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1. Abstract 

Hypoxia is a critical regulator of the hypoxic response driving neurodevelopment, 
angiogenesis, hematopoiesis, and tissue regeneration. In the central nervous 
system, oxygen is a fundamental constituent of cellular homeostasis and is tightly 
controlled down to the single cells to maintain physiological functions. Under chal-
lenging conditions, slight alterations are detected and adaptive mechanisms are 
activated to adjust the homeostatic balance. In the brain, neuronal metabolic and 
network activity demands tightly controlled oxygen supply and any disruption re-
sults in detrimental outcomes. We therefore hypothesized that high neuronal ac-
tivity would result in transient reduction of oxygen leading to physiological, ‘func-
tional’ hypoxia followed by initiation of an adaptive gene response. A novel trans-
genic and robust approach, utilizing the oxygen-dependent degradation (ODD) 
domain of HIF-1α fused to CreERT2 recombinase driven by CAG promoter was 
developed to report and label hypoxic cells upon breeding with tdTomato reporter 
mice. CAG-CreERT2-ODD::R26R-tdTomato transgenic mice allowed us to fate 
map hypoxic cells in the behaving brain under normoxia and hypoxia. We demon-
strate an increase in the number of hypoxic neurons in the hippocampus upon 
complex motor cognitive challenge. Light-sheet microscopy whole-brain spatial 
mapping revealed a global distribution of hypoxic cells in the brain. Hypoxic cells 
were particularly abundant in the hippocampus and increased under inspiratory 
hypoxia. Hypoxic cell type characterization by immuno-labelling revealed that the 
major population of tdTomato+ cell were neurons followed by small subset of as-
trocytes, endothelial cells, oligodendrocytes and pericytes. Unexpectedly, the mi-
croglial population was devoid of tdTomato+ fluorescence in the brain. However, 
single-cell transcriptome analysis indicated comparable expression of 
ODD/tdTomato mRNA across cell-types in the hippocampus. These findings 
point to variable hypoxia tolerance and response of different cells in the brain. 
Furthermore, association of high neuronal activity with cognitive challenge was 
confirmed in new neuron-specific CaMKIIα-Cre-ERT2-ODD::R26R-tdTomato 
transgenic mouse model. Hippocampal hypoxic neuron quantification results in-
dicate an increase upon exposure to a challenging cognitive and motor task. 
Light-sheet microscopy analysis provided the spatial and temporal distribution of 
hypoxic neurons in the whole-brain. Taken together, these data provide evidence 
of the existence of physiological hypoxia in the brain under normoxia and its in-
crease upon complex motor learning tasks. 
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2. Introduction  

Brain homeostasis 

Over the course of evolution, oxygen has become an essential constituent of or-

ganism’s survival, growth and development, demanding constant supply of en-

ergy used in metabolism to maintain normal cellular homeostasis (Hsia et al., 

2013; Kump, 2008; Sato et al., 2011). In the central nervous system, especially 

in the brain, all cell types collectively play an important role to orchestrate re-

sponses to oxygen deprivation to monitor, control and maintain cellular homeo-

stasis for regular brain functioning (Kriegstein et al., 2009; Roh et al., 2016). Small 

alterations, following challenging physiological or pathological conditions in brain 

homeostatic equilibrium are detected and responses are generated to restore 

homeostatic balance immediately (Dunwoodie, 2009). Molecular oxygen is one 

of the fundamental constituents of the cellular homeostatic machinery, necessary 

for energy production and metabolism via mitochondrial respiration and oxidative 

phosphorylation (Bélanger et al., 2011; Lewis et al., 1973). Under disease and 

adverse conditions, cells experience a hypoxic state resulting from reduced blood 

supply and altered cellular distribution. Hypoxia is a condition defined by signifi-

cant reduction or drop of oxygen concentration in cells compared to normal am-

bient environmental oxygen concentrations (20.9%O2) (Ainslie et al., 2010). 

There are several reports suggesting variable oxygen content and an innate ox-

ygen threshold in different organs of the body. In mammals, arterial blood has the 

highest oxygen concentration after inhalation and following circulation. However, 

the oxygen concentration drops to its lowest levels in the deeper regions of the 

brain (Carreau et al., 2011; Ogoh et al., 2009).  

Generally, oxygen deprived environments have been reported in pathological and 

physiological conditions. Pathologic hypoxia is considered a hallmark of tumors, 

inflammation and ischemic stroke conditions emanating from reduced blood and 

nutrient supply and leading to cell death and other dysfunctions (Eltzschig et al., 

2011; Maxwell et al., 1997; Michiels, 2004; Ratcliffe, 2013). On the other hand, 

physiological hypoxia has proven to be an important driver of embryogenesis and 

development in the gestation period (Giaccia et al., 2004). Several lines of re-
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search suggest the existence of stem cell niches thriving in oxygen-poor environ-

ment in adult animals and considered essential for survival and maintenance 

(Mazumdar et al., 2010). Postnatally, under normal physiological conditions the 

stem cell niches give rise to new cells while in disease state by proliferation and 

differentiation meet the demands of modest functional recovery (Mohyeldin et al., 

2010; Parmar et al., 2007).  

In humans, the brain consumes around 20% of the entire metabolic energy (glu-

cose and ATP), although in size the brain represents just 2% of the total body 

mass (Mergenthaler et al., 2013). Therefore, brain cells need a constant supply 

of nutrients and molecular oxygen to fuel their activities. Under disease and hy-

poxic challenges, the brain is the most susceptible due to an accumulation of free 

radicals and ionic imbalance (Bélanger et al., 2011). Therefore, several compen-

satory downstream mechanisms are triggered to maintain and restore normal 

cellular homeostasis (Brocato et al., 2014; Kenneth et al., 2008; Semenza, 2009).  

One of the hallmarks of hypoxic stimuli is the activation of the hypoxia-inducible 

factors alpha (HIF-α) family, a chief regulator of initiating the compensatory re-

sponse to hypoxia in the cell (Wang et al., 1995a; Wang et al., 1995b). Hypoxia-

inducible factors belong to a family of transcription factors playing an important 

role in oxygen sensing, adaptation and maintaining homeostasis at cellular, organ 

and systemic levels (Kaelin et al., 2008). HIF-α activation and stabilization leads 

to the initiation of adaptive responses that support the cells to survive in hypoxic 

environments. Since its discovery in the 1990s, by Semenza and colleagues, HIF 

has been a center of hypoxia research covering the basic molecular and thera-

peutic strategies for cancer treatment (Semenza et al., 1991; Semenza et al., 

1992).  

