓),A2m(↓),Col28a1(↓)

4.79E-03
4.90E-03
6.46E-03
9.12E-03
9.33E-03
9.77E-03

Fos(↓),Aldh1a1(↑),Nqo1(↓),Cdkn1a(↓),Cdk6(↓)
Fos(↓),Stat1(↓),Parp9(↓),Parp14(↓)
Cdkn1a(↓),Cdk6(↓),Akt3(↑),Camk2b(↓)
Ets1(↑),Fos(↓),Cdkn1a(↓),Akt3(↑)
Fos(↓),Akt3(↑),Stat1(↓)
Gria1(↓),Gng2(↓),Grik2(↑)

IPA identified 13 canonical pathways in NgbKO-NSCs. For calling significance, the Fisher’s exact test was set to a P-value
threshold of 0.01. Arrows indicate the direction of regulation for each gene.

5.5

DISCUSSION

The development of NSC lines from NgbKO and Ngb-proficient mice is of great value for
unravelling a potential effect of Ngb expression on NSC growth characteristics and pathways. As
low or high expression levels of Ngb may point to distinct functions of Ngb in specific brain
regions [9], it is important to note that this study primarily addresses Ngb function in low-level
expressing cells, taking into account the relatively weak expression of the Ngb transcript in NSCs
(2.67E+05 ± 0.37E+05 copy numbers per µg RNA in Ngbfl-NSCs). As qRT-PCR analysis confirmed
the absence of the Ngb transcript in NgbKO-NSCs (P < 0.0001) and analysis on the genome level
confirmed the absence of the Ngb-floxed construct in NgbKO-NSCs, this NSC line was considered
a valid Ngb knockout. The adherent NSC cultures obtained in this study displayed a uniform
morphology and phenotypical properties such as the transcriptional expression of Sox2, Fabp7,
Slc1a3, Olig2 and Vim, which are well-established markers for radial glia-like NSCs [15]. This is in
line with many literature reports suggesting that NSCs are closely related to radial glial lineages,
thus describing a close relationship and common characteristics between astrocytes and NSCs
[25, 28, 37]. The ability of Ngbfl- and NgbKO NSCs to differentiate in vitro into astrocytes and
neurons further support their NSC identity.
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To investigate if the reported neuroprotective character of Ngb would express itself in the NSC
cultures, the effect of glucose deprivation on NSCs was monitored in the presence and absence
of Ngb under normoxic and anoxic conditions. As previous in vitro studies using the human
neuroblastoma cell line SH-SY5Y had shown upregulation of Ngb under OGD and even
prolonged cell survival after Ngb overexpression under these conditions, we hypothesised
NgbKO-NSCs to undergo increased mortality during OGD [38]. Although the shift from GD to OGD
led to higher mortality rates in both cell lineages, no significant quantitative difference in cell
death was monitored between Ngbfl-NSCs and NgbKO-NSCs. As NgbKO-NSCs did not display an
increased mortality rate as compared to Ngbfl-NSCs, our results do not support the hypothesis
that Ngb, under steady state expression levels in NSC, may promote protection against OGDinduced cell death. However, this conclusion may be cell-type dependent and primarily relevant
for cells with low Ngb expression levels. Furthermore, Ngb’s mode of action might be different
in overexpression setups compared to wild type and our Ngb knockout cellular systems.
The main focus of the present study was to address a potential role of Ngb in
neurodevelopment. To this end, growth patterns and proliferation of the different NSC lines
were studied. Growth curve analyses clearly revealed the enhanced growth potential of NgbKONSCs as compared to Ngbfl-NSCs. In addition, anti-Ki67 immunostaining, a cell marker present in
active cells in late G1, S, G2 and M phase of the cell cycle, confirmed this higher proliferation
+

capacity of NgbKO-NSCs by an increase in the occurrence of Ki67 nuclei of 33 % in NgbKO-NSCs
compared to Ngbfl-NSCs. However, no alterations in cell cycle phase distribution could be
demonstrated. To identify the molecular basis of this enhanced cell growth, transcriptome
analyses were performed, anticipating that differential mRNA regulation should reflect the
molecular phenotype in NgbKO-NSCs versus Ngbfl-NSCs. Both a broad RNA-Seq analysis and a
2

targeted RT profiler cell cycle array revealed downregulation of the cyclin-dependent kinase
inhibitor Cdkn1a and a pronounced upregulation of cyclin-dependent kinase Cdk6 in NgbKONSCs, and both results were confirmed on the protein level. CDKN1A is a negative regulator of
cell cycle progression from G1 to S phase and acts by inhibition of CDKs (e.g. CDK6). CDK6 in
turn facilitates the G1/S transition. In consequence, an upregulation of CDK6 plus a
downregulation of CDKN1A may concertedly promote the progression of the cell cycle in NSCs
lacking Ngb, meaning that Ngb expression in wild type cells should control cell cycle progression
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by a yet unknown mechanism. We note however that both, Cdk6 and Cdkn1a, are targets of
TP53-mediated gene regulation [39, 40]. TP53 signalling was indeed identified as enriched in
our RNA-Seq pathway analysis. In addition, the pathway analysis also implicated the
involvement of AKT signalling, based on the significant upregulation in NgbKO-NSCs of
serine/threonine-protein kinase Akt3. Both pathways may in fact crosstalk, since AKT signalling
works upstream of TP53 [41]. Although we could not yet directly prove an influence of Ngb
expression on the overall AKT, P-AKTSER or P-AKTTHR levels in our NSC system, we note that AKT
has recently been identified as a possible interaction partner of Ngb in neuroblastoma cells [14].
Moreover, recent studies in cancer cell models reported a regulation of the AKT pathway by
Ngb [42, 43]. Guided by these interesting hypotheses, it will require extensive additional
mechanistic studies to investigate the potentially subtle molecular role of Ngb in these
signalling processes.
5.6

CONCLUSION

In conclusion, the current study addressed the biological role of Ngb in weakly expressing cells
such as NSC. Loss of Ngb expression resulted in downregulation of CDKN1A and upregulation of
CDK6 which lead to an enhanced cell cycle progression and increased proliferation potential of
NgbKO-NSCs. Clearly, however, further functional investigation of the underlying molecular
mechanisms is needed, as we postulate that Ngb’s mode of action may involve various
signalling pathways.
5.7

FUTURE PERSPECTIVES BASED ON PREDICTIVE PATHWAY ANALYSES

As discussed previously, the validated downregulation of CDKN1A and upregulation of CDK6 in
Ngb deficient NSCs might be the result of the differentially regulated TP53 pathway. RNA-Seq
analysis indeed suggested several interesting differentially regulated pathways that might be
fundamental in causing the observed changes in cell cycle progression and cell proliferation
potential of which the AKT-TP53 signalling pathway is probably the most important one to study
in the future [14, 41, 44]. Many TP53 target genes (e.g. the downregulated CDKN1A) were
negatively affected, indirectly suggesting a downregulation of the tumour suppressor protein
activity. This inhibition of TP53-mediated downstream effects was also predicted by the
Ingenuity Upstream Regulator Analysis (data not shown). The predicted suppression of the TP53
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pathway was further supported by an observed transcriptional upregulation of Akt which is
known to trigger TP53 degradation through enhanced activation of the mouse double minute 2
(MDM2) mediated ubiquitination [41, 45]. In addition, Tripartite motif-containing 24 (TRIM24),
another protein which is able to flag TP53 for degradation [46], was predicted to be the most
significantly activated upstream regulator (data not shown). In this view, we can assume that
the increased growth potential observed in NgbKO-NSCs is primarily caused by an enhanced cell
cycle progression, mediated by the downregulation of Tp53 and Cdkn1a as well as by
upregulation of Cdk6. Considered previous studies stating an interaction between Ngb and both
AKT and PTEN [14, 44], we postulate here that in a wild type cell Ngb may exert a repressive
function on the cell cycle in an AKT-MDM2-TP53 dependent manner. The loss of Ngb in NgbKONSCs might induce AKT expression and activation, which in turn inactivates TP53 and
downregulates its target CDKN1A, resulting in an enhanced cell cycle progression and increased
proliferation potential of NgbKO-NSCs cells. In that view, further research focussing on this AKTMDM2-TP53 axis might be of great interest.
Besides TP53 signalling, several growth and cytokine related pathways, like HGF, EGF and
especially interferon signalling and the corresponding JAK-STAT-pathway were enriched as
differentially regulated in the transcriptomic approach. Moreover, GO-enrichment analysis
indicated a downregulation of mostly inflammatory and immune response-related terms.
Accordingly, the transcriptome data pointed at a suppression of the interferon-mediated innate
immune response in NgbKO-NSCs. Published literature already reported that the immune system
is an important regulator of neurogenesis and NSC proliferation, migration and survival in
particular [47]. There are a number of pro-inflammatory cytokines that have been involved in
NSC modulation [48], such as interleukin-1, interleukin-6, tumour necrosis factor alpha, insulinlike growth factor-1, and interferon-gamma. As these recently discovered processes still remain
to be elucidated, we are unable to interpret the downregulation of immune-related pathways in
NgbKO-NSCs on a molecular level, but we propose a potential influence of a higher proliferation
rate of cells on immune-related pathways as a potential feedback mechanism.
Clearly, however, further functional investigation of the underlying molecular mechanisms and
pathways are needed to substantiate these hypotheses.
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5.8