Structure of the HIF family 

Hypoxia-inducible factors form heterodimeric transcription factors consisting of 

HIF-α and HIF-β subunits. These two subunits are part of the bHLH-PAS protein 

family, containing the basic helix-loop-helix (bHLH) motif that is required for bind-

ing to DNA in the nucleus (Wang et al., 1995a). HIF-α also contains PAS do-

mains, which are essential for the dimerization process with HIF-β. HIF-α consists 

of two transactivation motifs which are termed as carboxy and amino terminal 
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activation domains (CAD, NAD) (Pugh et al., 1997). The oxygen-dependent deg-

radation (ODD) domain in NAD of HIF-α is an oxygen-labile, and therefore con-

trols the stabilization and activity of hypoxia-inducible factors (Huang et al., 1996; 

Jiang et al., 1996; Wang & Semenza, 1995b; Weidemann et al., 2008). In mam-

mals, three different HIF-α isoforms are present: HIF-1α, HIF-2α and HIF-3α 

(Ema et al., 1997). HIF-1β, also known as aryl hydrocarbon nuclear translocator 

(ARNT), is abundantly produced in the cell and is located in the cytosol and nu-

cleus (Chilov et al., 1999; Wood et al., 1996). HIF-1α is ubiquitously expressed, 

and its activity is controlled by oxygen levels in the cells (Kamura et al., 2000; 

Wood et al., 1996).  HIF-1α consists of 826 amino acids whereas HIF-2α consists 

of 870 amino acids and HIF-1β of 789 amino acids. HIFs have conserved proline 

residues in the ODD domains, which are vital for oxygen-dependent regulation 

by prolyl hydroxylase (PHDs) enzymes (Sutter et al., 2000). HIF-1α contains con-

served proline residues at positions (P402 and P564) and HIF-2α at (P405 and 

P564) of the protein (Ivan et al., 2001). In contrast to less characterized HIF-3α 

(IPAS), the other two isoforms are 48% similar at amino acid level along with 

structural domains, therefore sharing the same HIF-1β subunit for dimerization, 

binding and transcriptional activation (Tian et al., 1997). 

HIFs have variable expression levels throughout different organs and tissues and 

are modulated based on oxygen tension and environmental factors. HIF-1β, a 

binding partner for the alpha subunits, is generally expressed in all cells under 

normoxic conditions. HIF-1α expression has been reported in liver, kidney and 

brain at minimal levels, therefore implicating its role in maintaining the cellular 

homeostasis (Stroka et al., 2001). HIF-1α protein levels are regulated strictly and 

have a short half-life of around 5 min (Huang et al., 1998). The baseline expres-

sion of HIF-1α in the brain is upregulated upon hypoxia; it reaches the highest 

level at 5h, and takes 12h to return to the normal level. Although the HIF-α 

isoforms share high structural similarity at protein level, the expression is variable 

in different cells across organs. HIF-1α is expressed in most of the cells of the 

body and its expression in the brain has been reported in neurons, astrocytes, 

microglia, pericytes, endothelial and ependymal cells (Chávez et al., 2000; 

Ruscher et al., 1998). In contrast, HIF-2α expression is limited to certain tissues 

including interstitial cells in the kidney, parenchymal cells in the liver and endo-

thelial cells. Therefore, it shows tissue specific expression and function (Tian et 
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al., 1997; Wiesener et al., 1998). Like HIF-2α, HIF-3α expression is also tissue 

restricted with several isoforms reported due to alternative splicing (Makino et al., 

2002). Some studies suggest HIF-3α function as a negative modulator of HIF-1 

and 2α-induced transcriptional changes (Gu et al., 1998; Makino et al., 2001). 

Other studies suggest sex related innate variation in the expression of HIF-1α 

under physiological and disease conditions, which may result in diverse re-

sponses to hypoxia stimuli (Zampino et al., 2006). 

HIF regulation 

HIF-1α stabilization, activation and regulation are mainly controlled by oxygen 

levels in the cell. In an oxygen-enriched environment, HIF-1α is regulated by post-

translational modifications (PTM) via hydroxylation of conserved proline residues 

in the ODD domain, carried out by PHDs (Myllyharju et al., 1997; Salceda et al., 

1997). The functional activity of PHDs is regulated by oxygen levels in the cells 

along with other cofactors and act as an oxygen sensor. Upon hydroxylation of 

proline residues in HIF-1α (P402 and P564) and HIF-2α (P405 and P564), PTM 

is recognized by the von Hippel–Lindau protein (pVHL), a recognition substrate 

of E3 ubiquitin ligase complex, which leads to ubiquitination and ultimately 26S 

proteasomal degradation (Maxwell et al., 1997; Yu et al., 2001). Under low oxy-

gen conditions, oxygen required for hydroxylation by PHDs is missing, which re-

sults in HIF-1α stabilization (Chen et al., 2009; Huang et al., 1998). Consequently, 

HIF-1α can enter the nucleus, where it binds to HIF-1β, forming a dimer. Next, an 

active transcriptional complex is formed which binds to hypoxia response ele-

ments (HRE) of many target genes, attracts regulatory proteins including p300 

and CBP for stimulation, and finally leading to downstream transcriptional activa-

tion (Arany et al., 1996; Brocato et al., 2014; Kallio et al., 1998).  

HIF-1α stabilization and activity are also regulated by other PTMs via factor in-

hibiting enzymes (FIH), which belong to Fe (II)-dependent asparaginyl hydrox-

ylase (Hewitson et al., 2002; Mahon et al., 2001). FIH enzymes also require oxy-

gen for their activity and function by hydroxylating asparaginyl residues in HIF-1α 

at N803 and HIF-2α at N847 in the C-terminal activation domain (CTAD) (Dengler 

et al., 2014). In the nucleus, CTAD plays an important role for recruiting the co-

activators upon binding of the heterodimer to HRE of target genes, rendering 

CTAD essential for induction of transcriptional activity (Dann et al., 2002; Hu et 
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al., 2007). By hydroxylating asparaginyl residues, FIH enzymes inhibit co-activa-

tor recruitment and halt the transcriptional activation (Lando et al., 2002). FIH-

mediated PTM function as an additional control on HIF-1α stability and degrada-

tion in the cell. Arrest defective enzyme (ARD1) is also involved in the HIF-1α 

regulation by acetylating lysine residues in the ODD domain, however this modi-

fication is not controlled by the level of oxygen (Jeong et al., 2002). 

PHDs act as one of the principle oxygen sensors and belong to the family of non-

heme-dependent dioxygenases. These enzymes require oxygen, Fe (II), 2-ox-

oglutarate as a cofactor to carry out their catalytic activity and are primarily pre-

sent in the cytoplasm (Berra et al., 2001; McNeill et al., 2002). PHDs’ association 

with HIF-α was established a decade after the initial description of the hypoxia-

inducible factors. Under normoxic conditions, PHDs function by using oxygen to 

stimulate the hydroxylation of proline amino acids in the ODD domain of HIF-α. 

Under hypoxic conditions, PHDs are unable to mark HIF-1α with a hydroxylation 

signal, necessary for pVHL recognition and recruitment for proteasomal degra-

dation (Kaelin & Ratcliffe, 2008; Marxsen et al., 2004; Urrutia et al., 2016). In 

literature, three common isoforms of PHDs are described: PHD1, PHD2 and 

PHD3, which are also termed as egg-laying defective nine homolog, EGLN2, 

EGLN1 and EGLN3 (Kaelin & Ratcliffe, 2008). These isoforms are located in dif-

ferent cellular compartments where they display metabolite and tissue specific 

activities. PHD1 is reported to be specific for HIF-1 and 2α and has nuclear ex-

pression in many organs especially in the brain cells (Appelhoff et al., 2004; 

Bruick et al., 2001). PHD2 is expressed in both nucleus and cytoplasm and it is 

reported to have a specific role for HIF-1α and is expressed at high levels in all 

tissues of the body (Epstein et al., 2001). PHD3 is found in the nucleus and cyto-

plasm, expressed in low amounts in all the tissues. Finally, another isoform was 

described as PHD4, which is a transmembrane protein involved in production and 

regulation of erythropoietin (EPO) (Gorres et al., 2010; Koivunen et al., 2007; 

Laitala et al., 2012). Overall, the HIF-VHL-PHD axis acts as oxygen sensor and 

plays an important role in regulating the HIF-mediated transcriptional response.  

Accumulating evidence obtained from several studies suggest that oxygen-inde-

pendent pathways are also involved in regulation of HIF-α (Koh et al., 2012). 

Some of  the potential candidates from these studies include reactive oxygen 
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species (ROS), sirtuins, nitric oxide (NO), and other metabolites (Sandau et al., 

2001). HIF-α stabilization and activity are moderated by these factors but the ex-

act functional mechanisms behind this regulation are not clear yet. Oxygen-inde-

pendent HIF-α regulation controls transcriptional changes involved in cell metab-

olism, new vessel formation and homeostasis (Chun et al., 2002; Faton et al., 

2013; Masoud et al., 2015). 

HIF-α stabilization and activation leads to an initiation of many target pathways 

modulating erythropoiesis, angiogenesis, glycolysis, cell cycle control, anti-apop-

totic factors and reconditioning metabolic switches to survive under hypoxic chal-

lenge (Dengler et al., 2014; Kaelin & Ratcliffe, 2008). HIF-α activation during fetal 

development is crucial for normal growth and vascular system formation. Moreo-

ver, absence of any HIF-α isoform in mice leads to prenatal death of the embryos 

(Iyer et al., 1998; Peng et al., 2000; Scortegagna et al., 2003). At present, HIF-α 

activated transcription is intensely investigated in adult mammals and various 

studies have confirmed several HIF-1α and HIF-2α common transcriptional tar-

gets, apart from novel cell and tissue specific target genes.  

The primary targets of HIF-α transcriptional activation are a set of pathways con-

trolling the oxygen homeostasis in the cells. So far, more than 100 direct target 

genes of HIF-α have been confirmed in different studies and the number is in-

creasing every year (Khurana et al., 2013). Some of the common gene products 

regulated by HIF-1α and HIF-2α are VEGFA, BCL2, IL1β, GLUT1 and carbonic 

anhydrase IX and XII (Chiche et al., 2009). HIF-1α activate exclusive gene prod-

ucts including nitric oxide production, LDHA, BNIP3, Wnt and Notch signaling. 

HIF-2α specific targets include SOD2, EPO, OCT4, TGFα and Cyclin D1 (Blouin 

et al., 2004; Jelkmann, 2004; Lee et al., 2015). HIF-α-induced transcriptional ac-

tivity leads to homeostatic changes by the expression of EPO, which is involved 

in the production of new red blood cells. This function is further facilitated by the 

VEGF, which controls new capillary formation in hypoxic regions, along with im-

mediate discharge of nitric oxide (NO) resulting in vasodilation and increased 

blood supply in the affected area (Kenneth & Rocha, 2008; Wang et al., 1995a). 

Several studies suggest that HIF-2α is mainly responsible for cellular production 

of EPO. In the kidney, interstitial cells are well known to produce EPO while in 



  INTRODUCTION 

23 
 

the brain neurons, glial cells, endothelial cells and pericytes are reported by our-

selves and others to produce EPO (Chávez et al., 2000; Ehrenreich et al., 2004; 

Ehrenreich et al., 2007a; Engelhardt et al., 2015; Lewczuk et al., 2000; Sirén et 

al., 2001a; Sirén et al., 2001b; Sirén et al., 2005; Urrutia et al., 2016). During 

hypoxia, glucose transport is regulated by modifying the expression of glucose 

transporter 1 (GLUT-1) and additional regulators, crucial for glucose metabolism, 

in order to provide continuous supply of energy (Ainslie & Ogoh, 2010; Sharp et 

al., 2004). HIF-3α has been suggested to play a role in modulating HIF-α-induced 

transcriptional activity by binding to HIF-1β and restoring the normal physiological 

levels in the cell (Ravenna et al., 2016). In summary, HIF-α activity controls a 

repertoire of target genes modulating the function of cells to repair, survive and 

compensate for hypoxic challenges.  

Oxygen sensing machinery at cellular and tissue level 

There are different homeostatic mechanisms in the body to detect and respond 

to a lack of oxygen. At tissue level, central and peripheral chemoreceptors per-

form an important role in detecting the reduced level of oxygen (O'Regan et al., 

1982; Prabhakar et al., 2004). Central chemoreceptors are present in the medulla 

oblongata of the hindbrain region. These chemoreceptors detect changes in pH 

and carbon dioxide levels, initiating a recovery response by activating the respir-

atory center to regulate ventilation, heart rate and vasoconstriction to meet oxy-

gen demand (Guyenet et al., 2015; Lahiri et al., 2007). Peripheral chemorecep-

tors are present on carotid and aortic bodies, where they mainly monitor the level 

of oxygen and carbon dioxide (CO2) in the arterial blood (Kumar et al., 2012). The 

chemoreceptors contain special K+ channels that are regulated by ROSs and 

NADH. These radicals are generated due to fluctuation in the level of oxygen. 

Therefore, relaying fast response to adjust the oxygen supply under physiological 

and pathological conditions (Gourine, 2005; Lahiri et al., 2003).  

Recently, pericytes were described as unique EPO producing cells among others 

in the brain by HIF-2α regulated transcriptional activity (Urrutia et al., 2016). This 

new role of pericytes was demonstrated to sense low oxygen levels and activate 

the erythropoiesis process (Kisler et al., 2017; Urrutia et al., 2016). At subcellular 

level, many candidates have been reported to sense oxygen levels. Some of 

these players include PHDs, FIH (discussed above) and mitochondria involved in 
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HIF-α activation and regulation (Waypa et al., 2016). Dioxygen is vital for the 

mitochondrial energy production, under hypoxic conditions the electron transport 

chain reaction is inhibited, which results in a rise in the levels of ROS. Redox 

changes in the cell also influence the action of PHDs and FIH and therefore elicit 

a similar response of HIF-α activation to trigger restorative mechanisms (Chandel 

et al., 2000). Overall, under reduced oxygen levels, mitochondria act as an oxy-

gen sensors indirectly in the cell (Dunham-Snary et al., 2016). 