SUPPLEMENTARY DATA

Supplementary Table S5.1: Overrepresented biological processes determined by Gene
Ontology enrichment analysis using WebGestalt for genes upregulated in Ngb KO-NSCs.
GO-Term (biological process)
System development
Anatomical structure development
Multicellular organismal
development
Nervous system development
Anatomical structure morphogenesis
Developmental process
Skeletal system development
Cell development
Cell adhesion
Biological adhesion
Neurogenesis
Anatomical structure formation
involved in morphogenesis
Cell differentiation
Organ development
Generation of neurons
Cellular component organization
Cellular component organization or
biogenesis
Cellular developmental process
Tissue development
Embryonic organ morphogenesis
Cell morphogenesis involved in
differentiation
Embryonic morphogenesis
Neuron projection development
Osteoblast differentiation
Embryo development
Regulation of multicellular
organismal process
Regulation of multicellular
organismal development
Single-multicellular organism process
Multicellular organismal process

GO-ID

DEGs/term [%]

DEGs/dataset
[%]

P-value

GO:0048731
GO:0048856
GO:0007275

0.78
0.67
0.42

48.00
48.00
30.00

5.30E-07
1.17E-05
1.22E-05

GO:0007399
GO:0009653
GO:0032502
GO:0001501
GO:0048468
GO:0007155
GO:0022610
GO:0022008
GO:0048646

1.21
1.29
0.20
4.14
0.80
1.35
1.46
1.43
1.22

34.00
48.00
16.00
28.00
22.00
22.00
24.00
28.00
36.00

2.91E-05
3.08E-05
1.00E-04
1.00E-04
2.00E-04
2.00E-04
2.00E-04
2.00E-04
4.00E-04

GO:0030154
GO:0048513
GO:0048699
GO:0016043
GO:0071840

0.67
0.48
2.29
0.60
0.50

34.00
22.00
42.00
42.00
36.00

5.00E-04
6.00E-04
7.00E-04
8.00E-04
1.30E-03

GO:0048869
GO:0009888
GO:0048562
GO:0000904

0.44
0.49
3.54
1.62

24.00
12.00
16.00
16.00

1.40E-03
1.70E-03
2.20E-03
2.30E-03

GO:0048598
GO:0031175
GO:0001649
GO:0009790
GO:0051239

1.59
0.94
6.71
1.55
0.59

16.00
10.00
20.00
28.00
22.00

2.60E-03
4.00E-03
4.30E-03
4.30E-03
5.50E-03

GO:2000026

2.23

52.00

6.70E-03

GO:0044707
GO:0032501

0.44
0.44

52.00
52.00

8.50E-03
8.80E-03

GO-enrichment identified 29 overrepresented biological processes for upregulated DEGs. For calling significance, the
threshold for Bonferroni-adjusted P-values was set to 0.01. Each term comprises at least 4 DEGs. NSC, neural stem cell;
DEG, differentially expressed gene.
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Supplementary Table S5.2: Overrepresented biological processes determined by Gene
Ontology enrichment analysis using WebGestalt for genes downregulated in Ngb KO-NSCs.
GO-Term (biological process)
Innate immune response
Response to stress
Immune response
Cellular response to interferon-beta
Immune system process
Response to interferon-beta
Defence response
Multi-organism process
Response to cytokine stimulus
Response to other organism
Response to biotic stimulus
Cellular process
Response to stimulus
Response to interferon-alpha
Regulation of localisation
Immune effector process
Positive regulation of biological
process
Regulation of immune system
process
Cellular response to cytokine
stimulus
Regulation of cellular component
movement
Regulation of biological process

GO-ID

DEGs/term [%]

DEGs/dataset
[%]

P-value

GO:0045087
GO:0006950
GO:0006955
GO:0035458
GO:0002376
GO:0035456
GO:0006952
GO:0051704
GO:0034097
GO:0051707
GO:0009607
GO:0009987
GO:0050896
GO:0035455
GO:0032879
GO:0002252

5.69
1.66
2.94
30.00
1.92
26.09
2.46
2.32
3.49
2.71
2.55
0.66
0.83
28.57
1.53
2.88

14.66
30.17
17.24
5.17
22.41
5.17
17.24
15.52
10.34
12.07
12.07
75.86
50.00
3.45
18.97
10.34

2.46E-11
7.29E-09
2.41E-08
1.55E-07
2.53E-07
4.00E-07
5.35E-07
1.02E-05
3.67E-05
6.43E-05
1.00E-04
2.00E-04
2.00E-04
2.00E-04
3.00E-04
3.00E-04

GO:0048518

1.03

29.31

2.10E-03

GO:0002682

2.01

12.07

2.20E-03

GO:0071345
GO:0051270

3.35
2.38

7.76
9.48

2.30E-03
5.20E-03

GO:0050789

0.72

55.17

8.30E-03

GO-enrichment identified 21 biological processes for downregulated DEGs. For calling significance, the threshold for
Bonferroni-adjusted P-values was set to 0.01. Each term comprises at least 4 DEGs. NSC, neural stem cell; DEG,
differentially expressed gene.
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Supplementary Figure S5.1

Supplementary Figure S5.1: Protein expression of AKT, P-AKTSER and P-AKTTHR in Ngbfl-NSC and NgbKO-NSC protein
extracts. Western blot analysis to AKT, P-AKTSER and P-AKTTHR in Ngbfl-NSC and NgbKO-NSC protein extracts. β-ACTIN is
used as a positive control. Lane 1: PageRulerTM Plus Prestained Protein Ladder (Thermo Fisher Scientific) in kDa, Lane 2:
Ngbfl-NSC protein extract, Lane 3: NgbKO-NSC protein extract.
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NEUROGLOBIN DISTINCTLY AFFECTS NEURAL STEM CELL GROWTH
PROPERTIES IN 2D MONOLAYER AND 3D NEUROSPHERE CULTURES
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NGB IN 2D AND 3D NSC CULTURES

6.1

ABSTRACT

Recently, neuroglobin (Ngb), a brain-specific globin which had shown steadily increasing
expression levels during embryonic development, was proposed to function as a regulator of
neurodevelopmental processes. In the current study, a novel Ngb knockout (NgbKO) mouse
model was created using CRE-Lox recombination technology. To investigate the effect of loss of
Ngb in neurodevelopment, neural stem cells (NSCs) were isolated from embryonic brains of wild
type Ngb (NgbWT), Ngb-floxed (Ngbfl) and NgbKO mice through the neurosphere (NSPH)
formation assay. Subsequently, growth and proliferation capacities of these NSC lines were
studied in 2D NSC monolayer cultures and 3D NSPH cultures. Strikingly, although 2D monolayer
cultures showed enhanced proliferation of NgbKO-NSCs, 3D NSPH cultures showed impaired
NgbKO-NSPH formation. In vivo evaluation of NSC proliferation by monitoring adult neurogenesis
from the subventricular zone to the olfactory bulb showed no difference in NSC proliferation
between NgbKO and NgbWT mice. In conclusion, the combined approach of in vitro and in vivo
research strategies provided new insights in the field of neurodevelopment, reflected by the
remarkable NSC proliferation capacities. Furthermore, we have created a unique set of
validated NgbWT- and NgbKO-NSC lines that behave strikingly opposite when cultured in 2D or in
3D culture. These will become extremely helpful in further defining the role of Ngb in
neurodevelopment and/or neuroprotection.
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6.2

INTRODUCTION

Since its discovery in 2000, the exact functional significance of neuroglobin (Ngb), an oxygenbinding protein that is brain-specific, still remains to be elucidated. Although a neuroprotective
role had been proposed during the last decade, Ngb was recently assigned to interact during
neuritogenesis and brain development in general [1-3]. Outgrowth of neurites was promoted by
Ngb through differentially binding of phosphatase and tensin homolog (PTEN) and AKT [4].
Furthermore, different studies already evidenced rather low brain Ngb expression levels during
early stages of mouse brain development followed by steadily increasing Ngb levels from the
late prenatal days to brain maturing new-borns and even further to young adults [5-7]. Rising
Ngb levels during neurodevelopment together with the potential role of Ngb in neuritogenesis
might imply a precise role of Ngb in neurodevelopment in general.
The need to fundamentally understand the structure and function of the central nervous system
to develop therapeutic strategies against progressive neurodegenerative diseases and other
neurological impairments has grown strong in recent years [8, 9]. In these studies, neural stem
cells (NSCs) have been of great value because this unique nervous system-specific cell type
holds great promise due to its self-renewal and multipotent character which enables them to
develop, maintain and regenerate the tissues they reside in [10-12]. To study NSC behaviour in
in vitro models, two alternative approaches exist. The original 3D neurosphere (NSPH)
formation assay creates an environmental niche in which NSC reside within the 3D NSPH
environment together with a whole variety of neural progenitors and differentiating and
differentiated neural cell populations. More recently, 2D culture protocols have been described
for the monolayer culture of more uniform NSC populations that reside within the NSPH
environment, without the presence of contaminating differentiating and differentiated neural
cell populations. Although the latter allows to study a more uniform NSC population, it does
loose potential influences of the environmental niche on NSC behaviour [13]. In this study, we
applied both NSC culture models to further investigate the role of Ngb in NSC and
neurodevelopment.
Previous findings in Chapter 5 indicated that the loss of Ngb affects expression of Cdkn1a/Cdk6
cell cycle genes resulting in enhanced proliferation of NSCs in 2D monolayer cultures [14]. The
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Ngb deficient NSC line used was created by in vitro CRE-Lox recombination of embryonic brainderived NSCs isolated from the in-house available Ngb-floxed (Ngbfl) mouse model comprising
loxP sites in the introns flanking exon 2 and 3 of the Ngb locus [14]. In the present study, we
aimed to extend these findings using multiple new Ngb knockout (NgbKO)-NSC lines directly
isolated from NgbKO mice, created by cross-breeding the Ngbfl mouse model with a Sox2-CRE
deleter strain. Growth and proliferation capacities of these Ngb KO-NSC lines were studied in
comparison to embryonic brain-derived NSCs of Ngb wild type (NgbWT) and Ngbfl mice in 2D
monolayer and 3D NSPH cultures.
As previous findings showed that the loss of Ngb affects NSC proliferation in vitro [14],
broadening our research question by evaluating the role of Ngb in NSC proliferation in adult
neurogenesis from the subventricular (SVZ) to the olfactory bulb (OB) in vivo might be of great
value.
Adult neurogenesis has been defined as the mechanism of generating functional neurons from
adult neural precursor cells and has been observed in two specific neurogenic brain regions: the
subgranular zone in the dentate gyrus of the hippocampus where new dentate granule cells are
generated, and, of our interest, in the SVZ of the lateral ventricles where new neurons are
generated and migrate through the rostral migratory stream (RMS) to the OB to become
interneurons (Figure 6.1) [15]. Although only little is known about adult neurogenesis in
humans, many studies on rodents indicate that impairments in normal neurogenesis can be
associated with several diseases such as major depression and epilepsy [16, 17]. In that view, in
line with Ngb, adult neurogenesis might be an important player in brain homeostasis and
disease. Due to the aberrant growth potential of NgbKO-NSCs in vitro, we postulated a different
NSC proliferation in NgbKO mice compared to NgbWT mice in vivo.
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Figure 6.1: Migration of subventricular zone-derived neuroblasts in the adult mouse brain. Immature neurons called
neuroblasts (red) are generated in the (ventricular-)subventricular zone ((V-)SVZ) by neural stem cells (blue) through
intermediate progenitors called transit-amplifying cells (green). The neuroblasts migrate rapidly through the rostral
migratory stream (RMS) towards the olfactory bulb (OB) where they mature into olfactory interneurons, granule cells
(pink) or periglomerular cells (orange) and are integrated into the neuronal circuitry. [18].