Exercise and learning-induced hypoxia in the brain 

Lack of physical activity and a sedentary lifestyle are the primary cause of dis-

eases including obesity, cancer, stroke and heart malfunctions worldwide 

(Bhaskaran et al., 2014; Lee et al., 2012). A key complication observed across 

these diseases is the lack or insufficient supply of blood to the targeted areas, 

resulting in a shortage of oxygen and metabolites required for normal functioning 

(Chen et al., 2009; Marti et al., 2000). Under hypoxic ischemic conditions, HIF-

induced transcriptional regulators trigger several downstream signaling pathways 

for cell survival and release of growth factors. Exercise-induced changes in the 

brain follow a similar pattern of response activation as observed during hypoxic 

events in the brain. 

Several studies have reported an increased requirement of oxygen and glucose 

upon exercise to produce energy. Short bouts of exercise lead to HIF-1α stabili-

zation and upregulation followed by short episodes of hypoxia in the cells (Kerr 

et al., 2011; Wu et al., 2019). Exercise leads to increased blood flow to the brain 

(Ogoh & Ainslie, 2009; Querido et al., 2007). However, this increase is not hap-

pening in the whole-brain, but restricted to active areas. Numerous studies em-

ploying exercise and learning-paradigms in mice, have shown that upregulation 

of EPO and VEGF in the motor cortex, dentate gyrus of the hippocampus etc., 

results in high performance in cognitive behavioral tasks along with enhanced 

neurogenesis and angiogenesis (Adamcio et al., 2010; Berchtold et al., 2010; 

Bloor, 2005; Cao et al., 2004; Ehrenreich et al., 2007b; Ehrenreich et al., 2009; 

Favret et al., 2007; Jin et al., 2002; Sargin et al., 2011; van Praag et al., 1999; 

Wüstenberg et al., 2010). However, physical exercise and learning-induced alter-

ations should be accounted as global phenomenon in the brain that affects sev-

eral brain regions and not only those associated with motor movements. 
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In the past decades, our understanding of the adult brain has changed from see-

ing it as a completely inflexible structure to a more modifiable in terms of for-

mation of new neurons and blood vessels upon injury and exercise (Gould et al., 

1999a; Gould et al., 1999b). Physical activity has been demonstrated to enhance 

learning and memory by generating and integrating new neurons into the hippo-

campal formations (Fabel et al., 2008). In the adult animals, new cells are gener-

ated in the dentate gyrus (DG) upon running and incorporated into the circuitry 

(van Praag et al., 1999). Following these interesting discoveries, several groups 

reported the effects of different housing and environmental enrichment schemes 

in mice, leading to improved cognition and memory resulting from neurogenesis 

and angiogenesis in comparison to inactive mice (Jankowsky et al., 2005; Liu et 

al., 2018; McKenzie et al., 2014; Meijer et al., 2014; van Praag et al., 2005). It is 

a common understanding that physical exercise improves cognitive functions in 

all populations irrespective of age (Cotman et al., 2007; Hillman et al., 2008).  

Recently, Wu et al. 2019 showed exercise-induced physiological hypoxia in a 

peripheral organ, by using HIF-1α luciferase reporter mice. In this study, the au-

thors initially checked the normal physiological hypoxia in the body by pimonida-

zole hydrochloride, followed by using ODD luciferase reporter mice under differ-

ent exercise paradigms (Safran et al., 2006). Interestingly they reported an up-

regulation in the level of HIF-1α and hypoxia in the small intestine upon physical 

activity (Wu et al., 2019). 

In summary, several studies provide adequate proof of physiological hypoxia as 

an important driver of growth, survival, division and stemness of precursor cells 

(Adamcio et al., 2010; Hassouna et al., 2016; Mazumdar et al., 2010; Mohyeldin 

et al., 2010). Accumulating evidence from our lab and others suggest that physi-

cal exercise lead to a hypoxic state at the tissue or cellular level due to exceeding 

oxygen, glucose and metabolite demand in the respective active areas (Adamcio 

et al., 2008; Adamcio et al., 2010; Kerr & Swain, 2011). Exercise-induced hypoxia 

in the brain and muscles leads to an activation of downstream pathways, com-

prising enhanced oxygen supply and metabolic switches to maintain and restore 

normal cellular homeostasis (Cao et al., 2004; El-Kordi et al., 2009; Goodall et 

al., 2014; Hara et al., 1990; Ogoh & Ainslie, 2009; Wu et al., 2019). 
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Oxygen sensing tools in the hypoxia-imaging field 

Over the last few decades, there has been a lot of advancement in the field of 

hypoxia sensing due to the indispensable role of oxygen in cellular and develop-

mental functions. Multiple techniques and methods have been described to study, 

visualize, and label the hypoxic machinery at cellular and sub-cellular resolution. 

These techniques allow investigators to monitor and examine oxygen tension in 

vitro and in vivo, in settings ranging from normal physiological to pathological 

conditions (Erapaneedi et al., 2016; Esipova et al., 2019; Goldman et al., 2011; 

Lidsky et al., 2018; Misra et al., 2016; Safran et al., 2006; Spencer et al., 2014). 

However, these settings are limited due to the requirements of a complex and 

high throughput machinery followed by invasive and toxic procedures (Papkovsky 

et al., 2018). Cellular resolution and indirect measurement of oxygen levels fur-

ther contribute to the limited success of current oxygen sensing technologies.  

Some of the well-known hypoxia imaging techniques employ dye-based biosen-

sors or genetically modified fluorescent proteins for detection of oxygen tension 

in the cells. Dye-based oxygen biosensors have been characterized over the past 

decade, showing a great potential in detecting oxygen levels (Mirabello et al., 

2018; Sandhu et al., 2017; Sato et al., 2011). Frequent use of these dyes is ham-

pered by complex experimental conditions and reports of cell toxicities 

(Papkovsky & Dmitriev, 2018). Fluorescent protein-based hypoxia detection 

methods are commonly used, due to genetic encoding and expression at the cel-

lular and tissue level (Feil et al., 1997). The intrinsic activation, expression and 

labelling of specific cellular compartments make these fluorescent proteins, with 

tunable spectral visualization, feasible for in vivo models (Branda et al., 2004; 

Metzger et al., 2001). Most of these oxygen sensors are either equipped with a 

hypoxia responsive promoter or carry the ODD domain of HIF-1α placed above 

the cell type specific promoters (Erapaneedi et al., 2016; Kimura et al., 2015). 

These methods provide an indirect measure of oxygen undersupply in the cells 

visualized later at cellular level due to the presence of fluorescent proteins under 

the fluorescence microscope (Danhier et al., 2015; Misra et al., 2016; Yudkoff et 

al., 1988).  
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To date, several transgenic mice have been described in the literature, to study 

hypoxia under in vivo conditions. Initially, Rosa26 ODD-Luc/+ mice based on the 

combination of the firefly luciferase sequence with the ODD domain of HIF-1α 

have been used to study tissue hypoxia. Although these mice report HIF stabili-

zation, ease  of use is hampered by the essential requirement of luciferin for sig-

nal detection, along with oxygen and adenosine triphosphate (ATP) (Safran et 

al., 2006). Recently, a new fluorescent protein, UnaG, was described, allowing 

the detection of hypoxic and re-oxygenated states. This protein is genetically en-

coded and works by detecting and labelling activated hypoxia-inducible factor 

without oxygen requirement for detection in the cell (Erapaneedi et al., 2016). 

However, authors tested the working efficiency of the method only in cell lines 

and tumor tissues. Another hypoxia-reporter mouse strain was described in the 

context of fate mapping progenitor like cardiomyocytes in the heart tissue (Kimura 

et al., 2015; Nakada et al., 2016). CAG-CreERT2-ODD::R26R-tdTomato mice 

were based on genetically encoded tdTomato fluorescence-based detection of  

all hypoxic cells. Taken together, all the hypoxia detecting methods have widely 

studied cellular hypoxia is in peripheral and tumor tissue. However, the area of 

brain cellular hypoxia is neglected and is not investigated in detail.  

Ca2+/calmodulin-dependent protein kinase II alpha (CaMKIIα) promoter ex-
pression 

Since its discovery, CaMKIIα, has been implicated in several important physio-

logical functions covering learning, memory and synaptic plasticity  (Lisman et 

al., 2002; Schulman et al., 1978). Calcium/calmodulin-dependent protein kinases 

(CaM) are part  of serine/threonine (Ser/Thr) protein kinases and are intensely 

investigated in the brain due to elevated expression levels in the adult forebrain 

(Minichiello et al., 1999). CaMKIIα, is abundantly expressed in pyramidal neu-

rons, especially at the postsynaptic densities (PSDs) and steadily contribute to 

learning and memory (Erondu et al., 1985; Mayford et al., 1996; Wang et al., 

2013). Calmodulins are best characterized as calcium sensing proteins that are 

activated by second messenger binding (Ca2+). Activated calcium-bound calmod-

ulin (CaM) regulate and permanently activate calcium/calmodulins (Ca2+/CaM)-

dependent protein kinase (CaMKIIα) and initiate many downstream targets in-

volved in long-term potentiation (LTP) (Chin et al., 2000; Erondu & Kennedy, 
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1985). Due to brain-specific neuronal expression and validation in several trans-

genic mice, CaMKIIα promoter have been employed for the generation of trans-

genic mice previously and was also used for generation of neuron-specific hy-

poxia reporter transgenic mice (Mayford et al., 1996; Tsien et al., 1996; Wang et 

al., 2013). 

Transcriptome analysis of hypoxic cells in the brain 

Hypoxic exposure leads to alteration in the transcriptional profile of different cell 

types in the brain. Previous RNA sequencing studies on tumor tissues have re-

ported deregulation in several pathways associated with metastasis, angiogene-

sis and mainly upregulation of the HIF-1α for survival under reduced oxygen and 

energy metabolite environment (Harris et al., 2018; Hochgerner et al., 2018; 

Louie et al., 2010). Single cell transcriptome analysis during development and 

adult age have revealed great diversity and heterogeneity among different tissues 

across cell populations (Butler et al., 2018; Stuart et al., 2019). In the present 

study, single cell RNA sequencing of hippocampal cells treated with hypoxic and 

normoxic conditions were investigated to delineate the effects of hypoxia.  
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2.1 Aims and objectives of the present work 

In the introduction, I discussed how cellular homeostasis is maintained and tightly 

modulated by adequate oxygen, metabolic and energy support. This regulation 

is essential for all physiological cellular activities. In the central nervous system, 

especially in the brain, cellular homeostatic process particularly the oxygen level 

is inflexibly coordinated from regional levels down to neuronal connections at the 

synapses (Sharp & Bernaudin, 2004). Furthermore, as I highlighted that a modest 

number of tools have been developed to study the basic hypoxia machinery and 

to visualize the labelled cells undergoing hypoxia in vitro and in vivo (Erapaneedi 

et al., 2016; Esipova et al., 2019; Goldman et al., 2011; Lidsky et al., 2018; Misra 

et al., 2016; Safran et al., 2006; Spencer et al., 2014). Despite the fact that these 

techniques provide new ways to monitor and study oxygen in different tissues, 

the exact oxygen concentration and hypoxia sensing machinery in different brain 

cell types is poorly understood, both under normal and disease conditions. There-

fore, the aim of the present thesis is to gain more insight into the brain’s hypoxic 

environment and its association with exercise, learning and memory. 

Our group has previously shown increased long-term potentiation (LTP) and im-

proved performance in cognitive and learning tasks in adult mice upon treatment 

with EPO (Adamcio et al., 2008; El-Kordi et al., 2009). The underlying mechanism 

of improved performance in learning tasks was thoroughly uncovered by Has-

souna et al. 2016. The authors have shown a 20% increase in the number of 

cornu ammonis (CA) neurons in the pyramidal layer of the hippocampus within 

only 3 weeks of EPO administration along with an increase in learning and cog-

nitive performance (Hassouna et al., 2016). It was postulated that EPO admin-

istration influenced the neuronal precursor cells by driving the differentiation and 

resulting in significant increase in mature neurons in the hippocampus. On the 

other hand, other groups have reported that exercise, cognitive challenge and 

learning tasks demand a high metabolic and oxygen content along with more 

neurons for a better performance (Berchtold et al., 2010; Kerr & Swain, 2011; Wu 

et al., 2019). Taken together, an increase in the number of pyramidal neurons 

and enhanced cognitive flexibility could be explained by HIF-1α stabilization un-

der transient episodes of functional hypoxia that facilitate the proliferation and 
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better performance in learning tasks. To understand and investigate our hypoth-

esis that challenging learning leads to hypoxia in the brain, a new oxygen sensing 

transgenic mouse model expressing inducible cre-recombinase fused to ODD 

domain of HIF-1α was developed. The mice express a ubiquitous CAG promoter 

to fate map all hypoxic cells playing a crucial part in learning and memory (Kimura 

et al., 2015). The recruitment and employment of these new hypoxia reporter 

mice aims to develop a better insight into the hypoxic state in the brain and is 

fundamental to study the effect of exercise and motor-learning-induced hypoxia.  