In this study, we aim to combine different in vitro and in vivo experimental setups to explore the
role of Ngb in neurodevelopment, reflected by its influence on NSC growth and proliferation.
6.3
6.3.1

MATERIALS AND METHODS
Mice

C57BL/6 wild type mice were purchased from Charles River Laboratories (strain code 027). An
Ngb knockout (NgbKO) mouse model was created by crossbreeding a heterozygous Sox2-CRE
expressing mouse (available at the University of Antwerp) with the in-house available Ngbfloxed (Ngbfl) mouse model, targeting Ngb by introducing loxP sites into the introns flanking
exon 2 and 3 of the Ngb locus as described previously [14]. Crossbreeding these mice allowed
CRE-Lox site-specific recombination resulting in the loss of critical regions of the Ngb locus and
thereby not enabling the formation of the functional Ngb protein acquiring an NgbKO mouse
model. To avoid any off-target activity of the CRE protein, Sox2-CRE-based NgbKO mice carrying
the CRE protein were further crossbred in order to eliminate the Cre transgene.
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All mice were bred in the animal facility of the University of Antwerp. Animals were housed in a
temperature-controlled room with a normal day-night cycle (12/12) and free access to food and
water. All experiments were conducted in compliance with the guidelines from Directive
2010/63/EU of the European Parliament on the protection of animals used for scientific
purposes and all experiments were approved by the Ethics Committee of the University of
Antwerp.
6.3.2

gDNA extraction and genotyping

Genomic DNA (gDNA) was isolated from Ngbfl and NgbKO mice using the Wizard genomic DNA
purification kit (Promega) and excision of the Ngbfl locus was evaluated by PCR as previously
described [14]. The presence or absence of the Cre gene was determined with Sox2-Cre primers
(F-ATGTCCAATTTACTGACCG and R-CGCCGCATAACCAGTGAA) in a Taq polymerase based PCR
according to the manufacturer’s instructions following a 2 min incubation on 95 °C before
proceeding to 40 cycles of 95 °C for 30 s, 58 °C for 1 min and 72 °C for 1 min, ending with an
incubation of 10 min on 72 °C. Lengths of amplicons were compared to a GeneRuler 1 kb DNA
ladder (Thermo Scientific) on a 1 % agarose gel.
6.3.3

NSPH and NSC culturing

NSPHs were cultured from embryonic brains of NgbWT (n = 8), Ngbfl (n = 16) and NgbKO (n = 8)
male and female embryos of 14 to 16 days postcoitus following a protocol previously described
by Conti et al. [19] with minor modifications by Reekmans et al. [20]. Briefly, embryonic brains
(E14 - E16) were mechanically dissociated and divided in half. One half was used for mRNA
extraction, the other half was dissociated enzymatically using a 0.2 % collagenase A
(Roche)/DNase I (1000 Kunitz/50 ml, Sigma) solution in phosphate-buffered saline (PBS) for 2 h
at 37 °C in a shaking water bath. Next, the cell population was resuspended in 10 ml neural
expansion medium (NEM), consisting of Neurobasal A medium (Invitrogen) supplemented with
10 ng/ml epidermal growth factor (EGF, ImmunoTools), 10 ng/ml human fibroblast growth
factor-2 (hFGF-2, ImmunoTools), 100 U/ml penicillin (Invitrogen), 100 mg/ml streptomycin
(Invitrogen), 0.5 µg/ml amphotericin B (Invitrogen), and 1 % modified N2 supplement. The
modified N2 supplement consisted of DMEM/F12 medium (Gibco) supplemented with 7.5
mg/ml bovine serum albumin (BSA, Invitrogen), 2.5 mg/ml insulin (Sigma), 2 mg/ml apo-
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transferrin (Sigma), 0.518 µg/ml sodium selenite (Sigma), 1.6 mg/ml putrescine (Sigma) and 2
µg/ml progesterone (Sigma). Cells were plated in a T25 culture flask in order to obtain a NSPH
population. Growth factors were added every 2 - 3 days and pictures were taken daily. To
obtain adherent NSC cultures, NSPHs were dissociated using accutase (Sigma) and cells were
plated in 7 ml NEM on fibronectin-coated (5 µg/ml in PBS, R&D Systems) T25 culture flasks.
Following 24 h of culture, non-adherent cells were removed and 7 ml fresh NEM was added to
the cultures. After 7 days, cultured cells were harvested following accutase (Sigma) treatment
for 5 min at 37 °C and seeded in a new fibronectin-coated T25 flask in 10 ml NEM (passage 1).
For routine cell culture, NEM was replaced each 3 - 4 days and NSC cultures were split 1:5 every
7 days. All cell cultures were incubated at 37 °C and 5 % CO2.
6.3.4

Determination of size and total number of NSPHs

After 9 days of culture, 0.5 ml of the NSPH suspension was transferred into a 48 well plate for
microscopic examination, counting and diameter measurements. The mean NSPH diameter per
well was determined for each embryo (n = 8 for NgbWT and NgbKO and n = 16 for Ngbfl) and
general means were calculated per genotype. Well dimensions were used to calculate the total
number of NSPHs in a T25 flask (V = 10 ml).
6.3.5

Viability of NSPHs
3

NSPHs were dissociated by adding accutase (Sigma) and cell viability of at least 10 x 10 cells per
sample was evaluated on an Epics XL-MCL analytical flow cytometer (Beckman Coulter) using
GelRed® (1x final concentration, Biotum).
6.3.6

mRNA extraction and RT-qPCR

Half of the mechanically dissociated embryonic brain was snap frozen in liquid nitrogen and
further processed for total RNA. Extraction was carried out by mechanical dissociation in TRIzol
Reagent in conjunction with the PureLink RNA Mini Kit (Life Technologies) according to the
manufacturer’s instructions. DNase I treatment was performed using RQ1 RNase-Free DNase
(Promega) to remove contaminating DNA. Next, the RNA concentration was analysed using
Nanodrop spectrophotometer (NanoDrop, Thermo Scientific) readings at 260 and 280 nm. Firststrand cDNA synthesis was performed on 1 µg of total RNA with the Superscript II Reverse
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Transcriptase System (Invitrogen) and random primers (0.5 µg/reaction). Real-time quantitative
PCR was performed on a StepOnePlus system (Life Technologies), following a 2 min incubation
at 95 °C before proceeding to 40 cycles of 95 °C for 15 s and 60 °C for 1 min. Each real-time PCR
reaction comprised Power SYBR Green PCR Master Mix (Applied Biosystems), 10 ng cDNA (RNA
equivalents) and 150 nM of each primer: Hmbs (F- GCTGAAAGGGCTTTTCTGAG, RTGCCCATCTTTCATCACTGT),
GGGGTCGTTGATGGCAACA),

Gapdh
Ngb

(F(F-

AGGTCGGTGTGAACGGATTTG,

R-

GCTCAGCTCCTTCTCGACAG,

R-

CAACAGGCAGATCAACAGAC). The geNorm algorithm in qBase+ (Version 3.0, BioGazelle) was
used to determine the optimal combination of reference genes for internal normalization (i.e.,
Hmbs and Gapdh). Normalized relative gene expression was determined by the E
6.3.7

-∆∆Cq

method.

NSC growth assay

After 7 days of NSPH formation and growth, NSPHs were dissociated by adding accutase (Sigma)
and plated into fibronectin-coated (5 µg/ml in PBS, R&D Systems) 6-well plates in NEM to allow
adherent growth of NSCs. Upon confluency, cells were seeded in T25 flasks with a density of
2

5000 cells/cm for at least 3 to 5 passages. To assess growth potential, NSCs were seeded in 62

well plates in triplicate with a density of 5000 cells/cm in NEM. After 5 days at ± 80 %
confluency, NSCs were counted manually in a Neubauer chamber.
6.3.8

NSPH formation assay

Adherent NSC cultures were grown for at least 3 to 5 passages. To assess the NSPH formation
3

2

and growth potential, NSCs were seeded in T25 flasks with a density of 10 x 10 cells/cm in
NEM. Growth factors were added every 2 - 3 days. After 7 days, NSPH diameter and number
were determined as previously described in section 6.3.4.
6.3.9

Intracerebral injection of pCHMWS-eGFP-T2A-fLuc

All surgical interventions were performed according to previously established procedures [21].
Male mice were anesthetised by an intraperitoneal injection of a ketamine (Anesketin, 80
mg/kg, Eurovet) / xylazine (Rompun, 16 mg/kg, Bayer) mixture in 0.9 % NaCl solution (Baxter).
Next the skin of the head was shaved and mice were placed in a stereotactic head frame
(Stoelting). Stereotactic coordinates to target the SVZ of the right lateral ventricle were as
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follows: anterior-posterior (AP) 0.45 mm, lateral 1.1 mm and dorso-ventral (DV) 3.0 mm from
bregma, the needle was then retracted to a depth of 2.3 mm from bregma for a second
injection. A midline scalp incision was made to expose the skull and a hole was drilled in the
skull using a dental drill burr. Thereafter, an automatic micro-injector pump (kdScientific) with a
10 μl Hamilton 700 syringe was positioned above the exposed dura. According to the
coordinates, the syringe was stereotactically placed through the intact dura and positioned at
the SVZ. The needle was left in place for 2 min to allow for pressure equilibration. Then 2 µl of
the lentiviral pCHMWS-eGFP-T2A-fLuc-ires-puro (LVv-eGFP-T2A-fLuc) (Leuven Viral Vector Core,
KU Leuven) construct was injected at each injection depth in a concentration of 4.5 × 10E08
TU/ml at a speed of 0.5 µl/min. The needle was slowly retracted after another 5 min to allow
pressure equilibration and to prevent backflow of the injected lentiviral construct. Next, the
skin was sutured (Vicryl, Ethicon) and disinfected using Isobethadine (Meda). After surgery,
mice received an injection with 0.9 % NaCl solution (Baxter) subcutaneously in order to prevent
dehydration while recovering under a heating lamp.
6.3.10

Bioluminescence imaging

At week 1, 4 and 8 following intracerebral injection, mice were analysed by real-time in vivo
bioluminescence imaging (BLI) to determine the presence of transduced cells and their
biodistribution following previously optimised procedures [20]. Briefly, mice received an
intraperitoneal injection of D-luciferin (150 mg/kg in PBS; Promega) and were anesthetised by a
gas mixture of oxygen and 3 % isoflurane (Forene, Abbvie) for induction and 2 % for
maintenance. A 6 min waiting step was included after luciferin administration followed by 5 min
of imaging using an in vivo real-time IVIS Spectrum imaging system (Caliper Life Sciences). Data
were analysed using the Living Image (Caliper) software.
6.3.11

Histological analysis

At week 8 following intracerebral injection, mice were deeply anesthetised with an
intraperitoneal injection of 60 mg/kg pentobarbital (Nembutal; Ceva Sante Animale), followed
by transcardiac perfusion with 0.9 % NaCl solution and perfused-fixation with 4%
paraformaldehyde.

Whole

brains

were

surgically

removed

and

post-fixed

in

4%

paraformaldehyde. Fixed tissues were freeze-protected with a sucrose gradient, snap-frozen in
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liquid nitrogen, and 10 mm thick cryosections were made. Slides were washed with Trisbuffered saline (TBS) and incubated with 0.1 % Triton-X-100 (Sigma) in TBS for 30 min. Next,
slides were washed with TBS and incubated for 10 min at RT with 4’, 6-diamidino-2phenylindole (DAPI, 1/1000, Sigma) in TBS. After a final washing step with demineralised water,
slides were mounted with Prolong Gold antifade reagent (Life Technologies), and images were
acquired using an Olympus BX51 fluorescence microscope equipped with an Olympus DP71
digital camera. Olympus cellSens Dimension software was used for image acquisition and
processing (Olympus). Images were analysed using TissueQuest software (TissueGnostics).
6.3.12

Statistical analysis

Statistical analysis was performed with IBM SPSS Statistics 24 and GraphPad Prism 6 software.
All data are depicted as mean ± SD. Levels of Ngb copy number (Figure 6.2B) and isolated NSPH
number and diameter (Figure 6.3B-C) were analysed using one-way ANOVA analysis with
Bonferroni’s correction for multiple comparisons testing. NSC growth (Figure 6.4B) and
+

eGFP /DAPI stained cells (Figure 6.5C) were analysed by Mann-Withney U tests. BLI signals
(Figure 6.5B) were analysed with Mann-Withney U tests including a Bonferroni’s correction on
each separate day. NSPH number (Figure 6.4C) and diameter (Figure 6.4D) after NSPH assays
were analysed using independent samples t-test. P < 0.05 indicated statistical significance.
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6.4
6.4.1

RESULTS
An NgbKO mouse model lacking Ngb expression was generated

Evaluation of the CRE-Lox recombination during the generation of the NgbKO mouse line was
carried out by PCR, targeting the Ngbfl locus and the Cre gene. Excision of exon 2 and 3 of the
Ngbfl locus caused by CRE-Lox recombination was proved by a single ± 1000 bp signal in lane 3
compared to the ± 2800 bp signal representing the full locus in lane 1 and lane 2 (Figure 6.2A).
Next, homozygous NgbKO-Cre mice were further crossbred to eliminate the Cre gene (Figure 6.2A
with the presence of Cre in lane 5 and 6 and the absence of Cre in lane 7). The obtained mouse
line lacking exon 2 and 3 of Ngb (Figure 6.2A lane 3) and lacking Cre (Figure 6.2A lane 7)
expression was referred to as the NgbKO mouse model. NgbKO mice showed no abnormalities in
appearance, reproduction and longevity. Homozygous breeding of NgbWT, Ngbfl and NgbKO mice
gave rise to NgbWT, Ngbfl and NgbKO embryos respectively. For validation, Ngb transcript levels
were obtained by RT-qPCR of total RNA extracted from embryonic brains of all genotypes.
These data consider the NgbKO mouse model as valid since no Ngb transcript expression was
found in NgbKO embryos (P < 0.0001) (Figure 6.2B). Ngb transcript levels of Ngbfl and NgbWT
embryonic brains were not significantly different, presenting the Ngbfl model as a valid wild
type-like situation (Figure 6.2B).
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Figure 6.2: Validation of models on gDNA and mRNA level. A) Validation of the NgbKO locus (left, lane 1 - 4) and
presence of the Cre gene (right, lane 5 - 7) on gDNA level: Agarose gel electrophoresis (1 %) after PCR to the Ngb locus
of an Ngbfl mouse (lane 1, ± 2800 bp signal), a heterozygous NgbKO mouse (lane 2, ± 1000 and ± 2800 bp signal) and a
homozygous NgbKO mouse (lane 3, ± 1000 bp signal) and PCR to the presence (lane 5, 6, ± 400 bp signal) or the absence
(lane 7, no signal) of the Cre gene. L: GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific), lane 4: blank. B) Ngb
transcript levels were determined by RT-qPCR. Data (n = 8 – 16) were depicted as the fold change to Ngb transcript level
of the NgbWT embryonic brain ± SD. ns: not significant, **** P < 0.0001.

6.4.2

The NgbKO cell suspension showed impaired NSPH formation

After dissociation, the single-cell suspensions derived from the embryonic brains were plated in
T25 flasks each. Per genotype, 8 to 16 embryonic brains were processed. Cell suspensions of all
genotypes showed small, round or oval shaped, transparent single cells (Figure 6.3A). At day 3
of primary culture, NSPH formation started in NgbWT and Ngbfl cell suspensions, as observed by
appearance of aggregated cell clusters that gradually enlarged over time. In contrast, NgbKO
cells aggregated remarkably slower or even failed to aggregate (Figure 6.3A). Consequently,
cultures of NgbWT and Ngbfl cells were very different compared to NgbKO cultures at day 9 after
isolation. While the former cultures showed many large free-floating NSPHs, the latter showed
only small aggregates of cells (Figure 6.3A).
Analysis of the NSPH cultures revealed that the number of NgbKO-NSPHs (2316 ± 1660) was
significantly lower compared to NgbWT- (4994 ± 1024) (P < 0.01) and Ngbfl-NSPHs (4321 ± 1732)
(P < 0.05) while there was no difference in the number of clusters between NgbWT and Ngbfl
cultures (Figure 6.3B). Additionally, NgbKO-NSPHs had a significantly reduced diameter (110 ± 59
µm) compared to NgbWT- (346 ± 98 µm) (P < 0.01) and Ngbfl- (251 ± 151 µm) (P < 0.05) NSPHs
(Figure 6.3C). There were no size differences between NgbWT- and Ngbfl-NSPHs (Figure 6.3C).
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Although the number and size of NgbKO-NSPHs were significantly different from NgbWT- and
Ngbfl-NSPHs, there were no differences in the viability between the genotypes (data not
shown).