Chapter I comprises preliminary work performed to generate hypoxia reporter 

mice. It contains the summary of different problems faced during generation of 

new transgenic mice and as well as basic experiments performed to understand 

oxygen sensing machinery under different experimental paradigms. 

Chapter II encompasses results from hypoxia-reporter mice, carrying a ubiqui-

tous, CAG promoter to explore the brain’s regional oxygen tension differences in 

all cell types. This transgenic mouse model will further provide a deeper under-

standing of the different hypoxic cellular populations in the brain.  

As we noticed that, the neuronal population is most susceptible to physiological 

and pathological hypoxic challenges in the brain, we aimed at developing a new 

neuron-specific hypoxia reporter mouse in chapter III. CaMKIIα-CreERT2-

ODD::R26R-tdTomato mice, would allow studying the effects of exercise and 

learning in particular in the neuronal population in the brain regardless of other 

cell populations. CaMKIIα expressing hypoxic neurons will provide a better un-

derstanding of neuronal oxygen sensitivity and global distribution in the brain. 

 

 

 

 

 



                                                                                                      CHAPTER I 

31 
 

3. Chapter I. Establishment and preliminary characterization of 

hypoxia reporter mouse lines 

3.1 Summary of chapter I 

To address the issue of hypoxia labelling in the brain, new hypoxia reporter mice 

were generated for basic research as described in chapter II and III. The global 

hypoxia reporter mouse has been previously described (Kimura et al., 2015). To 

produce hypoxia reporter mice in our lab, methods comprising cloning, sequenc-

ing quality control and microinjection of the CAG-CreERT2-ODDpA plasmid were 

performed. In the following, the summary of different hurdles with respect to the 

generation of these transgenic mice as well as further experiments to check the 

activity of the oxygen sensing machinery in the mice brain. 

After generation, founder mice were checked for presence of the transgene in the 

genome by genotyping PCR. Subsequently, potential founder mice were selected 

and were further bred with C57BL/6N and tdTomato reporter mice. Initially, F1 

litters carrying the transgene were selected for validation of the hypoxia sensing 

machinery. Mice were checked under hypoxic (6% O2) and normoxic (21% O2) 

conditions along with tamoxifen injections. Unfortunately, we did not observe any 

expression of tdTomato reporter in this experiment except single mouse. Alt-

hough the transgene was present in the genome upon checking via genotyping 

PCR, the labelling of tdTomato fluorescent protein was not found in the brain. To 

evaluate this issue, we screened the literature for potential complications associ-

ated with transgenic mice. In the original publication, the authors also report un-

expected silencing of the transgene in the transgenic mice. Therefore, the trans-

genic mice were kept on a mixed genetic background instead of a pure C57BL/6 

background.  

After careful screening of the literature with regard to problems associated with 

transgenic mice, we speculated that the absence of the transgene expression 

could be due to epigenetic gene silencing. There are many reports in the litera-

ture, linking the presence of bacterial sequence with transgene silencing in the 

mouse genome (Chen et al., 2004; McEachern, 2012; Suzuki et al., 2006). The 

CAG-CreERT2-ODDpA plasmid also contains a bacterial backbone, comprising 

of ampicillin selection cassette (Figure 1a). In order to avoid this potential problem 
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the bacterial sequence was removed by restriction digestion, for subsequent gen-

eration of transgenic mice. The plasmid was sequenced again and its linear form 

was used for generation of new transgenic mice by microinjection (Figure 1b). 

Subsequently, a long process for breeding and selection of suitable mice for ex-

periments was conducted. 

In a similar scheme, as described above, founder mice carrying the transgene 

were selected and bred with C57BL/6N and tdTomato reporter mice. F1 litters 

containing the CAG-CreERT2-ODD::Rosa26-tdTomato transgene were evalu-

ated under hypoxic and normoxic conditions to test for oxygen sensitivity of the 

transgene using the experimental scheme described in the original publication. 

Remarkably, we observed a sparse population of tdTomato+ hypoxic cells under 

normoxic conditions and a major increase in the number of hypoxic cells upon 

application of exogenous hypoxia. In order to generate neuron-specific hypoxia 

sensitive mice the CAG promoter was replaced with (Figures 1a and c) CaMKIIα 

promoter to obtain CaMKIIα-CreERT2-ODD expressing transgenic mice (Figure 

1d). 

Ligand-independent labelling of cells was checked in CAG-CreERT2-

ODD::Rosa26 reporter mice (4 and 56 weeks old) as shown in figure 2a and b. 

We observed only a few tdTomato+ cells in 4 weeks old mice compared to 56 

weeks of age. In older mice, the number of non-specific tdTomato+ cells accu-

mulated over time and therefore produced considerable background signal. 

These experiments were essential for the characterization and evaluation of the 

working efficiency of this reporter system. Collectively, we can infer from these 

results that CAG-CreERT2-ODD::Rosa26 reporter mice are useful to study hy-
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poxia in younger age. In contrast, we observed spontaneous cre activity and ac-

cumulation of tdTomato+ cells upon aging leads to non-specific background sig-

nal, which could hamper the data interpretation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic representation of the hypoxia reporting constructs. Original 
CAG-CreERT2-ODDpA vector is shown in figure 1a. CAG promoter is driving the ex-
pression of inducible cre-recombinase fused with ODD domain. This vector also con-
tains ampicillin resistance-cassette required for antibiotic selection during cloning pro-
cedure. Figure 1b represents the modified CAG-CreERT2-ODDpA vector. For mi-
croinjection process, vector was linearized and ampicillin sequence was removed to 
avoid the transgene silencing. CaMKIIα promoter was derived from alpha-CaMKII-
HA-cEPOR vector (figure 3b). The CAG promoter was removed from CAG-CreERT2-
ODDpA vector (figure 1a) and CaMKIIα promoter was inserted in the CreERT2-
ODDpA vector backbone to assemble CaMKIIα-CreERT2-ODDpA (figure 1d). 
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Figure 2. Overview coronal image of a 4 and 56 weeks old non-treated CAG-
CreERT2-ODD::R26R-tdTomato mice. (a) Control mice without any treatment 
were perfused and checked under the confocal microscope. Ligand (tamoxifen)-
independent labelling of cells with tdTomato (red) was observed throughout the 
whole-brain in the old age mice. Scale bar represents 500µm. 

No tamoxifen 
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4. Chapter II - Visualizing functional hypoxia as primarily neu-

ronal response to brain activity  

4.1 Summary of chapter II 

In the brain, cellular homeostasis is tightly controlled, down to single cells to main-

tain physiological functions. Under challenging conditions, minor alterations are 

detected and adaptive mechanisms are activated to adjust the homeostatic bal-

ance (Sharp & Bernaudin, 2004). Oxygen is one of the fundamental constituents 

of cellular homeostasis and is central in cellular metabolic activity via energy pro-

duction.  