Figure 6.3: NSPH formation and growth characteristics after isolation from NgbWT, Ngbfl and NgbKO embryonic brains.
A) Cell suspensions were cultured for 9 days to allow NSPH formation. For each genotype, representative pictures were
collected. The scale bar represents 100 µm. B) Number of NgbWT-, Ngbfl- and NgbKO-NSPHs present in a T25 flask (V = 10
ml) 9 days after isolation. C) Mean diameter (µm) of NgbWT-, Ngbfl- and NgbKO-NSPHs 9 days after isolation. Data (n = 8 –
16) are depicted as mean ± SD. ns: not significant, * P < 0.05, ** P < 0.01.
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6.4.3

NgbKO-NSPH-derived NgbKO-NSCs show enhanced growth potential

As NgbKO-NSPHs showed impaired growth potential, the NSPH-derived NSC growth capacities of
Ngbfl- and NgbKO-NSCs were evaluated. After dissociation of Ngbfl and NgbKO-NSPHs, the cell
suspension was seeded in fibronectin coated 6-well plates and cultured for 3 to 5 passages
(Figure 6.4A). Growth analysis revealed a significantly different growth pattern in NgbKO-NSCs
compared to Ngbfl-NSCs indicated by significant higher cell numbers after 5 days of NgbKO-NSC
(193 958 ± 78 105 NSCs) growth compared to Ngbfl-NSC (64 458 ± 65 410 NSCs) growth (P <
0.05) (Figure 6.4B). Although this result is in contrast with the finding that NgbKO-NSPHs have an
impaired NSPH formation capacity, these results confirm the previous finding that the loss of
Ngb in NgbKO-NSCs results in enhanced NSC growth and proliferation [14].
6.4.4

NgbKO-NSC-derived NgbKO-NSPHs show impairments in NSPH formation

Ngbfl- and NgbKO-NSCs were used in a new NSPH formation assay (Figure 6.4A). In line with the
previous results, the number of NgbKO-NSPHs (7882 ± 2242 NSPHs) was significantly lower
compared to Ngbfl-NSPHs (10 647 ± 1805 NSPHs) (P < 0.01) (Figure 6.4C). Furthermore, NgbKONSPHs had a significantly reduced diameter (93 ± 22 µm) compared to Ngbfl-NSPHs (136 ± 15
µm) (P < 0.0001) after 7 days (Figure 6.4D).
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Figure 6.4: Evaluation of the potential of isolated Ngbfl- and NgbKO-NSPHs to form adherent NSC cultures and new
NSPH cultures derived thereof. A) Schematic overview of the experimental setup. Diagram is not depicted to scale. B)
Growth capacity of Ngbfl- (n = 5) and NgbKO- (n = 5) NSPH-derived adherent Ngbfl- and NgbKO-NSC cultures represented
as the number of Ngbfl- and NgbKO-NSCs grown in triplicate after 5 days of culture. C) Number of Ngbfl- (n = 10) and
NgbKO- (n = 10) NSPHs formed by day 7 in a NSPH assay started from adherent Ngbfl- (n = 10) and NgbKO- (n = 10) NSC
cultures. D) Mean diameter (µm) of Ngbfl- (n = 10) and NgbKO- (n = 10) NSPHs formed at day 7 in a NSPH assay started
from adherent Ngbfl- (n = 10) and NgbKO- (n = 10) NSC cultures. Data are depicted as mean ± SD. * P < 0.05, ** P < 0.01,
**** P < 0.0001.
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6.4.5

Adult neurogenesis was not affected by the loss of Ngb in Ngb KO mice

As the previously discussed results are ambiguous, stating an impaired growth in 3D cultures of
NgbKO-NSPHs and an enhanced growth in 2D cultures of Ngb KO-NSC monolayers, the effect of
the loss of Ngb was evaluated in an in vivo model of adult neurogenesis. Stereotactic injection
of a LVv-eGFP-T2A-fLuc construct in the SVZ of NgbWT and NgbKO mice allows to monitor
migration of transduced cells to the OB in vivo at 1, 4 and 8 weeks after injection by BLI using
luciferase as a reporter and post-mortem by histology after 8 weeks using eGFP as a reporter
(Figure 6.5A-C). As shown by the representative images at week 1, 4 and 8 a small shift in BLI
signal towards the OB could be noticed at week 8 (Figure 6.5A). No difference in the progress of
the BLI signal could be monitored between NgbWT and NgbKO mice resulting in similar
luminescent signals derived from migrated cells in the OB at 8 weeks after injection (Figure
6.5B). In line with this result, histological analysis of the OB revealed that a similar percentage of
+

+

eGFP cells could be counted in the OB of NgbWT mice (3.8 ± 0.6 % eGFP /DAPI cells) versus
+

NgbKO mice (3.6 ± 0.9 % eGFP /DAPI cells) (Figure 6.5C-D). These results indicate that the loss of
Ngb in NgbKO mice does not affect adult neurogenesis in vivo since similar amounts of NSCs
migrate through the RMS from the SVZ to the OB.
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Figure 6.5: Evaluation of the adult neurogenesis potential from the SVZ to the OB in NgbWT and NgbKO mice. A) In vivo
bioluminescence imaging of NgbWT and NgbKO mice 1, 4 and 8 weeks following LVv-eGFP-T2A-fLuc administration in the
SVZ. Representative time course images are shown. The most intense bioluminescence signal is shown in red, the
weakest in blue. Light intensity is presented as the average number of photons per second per square centimetre per
steradian. B) Analysis of the average radiance progress in the OB in NgbWT (n = 4) versus NgbKO (n = 5) mice until 8 weeks
following LVv-eGFP-T2A-fLuc administration in the SVZ. C) Histological evaluation of the OB of NgbWT (left) and NgbKO
(right) mice evaluating eGFP+ cells arrived in the OB 8 weeks after LVv-eGFP-T2A-fLuc injection in the SVZ. Sections were
DAPI stained. Representative images were taken from 14 to 18 sections of every NgbWT (n = 4) and NgbKO (n = 4) mouse.
D) Histological analysis of the OB of NgbWT (n = 4) and NgbKO (n = 4) mice evaluating the percentage of eGFP+ cells
relative to DAPI stained nuclei present in the OB 8 weeks after LVv-eGFP-T2A-fLuc injection in the SVZ. Each mouse was
evaluated on 14 to 18 OB sections. ns: not significant. SVZ, subventricular zone; OB, olfactory bulb.
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6.5

DISCUSSION

This study aimed to explore the function of Ngb in neurodevelopment in general, exploring the
neurogenic cell population isolated from the embryonic brain on the one hand and monitoring
adult neurogenesis on the other hand. Previous data already indicated the importance of Ngb in
the cell cycle of in vitro genetically recombined NgbKO-NSCs [14]. These NSCs were isolated from
Ngbfl embryonic brain tissue followed by an in vitro CRE-Lox recombination by transfection of
Cre mRNA. Since early stages of mouse brain development are characterised by low-level Ngb
expression which increases steadily from the late prenatal days to brain maturing new-borns,
Ngb might serve as a key player during neurodevelopmental stages [5, 6]. In that view,
interruption of Ngb expression after the isolation of NSCs from the embryo (E14 - E16), might
complicate the interpretation of the obtained results since Ngb might have influenced already
early developmental stages. To circumvent this effect, a novel Sox2-CRE based NgbKO mouse line
was generated in the present study to explore the role of Ngb in NSCs derived of NgbWT, Ngbfl
and NgbKO embryonic brains. Although Ngb is believed to play a role during neurodevelopment
[5-7], NgbKO mice showed no striking differences in appearance or behaviour and conducted
similarly in reproduction and survival when compared to Ngbfl and NgbWT mice, which was
already described in previous studies [22].
Neurodevelopment includes neurogenesis as a major process which is driven by the
proliferation and differentiation of NSCs. In general, the NSPH formation assay, a serum-free
culture system, is of great value to isolate NSCs from embryonic brain tissue due to its robust
and reproducible character [23-26]. NSPHs are free-floating spheroid structures that consist of
multipotent NSCs, able to proliferate and self-renew, post-mitotic neurons, glia and progenitor
cells shrouded in extracellular matrix surrounding [13, 27]. As Ngb was hypothesised to
influence neurodevelopment, we expected a different proliferation or differentiation behaviour
in NgbKO compared to Ngbfl and NgbWT cultures. Strikingly, NgbKO-NSPHs suffer deficiencies
during the NSPH formation demonstrated by the smaller size and number of NSPHs compared
to Ngbfl and NgbWT cultures. Regulation of NSC self-renewal and differentiation is mediated
through a balanced coordination between various cell intrinsic factors and extracellular
signalling molecules such as nuclear hormone receptor TLX, transcription factor SOX2,
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transcriptional repressor hairy and enhancer of split HES, Notch signalling inhibitors NUMB and
NUMBLIKE and tumour suppressor phosphatase and tensin homolog PTEN [28]. Interestingly, a
critical interaction of Ngb with PTEN and AKT has recently been described, which leads to
prominent effects in the PTEN/PI3K/AKT signalling pathway influencing neuritogenesis and
neuronal development in general [4]. Since PTEN has already been described as a regulator of
cell cycle progression by suppressing cell cycle-related genes, PTEN is critical to regulate
homeostatic mechanisms of NSCs in the developing brain [4, 28-30]. As Ngb overexpression is
proved to suppress PTEN during neurite induction [4], in the present study, loss of Ngb
potentially led to higher activity levels of PTEN causing higher repression on the cell cycle,
translated by reduced size and number of NgbKO-NSPHs compared to Ngbfl- and NgbWT-NSPHs.
Interestingly, seeding dissociated NSPHs to obtain adherent NSC monolayer cultures gives rise
to different growth patterns in NgbKO-NSCs compared to Ngbfl-NSCs as described previously
[14]. Although NgbKO-NSCs grow faster than Ngbfl-NSCs, NSPH assays starting from these cell
cultures showed again impairments in NgbKO-NSPHs compared to Ngbfl-NSPHs. Considerably,
NSPHs carry a heterogeneous population of cells in multiple stages of differentiation of which
only a small percentage of cells fulfil all criteria to be identified as NSCs which have the
potential to form NSPHs. Further research sorting and analysing the isolated single-cell
suspension prior to start the NSPH formation assay would be of interest to identify the exact
cell population affected by the loss of Ngb.
Furthermore, as NgbKO-NSPHs seem to be impaired, it is plausible that NgbKO-mice display less
NSCs in vivo. In that view, NgbKO mice might show less adult neurogenesis, indicated by a
smaller amount of NSCs of the SVZ arriving in the OB after 8 weeks. An LVv-eGFP-T2A-fLuc
construct was used to transduce NSCs of the neurogenic SVZ of NgbWT and NgbKO mice in order
to monitor luciferase and eGFP signals after 8 weeks by BLI and histology respectively. However
lentiviral vectors transduce both dividing and non-dividing cells, only NSCs able to form into
neurons in the OB will migrate through the RMS ensured by a luciferase and eGFP signal in the
OB. However, no differences were found between NgbKO and NgbWT mice, rejecting the
predetermined hypothesis that NgbKO mice would display less NSCs.
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The observation that the loss of Ngb impairs NgbKO-NSPH formation while NgbKO-NSCs show
enhanced growth in 2D monolayer cultures, still remains to be elucidated. Although our data do
not suggest a difference in viability of the cell suspension, high levels of apoptotic cells and cell
debris have been theoretically observed in large NSPHs of 100 – 200 µm diameter [31]. Probably
cell death is triggered by the lack of diffusion of nutrients and oxygen. In that view, as Ngb has
been highly linked to stimulate neuroprotection by intervening in hypoxic and apoptotic
conditions [3, 32] [3, 32], the lack of Ngb might hamper formation and growth of large NSPHs
resulting in the observed smaller and less abundant NgbKO-NSPHs. Dissociated cell suspensions
of the latter showed large amounts of single free-floating cells, not deriving from NSPHs. In that
view, although one would expect a decreased viability in Ngb KO cultures, this potential decrease
might be masked by the large population of living free-floating single cells, resulting in no
differences in survival of cells. As adherent NSC cultures grow as monolayers, they do not suffer
hypoxia, whereby NgbKO-NSCs could not be subjected to this survival threatening condition.
6.6