In recent years, given the central role of oxygen, only a modest number of tools 

have been developed to study the basic hypoxia machinery and to image and 

label the hypoxic cells in in vitro and in vivo conditions (Erapaneedi et al., 2016; 

Esipova et al., 2019; Goldman et al., 2011; Lidsky et al., 2018; Misra et al., 2016; 

Safran et al., 2006; Spencer et al., 2014). Although these techniques provide new 

approaches to monitor and study oxygen tension in cells, common use of these 

oxygen-sensing tools is hindered due to the requirement of complex and high 

throughput machinery (Papkovsky & Dmitriev, 2018). In addition, most of these 

techniques involve invasive and toxic procedures for oxygen sensing and report 

an indirect measure of oxygen levels in the cells, which may contribute to the 

limited output. Unfortunately, most of previous work focuses on peripheral organs 

and the role of HIF-1α with respect to brain cell type specific hypoxia response 

has not been thoroughly investigated. In 2015, Kimura et al. published a hypoxia-

reporter mouse strain expressing a ubiquitous CAG promoter in conjunction with 

inducible cre-recombinase fused to the ODD domain of HIF-1α. These mice allow 

the labelling of all hypoxic cells upon tamoxifen administration under physiologi-

cal and pathological conditions. In order to investigate the role of hypoxia in dif-

ferent cell populations in the brain, we aimed to generate CAG-CreERT2-ODD 

transgenic mice as described before (Kimura et al., 2015). 

Our group has previously demonstrated that EPO induces cognitive improvement 

under health and disease in human and mice in several behavioral paradigms 

(Adamcio et al., 2008; Adamcio et al., 2010; Ehrenreich et al., 2004; Ehrenreich 

et al., 2007a; Ehrenreich et al., 2007b; Ehrenreich et al., 2009; El-Kordi et al., 
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2009; Lewczuk et al., 2000; Sargin et al., 2011; Sirén et al., 2001a; Sirén et al., 

2001b; Sirén et al., 2005; Wüstenberg et al., 2010). Subsequently, the underlying 

mechanisms resulting in cognitive improvement, were systematically uncovered 

by revealing an increase in the number of pyramidal neurons in the hippocampus 

of EPO treated mice (Hassouna et al., 2016). Considerable research from many 

investigators has reported an enhanced requirement of oxygen and glucose for 

energy production in the active brain region during exercise, learning and memory 

tasks (Kerr & Swain, 2011; van Praag et al., 2005; Wu et al., 2019). These ho-

meostatic alterations upregulate HIF-1α thereby activating hypoxia response 

pathways. Hence, we proposed that an increase in the number of pyramidal neu-

rons and enhanced cognitive flexibility could result from short episodes of func-

tional hypoxia in the hippocampus of active animals. Therefore, we hypothesized 

that so-called functional hypoxia is the driving force behind the increase in neu-

rons, which further facilitates the proliferation of existing cells and cognitive im-

provement. We aimed to test the hypothesis exercise and learning leads to hy-

poxia in the brain of mice. Therefore, hypoxia reporter mice carrying CAG-

CreERT2-ODD transgene were generated allowing the labelling of hypoxic cells 

upon HIF-1α stabilization. 

In preliminary experiments, CAG-CreERT2-ODD transgenic mice were cross-

bred with R26R-tdTomato reporter mice to permanently label hypoxic cells. Work-

ing efficiency of the reporter system and tracing of hypoxic cells was validated by 

application of exogenous hypoxia in the CAG-CreERT2-ODD::R26R-tdTomato 

mice. Negligible background leakiness was observed in the non-tamoxifen 

treated mice and did not influence the data interpretation. In this study, for the 

first time by means of the CAG-CreERT2-ODD::R26R-tdTomato transgenic mice, 

it was shown that a sparse population of hypoxic cells labeled with tdTomato flu-

orescent signal are present under normal physiological conditions and this is in 

agreement with previous immunoblot reports (Stroka et al., 2001). Overall, the 

number of tdTomato+ hypoxic cells increase upon the application of exogenous 

hypoxia. 

Tamoxifen and oxygen dose-response curve: A tamoxifen dose-response 

curve was established in CAG-CreERT2-ODD::R26R-tdTomato transgenic mice 

demonstrating a rise in the amount of hypoxic cells in  the brain upon tamoxifen 
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(100mg/kg/d) titration (1x, 3x and 5x injections). Targeted quantification of hippo-

campal neurons rendered the 5-tamoxifen injection paradigm suitable for modest 

labelling in the brain. Next, we tested the effect of severity of hypoxic challenges 

(20.9%, 15%, 12%, 10%, 8% and 6%O2) in CAG-CreERT2-ODD::R26R-

tdTomato transgenic mice and quantified the number of hypoxic neurons in the 

hippocampus. The results of oxygen-dose-response analysis indicated a dra-

matic expansion in the number of hypoxic neurons (highest in 6%O2) upon de-

crease in oxygen concentration in comparison to ambient oxygen levels (20.9% 

O2). The oxygen-dose-response curve analysis elegantly demonstrates the sen-

sitivity of the oxygen sensing machinery and validates the hypoxia response in 

the CAG-CreERT2-ODD::R26R-tdTomato transgenic mice. Furthermore, under 

normal physiological conditions long-term tdTomato labelling efficiency was in-

vestigated in the mice over the period of 1 month. Hypoxic neuron quantification 

exhibited lasting persistence of the tdTomato signal in the brain. In summary, 

these results suggest oxygen-dependent labelling of hypoxic cells in the brain of 

CAG-CreERT2-ODD::R26R-tdTomato transgenic mice under different experi-

mental conditions thereby highlighting the potential for long-term fate mapping 

experiments. 