CONCLUSION

In conclusion, the current study addressed the development of a novel NgbKO mouse model to
study the role of Ngb during neurodevelopment. Although NSPHs isolated from NgbKO
embryonic brains showed deficiencies in NSPH formation, adult neurogenesis was not
hampered. Furthermore NgbKO-NSCs displayed enhanced cell growth as previously described,
supporting the hypothesis that Ngb-deficiency impairs NSPH formation by a mechanism
inherent to this assay.
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7.1

GENERAL DISCUSSION OF THE OBTAINED RESULTS

Eighteen years following the discovery of neuroglobin (Ngb), an oxygen-binding protein that is
predominantly expressed in neurons of the central and peripheral nervous system, this protein
is considered to promote neuroprotection by multiple cytoprotective actions of which the exact
mechanisms still remain elusive [1-5]. Moreover, as Ngb is an evolutionary highly conserved
protein, it is believed to support the maintenance of pivotal key mechanisms preserving
homeostasis in the brain as its major functional significance [4-6].
As discussed in Chapter 2, a plethora of in vitro and in vivo Ngb overexpressing and deficient
models has been created to gain insights in Ngb’s modes of action. Intriguingly, an in-depth
literature search of available Ngb expression models revealed crucial discrepancies in the
outcomes observed in different models.


At first, although forced Ngb overexpression in in vitro and in vivo models stimulates
cytoprotection upon various life-threatening insults such as hypoxia [7-10], ischemia
[11-17], oxidative stress [18-25] and apoptosis [26, 27], the majority of in vivo studies,
investigating the role of endogenous Ngb expression levels, do not support a
neuroprotective character of endogenous Ngb under physiological conditions [28-30].
Nevertheless, these observations underscore a potential therapeutic role for Ngb.



Second, while in vivo studies using Ngb deficient animal or cell culture models do not
show major effects in the brain [28], eyes [29, 31, 32] and ear [30], in vitro studies may
partially support the cytoprotective hypothesis [23-25, 27, 33]. These results again
underscore that Ngb may not be involved in cytoprotective actions under physiological
conditions.



Alternatively, more recently a study using neuronal cell lines has suggested a potential
role of Ngb in neurodevelopment [34].

Altogether, preceding observations have indicated that not only the level of Ngb expression,
either physiologically, overexpressed or downregulated, alters its functional properties, but also
the experimental setup, being in vitro or in vivo, has an impact on functional outcome and
subsequently the attribution of a physiological and/or therapeutic role to Ngb. Especially the

139

CHAPTER 7

observation that in vivo Ngb deficiency has no major impact, while in vitro Ngb deficiency
aggravates the outcome after a life-threatening insult, points at the importance of the cellularand tissue-specific microenvironment provided in vivo that can initiate its secondary
compensatory mechanisms in order to maintain homeostasis. These observations stress the
importance of a well-advised decision concerning the type of model used in a particular study.
In this doctoral thesis, we specifically aimed to further elaborate on two topics:


In agreement with the first conclusion of the performed literature study, in Chapter 4
we further studied, using Ngb overexpressing mice, the therapeutic potential of Ngb in
an acute and chronic mouse model of ischemic heart disease.



In agreement with the third conclusion of the performed literature study, in Chapters 5
and 6 we further investigated, using in vitro and in vivo Ngb knockout models, the
regulatory role of Ngb in neural stem cell growth and proliferation in 2D monolayer
and 3D neurosphere cultures and in adult neurogenesis.

Ngb overexpression was already previously described to reduce the life-threatening side effects
of hypoxic and ischemic insults [11-16]. Therefore, in Chapter 4 we further investigated the
potential role of Ngb overexpression in an acute and chronic setting of ischemic heart disease
[17]. In an acute myocardial infarct (AMI) model, we were able to confirm the protective role of
Ngb as myocardial infarct (MI) size was reduced and post-AMI survival was prolonged.
Consequently, the finding that Ngb has cytoprotective effects on tissues lacking endogenous
Ngb expression may indicate a therapeutic role for Ngb in a broad range of cardiovascular
ischemic conditions. Although treatment of ischemic heart disease is well-established in the
clinic [35], improvements are still welcome. Therefore, Ngb’s capacity to reduce overall
ischemic damage may become an interesting therapeutic option to further investigate. In
contrast, in a chronic setting of ischemic heart disease using a model of advanced
atherosclerosis, the result of Ngb overexpression did not meet our expectations. Although the
incidence of coronary plaques was reduced in the advanced atherosclerosis model, this did not
provoke a long term functional or survival benefit. Insight in the exact working mechanisms of
Ngb’s protection against tissue damage might explain the different outcome of both models.
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Nevertheless, our data described in Chapter 4 support the generally accepted cytoprotective
role of Ngb when overexpressed under stress conditions [4, 5, 17, 36].
In addition to the Ngb overexpression studies focussing on cytoprotection, in vitro Ngb
deficiency studies already pointed at a role of Ngb in neurodevelopment [34]. As in vitro neural
stem cell (NSC) cultures display self-renewal capacities and multipotency, they are of great
value to study the role of Ngb in neurodevelopment [37, 38]. In Chapters 5 and 6, we focussed
on different Ngb deficiency models to assess the growth properties of NSCs. In Chapter 5, an in
vitro model of Ngb deficient NSCs pointed at a role of Ngb during the cell cycle of NSCs. Loss of
Ngb affected CDKN1A/CDK6 expression resulting in enhanced proliferation of NSCs [39]. These
data confirm the hypothesis that Ngb might play a role during neurodevelopment [34].
Combining the results of this previously published study and our new results, we may suggest
that balanced expression of Ngb contributes to NSC cell-fate decision. While lower expression
levels may stimulate cell proliferation, higher expression levels contribute to differentiation.
While the results described in Chapter 5 were based on observations made in a single Ngb
knockout (NgbKO)-line, in Chapter 6 we further extended these findings using multiple (5 – 10)
new NgbKO-NSC lines directly isolated from embryonic brains of NgbKO mice, obtained by crossbreeding the in-house Ngb-floxed (Ngbfl) mice with a Sox2-CRE deleter strain. Strikingly,
although 2D monolayer cultures showed enhanced proliferation of Ngb KO-NSCs, confirming our
previous results of Chapter 5, 3D NSPH cultures showed impaired NgbKO-NSPH formation.
The discrepancy in growth potential between 2D monolayer NSC and 3D NSPH cultures guided
us to an additional in vivo experiment in which we studied in vivo proliferation and migration of
NSCs by monitoring adult neurogenesis from the subventricular zone (SVZ) to the olfactory bulb
(OB). As the 3D NSPH culture method is believed to create a niche that is more physiologically
relevant than 2D NSC culture systems [40], a potential outcome of this study was impaired
migration of NSCs to the OB due to a lower degree of NSC proliferation (as observed in the
NSPH cultures). However, as 2D NSC cultures allow the study of a more uniform population of
NSCs as compared to 3D NSPH cultures, an alternative outcome of this study was increased
migration of differentiating NSC from the SVZ towards the OB. Unfortunately, none of these
hypotheses was true as no differences in in vivo NSC migration from the SVZ to the OB were
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observed between NgbWT and NgbKO mice. In vivo compensatory mechanisms and
microenvironmental signals might substantiate this unexpected result. Furthermore our in vitro
and in vivo studies do not focus on exactly the same NSC population. For in vitro studies we
used embryonic brain-derived NSCs, while the in vivo studies were focussing on adult SVZ NSCs.
Although we currently do not know the exact mechanism behind the observations in Chapter 6,
a possibility exists that these results are inherent to the experimental setup, a topic already
discussed in Chapter 2. As the core of a NSPH is characterised by apoptotic cells due to the lack
of diffusion of nutrients and oxygen [40] on the one hand and Ngb deficiency in vitro already
pointed at a reduced resistance to hypoxia and oxidative stress [23-25, 27, 33] on the other
hand (although this could not be demonstrated in our studies, see Chapter 5), it is possible that
NgbKO-NSPH cultures are subjected to hampered formation and growth caused by the loss of
Ngb resulting in the loss of resistance against this hypoxic condition.
Nevertheless, we have created here a unique set of validated Ngbfl- and NgbKO-NSC lines that
behave strikingly opposite when cultured in 2D or in 3D culture. These will become extremely
helpful in further defining the role of Ngb in neurodevelopment and/or neuroprotection.
7.2

FUTURE PERSPECTIVES

Throughout this thesis, it has become apparent that despite the available tool box of Ngb
expression models the quest to unravel Ngb’s functional significance remains challenging.


In this thesis we were able to confirm Ngb’s cytoprotective properties in an Ngb
overexpression mouse model of acute ischemic heart disease, while Ngb failed to
stimulate survival in an advanced atherosclerosis model. An in-depth differential study
of the acute and chronic model on a molecular basis might declare the difference in
Ngb response in these models. This would create insights in how to fine-tune the
ischemic microenvironment to elicit Ngb’s protective activities.



Moreover, we linked Ngb to neurodevelopment through its effect on NSC proliferation
and growth. These findings might be of great value as understanding the structure and
function of the central nervous system is essential to develop therapeutic strategies
against progressive neurodegenerative diseases and other neurological impairments
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[41, 42]. Further in vitro experimental setups evaluating the effect of Ngb
overexpression in 2D NSC monolayer and 3D NSPH cultures could be of great value.
Thereby, insights in the link between Ngb and cell cycle genes in general [39] and
related pathways involving PTEN and AKT [34] could further link Ngb to
neurodevelopment. In addition, an in-depth analysis of the hypoxic status, oxidative
stress and cytotoxicity in the core of NSPHs would be useful to identify the specific
insult that leads to hampered NSPH formation in NgbKO cultures.
7.3

FINAL CONCLUSION

The work presented in this thesis underscores that targeting Ngb through different research
approaches is essential in order to scrutinize its functional significance. In our Ngb
overexpression research, we were able to confirm the cytoprotective character of Ngb although
its fine-tuning dependent on the type and severity of the insult still remains elusive.
Furthermore, our combined approach of in vitro and in vivo research strategies provided new
insights in the field of neurodevelopment reflected by the impact of Ngb on NSC proliferation
and growth, inherently dependent on the experimental setup growing them in 2D NSC
monolayer cultures or in 3D NSPH cultures. Considering Ngb’s multiple biological activities
dependent on a plethora of specific conditions and stimuli, unravelling Ngb’s significance will
remain to be challenging in the future.
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Herald, de man-die-alles-kan, bedankt om zo multidisciplinair ter hulp te schieten waar nodig.
Wanneer ik startte met eiwitexpressie en –zuivering, zelf een opstelling wou bouwen voor
perfusie, hulp nodig had om embryonale hersenen te isoleren of eender welk technisch
probleem plots opdook, jij stond altijd met een big smile klaar! Daarnaast maakten we allebei
graag tijd voor plezier en was ons gevoel voor humor perfect op elkaar afgestemd. Geen dag
ging er voorbij zonder straf verhaal of gevatte uitspraak. Herald, gij zijt nogal ne keirel, bedankt
dat ik zo op jou kon rekenen!
e

Zoë, wij hebben elkaar leren kennen in de 1 bachelor Biochemie en nu, 10 jaar later, ronden
we samen onze universitaire carrière af. Hoewel we als mens heel anders in elkaar zitten,
schepte onze wetenschappelijke nieuwsgierigheid een hechte band. Bedankt voor de fijne
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jaren, het samenwerken, het advies vragen aan elkaar, het kritisch bekijken van elkaars werk.
We konden altijd bij elkaar terecht, dat heb ik enorm gewaardeerd. Zoë, er ligt een carrière als
topwetenschapster op jou te wachten, daar ben ik zeker van! Geniet van je post-doc in Leuven!
Liefste Zainab, Joey, Dietmar en Niels, bedankt voor de fijne jaren en de geweldige afsluiter
tijdens het O2BiP congres in Barcelona. Tijdens dat weekje wetenschap op een Spaans ritme heb
ik meer dan eens beseft hoe gelukkig ik me mag prijzen met zo ’n geweldige collega’s! Lieve
Zainab, bedankt voor de goedlachse, enthousiaste persoon die jij bent. We hebben samen veel
plezier gemaakt en leuke momenten gedeeld, maar ook wanneer het even tegen zat, kon ik
steeds bij jou terecht. Het is knap hoe jij je ontfermt over de goede labosfeer, dat siert je.
Bedankt voor onze geweldige tijd samen in ‘onze S.4.20’! Joey, ik moet al lachen wanneer ik je
naam hier typ! Bedankt om met gepaste humor de boel altijd luchtig te houden. We hebben
samen heel wat gelachen en gezwansd, maar ook op wetenschappelijk vlak konden we bij
elkaar terecht. Met een gerust hart draag ik mijn muisjes aan jou over, soigneer ze goed!
Dietmar, onze roots liggen zelfs nog in het T-gebouw. Ik heb onze fijne praatjes in het labo altijd
heel erg gewaardeerd. Jij weet altijd de kalmte te bewaren, daar kijk ik echt naar op! Ich
verspreche dir, dass ich auch in Zukunft mein Deutsch üben werde. Niels, het jongste veulen
van het labo, bedankt om zo ’n fijn persoon te zijn en het fysica-gehalte van onze groep mee op
te krikken! Ik vond het fijn dat je me vertrouwde en ik je af en toe advies mocht geven. Liefste
collega’s, ik ben er zeker van dat het globine-onderzoek bij jullie in goede handen is! Heel veel
succes met jullie PhD’s, ik zal als grootste fan op jullie verdedigingen aanwezig zijn!
Liefste Eva en Karen, ook jullie wil ik heel graag bedanken. Het was fijn een bureau met jullie te
delen, Chiro-sympathisanten onder elkaar! Ik heb genoten van onze leuke en grappige
gesprekken maar ook voor allerhande adviezen kon ik bij jullie terecht. Jullie waren echt fijne
collega’s, heel erg bedankt!
Marie-Louise, een vat vol wijsheid en amusement, dankjewel dat ik van jou zo veel heb mogen
leren! Niet alleen in het labo deelde je tips & tricks, ook daarnaast bracht je me heel wat
levenswijsheid bij. Je geniet nu van je welverdiende pensioen, maar je mag er zeker van zijn, in
het labo word je gemist! Stijn, enorm fier was ik toen jij je doctoraat behaalde, maar tegelijk
pikte het wel om jou gedag te moeten zeggen. We deelden alles wat het doctoraat ons bracht,
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de hindernissen maar ook de overwinningen en zelfs daarbuiten kon ik steeds op je rekenen. Je
was een collega uit de duizend, bedankt! An, Joke, Francesca, Wendy, het waren leuke jaren
met jullie als anciens! Bedankt voor onze fijne tijd samen!
Ook aan de overige (ex-)collega’s van het PPES labo: Roberta, Naresh, Wim, Ken, Farnaz,
Emilie, Claudina, Jolien, Chandra, Ajay, Kasia, Xaveer, Mops, Ruben, Daisy, Martin en Geert
een enorme dankjewel voor de leuke sfeer op T1 en S4, de fijne lunchpauzes,
nieuwjaarsrecepties en de onvergetelijke PPES activiteiten waar we ons waagden aan
Highlandgames, we gebombardeerd werden tijdens een stadsspel in Gent of we door de regen
ploeterden in onze kajak. Jullie zijn top! Merci!
Verder bedank ik ook heel graag mijn lieve collega’s van Experimentele Hematologie op S6.
e

Wanneer ik zei: ‘ik ben naar het 6 he!’ wisten mijn collega’s van S4 al genoeg: die zien we
vandaag niet meer terug! Niet alleen door de talloze uren celkweek die ik bij jullie uitvoerde,
maar ook omdat ik bij jullie altijd zo ’n warm welkom kreeg. Ik kijk met veel plezier terug op al
onze gezellige, luchtige gesprekken maar ook op de wetenschappelijke discussies. Debbie, als
ancien in het behalen van een doctoraat, heb ik veel aan je goede raad gehad! Bedankt voor je
relativeringsvermogen en je luisterend oor. Jasmijn, bedankt voor jouw optimisme, jouw
vrolijkheid en jouw warme hart. Met een glimlach denk ik terug aan onze fijne gesprekken, bij
jou kon ik steeds terecht, dat heb ik enorm gewaardeerd. Alessandra, in my opinion you are a
true role model for young women in science: you combine enthusiasm with scientific curiosity
and a boundless perseverance and still makes fun in the lab! I really enjoyed our hours of talking
while working in the flow cabinet, our coffee breaks and lunch times, laughing together and
trying to put things into perspective. I am really going to miss you and look forward to celebrate
your first publication (you really deserve it!)! Good luck with your PhD, I know you will do great!
Elise, hoewel je nog niet zo lang geleden gestart bent met je doctoraat, straalt het
wetenschappelijke potentieel van jou af. Ik ben er zeker van dat je een toponderzoekster zal
worden! Bedankt voor je goedlachse verschijning en onze fijne tijd samen. Super veel succes
met je PhD, ik duim mee! Chloé, jij was erbij vanaf het prille begin en beleeft nu volop je
welverdiende Canadese avontuur als post-doc! Bedankt om zorgvuldig mijn eerste stapjes in het
labo te begeleiden tijdens mijn masterthesis. Jouw enthousiasme en doorzettingsvermogen in
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het onderzoek werkten aanstekelijk! Ik ben je enorm dankbaar voor alles wat ik van jou heb
mogen leren. Jij stond altijd klaar met goede raad, niets was teveel gevraagd en ik kreeg er altijd
een warme glimlach bij. Chloé, heel erg bedankt en nog veel succes met je verdere carrière!
Een speciaal woord van dank richt ik graag tot mijn maatjes op de UA. Dorien, ons Dora, maar al
te graag nam ik de trap naar S5 voor een koffieklets, een lunch of om onze loopbeentjes te
strekken. Toen je een prachtprestatie neerzette op je doctoraatsverdediging zat ik in mijn stoel
te glunderen maar tegelijk wist ik dat ik onze fijne relax-momentjes heel erg zou missen.
Bedankt voor de leuke tijd en om me als een echte ancien te voorzien van uitstekend
doctoraatsadvies, binnenkort gaan we daar zeker op klinken! Jorrit, ons Rita’ke. Een sterke
motivatie, wetenschappelijke nieuwsgierigheid en een groot gevoel voor humor: we hebben
veel gemeen! Jorrit, bedankt voor de ontspannen sfeer tussen de experimenten door. Ik weet
dat jij een uitstekende wetenschapper bent en kijk er al naar uit om jou je doctoraat te zien
verzilveren!
Naast de kennis binnen de Eiwitchemie en Experimentele Hematologie, heeft de expertise van
een aantal andere onderzoekslabo’s zeker geholpen nieuwe inzichten te verwerven en dit
doctoraat tot een hoger niveau te tillen. Graag bedank ik een aantal collega’s voor de fijne
samenwerking. Thank you prof. Thomas Hankeln and Daniel for performing the transcriptomic
experiments and your expertise in bioinformatic analyses. I’m very proud that our nice
collaboration led to a publication in Stem cells and Development. Bedankt ook aan prof. Erik
Fransen voor alle hulp bij de statistische verwerking. Vervolgens zou ik graag prof. Guido De
Meyer, prof. Wim Martinet, Lynn en Bieke bedanken voor de samenwerking tijdens de Marfanstudie. Het was een ervaring om me bij te schaven in het atherosclerose-onderzoek en een
uitdaging om de echocardiografie onder de knie te krijgen. Bedankt voor jullie bijdrage en
inzicht in deze studie. Verder ook een woord van dank aan Bert Everaert, prof. Jean-Pierre
Timmermans en prof. Christiaan Vrints voor de collaboratie om beide studies over ischemische
hartziekten samen te brengen tot onze publicatie in Heart and Vessels. Ook bedankt aan prof.
Vincent Timmerman om de Sox2-Cre muizen aan ons toe te vertrouwen.
Graag wens ik ook de leden van de doctoraatscommissie, prof. Dirk Snyders, prof. Patrick
D’Haese, prof. Vincent Timmerman, prof. Eve Seuntjens en prof. David Hoogewijs, te
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bedanken voor de interesse in deze doctoraatsthesis en de constructieve commentaren en
inzichten.
Naast het zware labeur, had ik het geluk omringd te zijn door geweldige vrienden en familie die
op tijd zorgden voor een ontspannende uitlaatklep. Liefste ‘Gilfkes’, we hebben de Chiro al vele
jaren achter ons gelaten, maar als oudleidingsteam staan we nog altijd paraat. Het doet echt
deugd bij jullie mijn energielevels terug bij te tanken, bedankt! Liefste ‘Homegirls’, jullie hebben
me een onvergetelijke studententijd bezorgd waar ik vaak nostalgisch naar terugblik. Ook al
wonen we niet meer onder dat ene legendarische dak, ik weet dat ik altijd op jullie kan rekenen,
bedankt! Ook heel erg bedankt aan de vriendinnen van het middelbaar en de hele Chirokliek
om op tijd ontspannende etentjes, feestjes en andere activiteiten in te plannen!
Verder bedank ik heel graag mijn schoonfamilie en in het bijzonder Machteld & Danny, Stijn &
Evelien, Brent & Laura en Elise, Hilde & Tille. Bedankt voor jullie lieve, bemoedigende woorden
en steun. Jullie stonden altijd enthousiast op de eerste rij om te delen in de feestvreugde
wanneer mijn doctoraat een hoogtepunt bereikte, maar even goed kon ik op jullie rekenen
wanneer een hindernis de kop op stak. Dankjewel voor de leuke en ontspannende momenten:
etentjes, weekends, koffietjes ’s avonds, boottripjes in Drimmelen,… simpelweg genieten van
het samenzijn! Ik heb veel geluk en ben jullie ontzettend dankbaar dat ik in zo ’n warm nest
terecht gekomen ben!
Een speciaal woord van dank richt ik graag tot mijn familie en in het heel bijzonder mijn
grootouders, ouders, broer en schoonzus. Liefste bomma en bompa, Liefste oma, ik weet dat
jullie trotse fans zijn van dit doctoraat. Bedankt voor jullie interesse ‘in de beestjes’ en in alles
wat ik doe. Voor jullie was ik al geslaagd toen ik er nog aan moest beginnen, bedankt voor jullie
steun en om zo in mij te geloven! Liefste mama en papa, ook jullie zwaaien vandaag af van de
universiteit. Na al die jaren thuiskomen met unief-verhalen, is mijn laatste hoofdstuk hierbij
geschreven. Ik weet dat jullie heel fier op mij zijn, maar ik ben minstens even fier op jullie. Niet
alleen omdat jullie ons blijkbaar goede genen hebben doorgegeven (ik zou ze graag eens
analyseren), maar ook voor het warme nest waarin wij zijn mogen opgroeien. ‘Je moet doen
wat je graag doet’ en meer was er niet nodig om jullie onvoorwaardelijke steun te krijgen.
Bedankt voor jullie liefde en jullie geloof in mij, om altijd klaar te staan met wijze raad en goed
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advies, om me te steunen in alle uitdagingen die ik vaak heel enthousiast maar een beetje naïef
ben aangegaan. Bedankt voor het vertrouwen en de vrijheid die ik kreeg om niet alleen het
studeren maar ook het leven daarbuiten te verkennen. Jullie zijn echt prachtige ouders, bedankt
voor alles! Sten, als grote broer was jij altijd mijn grootste voorbeeld. Ik heb ervan genoten met
jou niet alleen de wetenschappelijke wereld, maar ook het heerlijke leven daarbuiten te
verkennen. Bedankt dat ik altijd op jou kan rekenen, ik kan me geen betere broer wensen!
Cynthia, we zaten in hetzelfde doctoraatsritme en begrepen daardoor vaak perfect elkaars
ervaringen. Het heeft me veel deugd gedaan om bij jou te kunnen ventileren om er nadien
terug keihard in te vliegen! Bedankt dat ik altijd bij jou terecht kon! Ik verheug me er al op om
als echte levensgenieters samen de goede afloop te vieren!
En ten slotte… Liefste Lou, we leerden elkaar kennen aan het begin van dit doctoraatsavontuur.
Ik nam je mee op sleeptouw in het neuroglobine-onderzoek en jij sprong dolenthousiast mee op
de kar. Intussen weet jij meer over muizen en stamcellen dan je ooit had durven dromen.
Bedankt om zo flexibel te zijn wanneer ik meermaals lange dagen in het labo klopte: in een
oogwenk organiseerde je taxidienst Lou, ontpopte je je als een echte chef-kok en kreeg ik er
nog grappig entertainment bij. Dankjewel om op tijd te zorgen voor de nodige ontspanning en
me altijd opnieuw aan het lachen te brengen. Voor jou was elke stap in dit doctoraat een
perfecte reden om te vieren: een geslaagd experiment, een ingediend artikel, een presentatie
die vlot verliep,… jij was mijn grootste fan! Dankjewel om alle vreugde te delen alsook de
crisismomentjes vakkundig op te vangen. Jouw positivisme, motiverende woorden, steun en
geduld zijn van onschatbare waarde voor mij. Dankjewel dat ik dit avontuur met jou heb mogen
delen. Liefste Lou, jij maakt me gelukkig! Bedankt voor alles!

Evi Luyckx
Antwerpen, 2018
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