Cellular characterization of hypoxic cells: After confirming the oxygen-de-

pendent labelling of hypoxic cells in the brain, we explored the identity of 

tdTomato fluorescent-labelled cells in the brain. Hypoxic cells were characterized 

by immunohistochemistry, using cell type specific markers including NeuN for 

mature neurons, IBA1 for microglia, S100β for mature astrocytes, Olig2 for oli-

godendrocytes, CD13 for pericytes and lectin for endothelial cells along with the 

blood vessels. Stained sections were checked under the confocal microscope for 

colocalization with tdTomato+ cells. Surprisingly, microglial cells were considered 

non-responsive to hypoxia since no co-labelling of IBA-1 with tdTomato fluores-

cence signal was detected in the whole-brain. This finding raised the question of 

variability in expression of CAG-CreERT2-ODD-pA transgene in different brain 

cell types. In order to understand and clarify the diverse expression of CAG-

CreERT2-ODD-pA transgene in different cell types as well as to eliminate the 

possibility of absence of transgene expression in microglia, single cell transcrip-

tome analysis of hippocampi from hypoxia and normoxia treated mice was per-

formed. Overall, data analysis revealed a comparable expression of both 



CHAPTER II      

 

  38 
 

transgenes (ODD, tdTomato) in all cell types of the hippocampus along with up-

regulation of hypoxia regulated genes (Cao et al., 2004). Presence of both 

transgenes (ODD, tdTomato) in microglial population confirms the expression at 

mRNA level. However, absence of corresponding tdTomato protein signal in his-

tology could be explained by cell type specific hypoxia tolerance. During cell type 

specific hypoxia tolerance analysis, we made the startling discovery that the gene 

encoding hexokinase2 (Hk2) revealed a prominent expression in microglia under 

hypoxic and normoxic conditions. Hk2 (glycolytic enzyme) expression abundance 

in microglia may provide resistance and tolerance to hypoxic stimuli as noticed in 

tumor cells (DeWaal et al., 2018; Wolf et al., 2011).  

Learning-induced hypoxia: Next, we tested our hypothesis that exercise and 

learning leads to functional hypoxia in the brain of CAG-CreERT2-ODD::R26R-

tdTomato transgenic mice. In this experiment, 4 and 24 weeks old mice (both 

sexes) were included and divided into four groups. In the treatment paradigm, 

mice received a daily tamoxifen injection for 5 days. Mice undergoing hypoxia 

were exposed to 6%O2 for 6h on 5 consecutive days. Mice undergoing voluntary 

wheel-running were exposed to complex running wheels for 5 days and mice un-

dergoing normoxia were kept under normal housing conditions. Additionally, a 

group of control mice were administered with a daily injection of oil for 5 days, to 

control for non-specific tdTomato labelling in the brain. Mice were sacrificed on 

day 8, and the brains were collected for histological examination and image ac-

quisition under confocal microscope. Targeted quantification of tdTomato+ neu-

rons in cornu ammonis layer (CA1, CA3) and dentate gyrus (DG) of the hippo-

campus was performed in all groups. Hypoxia treated mice revealed highest in-

crease in hypoxic neurons in the hippocampus. Interestingly, quantification re-

sults revealed a modest increase in the number of hypoxic neurons in mice that 

underwent voluntary wheel running in comparison to control mice under 

normoxia, pointing to an exercise and learning-induced increase in the number 

of hypoxic neurons. This increase can be explained by high oxygen and metab-

olite demand in the active areas, leading to a transient state of functional hypoxia 

in the cells. In particular, CAG-CreERT2-ODD::R26R-tdTomato female mice re-

vealed a somewhat higher number of hypoxic neurons in response to hypoxia 
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and complex running wheel exposure as compared to male mice, suggesting sex 

specific difference in the HIF-1α activation machinery (Zampino et al., 2006). 

Light-sheet microscopy: We employed modern imaging technology to map the 

overall distribution of hypoxic cells in the whole-brain by light-sheet microscopy 

(LSM). The 3-dimensional presentation of tdTomato+ hypoxic cells was checked 

under hypoxia, complex running wheel, normoxia and in placebo treated mice, 

revealing a global distribution in the whole-brain. Cortical and hippocampal total 

hypoxic cell quantification revealed an increase in hypoxia treated mice in com-

parison to the normoxia control group validating the histological quantification. 

Sparse population of hypoxic cells were also observed without tamoxifen admin-

istration, which could be explained by non-specific tdTomato antibody immuno-

reactivity and spontaneous cre-recombinase activity. CRW exposed mice in the 

LSM experiment showed a similar increase in total number of hypoxic cells in the 

hippocampus, as observed with histology quantification in comparison to 

normoxia mice. Here, the increase in hypoxic cells in CRW mice, as demon-

strated by histology and LSM, strongly suggests high neuronal activity in the hip-

pocampus in response to exercise and learning. These results further support 

and confirm our hypothesis, that exercise and learning lead to a metabolically 

challenging environment in brain cells which results in transient episodes of hy-

poxia (Wu et al., 2019). 

In conclusion, CAG-CreERT2-ODD::R26R-tdTomato is an invaluable hypoxia 

sensing tool to study reduced oxygen levels in different cell types in mice under 

normal physiological and pathological conditions. By using hypoxia-sensing mice, 

we provide evidence that exercise and learning activity leads to a hypoxic and 

metabolically stimulating environment in the brain, especially in neurons, leading 

to functional hypoxia. In the future, these mice will be a vital tool to detect and 

study hypoxia in the brain.  
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4.2 Chapter II - Visualizing functional hypoxia as primarily neuronal re-
sponse to brain activity 
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4.3 Chapter II. Further experimental data on the CAG-CreERT2-

ODD::R26R-tdTomato line 

The first part of chapter II mainly focuses on the results obtained from the CA1 

layer of the hippocampus. However, in the framework of this project we obtained 

results using the CAG-CreERT2-ODD::R26R-tdTomato mice in various other ex-

periments, which were not included in the manuscript. These results are reported 

and discussed in the following. 

Tamoxifen dose-response curve: The response to different tamoxifen doses 

was evaluated in CAG-CreERT2-ODD::R26R-tdTomato mice as shown in figure 

1. Mice received (a) 1X, (b) 3X and (c) 5X tamoxifen injections, along with hy-

poxia (6%O2) for 6h. In a modified treatment paradigm, mice received 3-tamoxifen 

injections and were exposed to hypoxia (6%O2 for 6h) for 5 consecutive days 

(Figure 1b). 2 days after the last injection mice were sacrificed and brains were 

collected for quantification of neurons. In the CA1 (1X p=0.02, 3X p=0.03, 3X5X 

p=0.02 and 5X5X p=0.04), CA3 (1X p=0.014, 3X p=0.01, 3X5X p=0.01 and 5X5X 

p=0.03) and the DG  (1X p=0.1, 3X p=0.007, 3X5X p=0.01 and 5X5X p=0.007) 

of the hippocampus, quantification of neurons revealed a tamoxifen-dose-de-

pendent increase in the number of tdT+/NeuN+ hypoxic neurons under hypoxia 

as compared to normoxic controls. Hypoxic neurons also increased dramatically 

in mice receiving the above-mentioned 3X5X treatment paradigm. Overall, in 

CA1, CA3 and DG of the hippocampus the total number of hypoxic neurons in-

creased proportional to the number of tamoxifen injections and days of hypoxia 

application.  

Oxygen dose-response curve: The impact of hypoxia was studied in CAG-

CreERT2-ODD::R26R-tdTomato mice by exposing them to variable levels of ex-

ogenous hypoxia (20.9%, 15%, 12%, 10%, 8% and 6%O2) (Figure 2a). Quantifi-

cation results revealed an increase in the number of tdT+/NeuN+ hypoxic neu-

rons in the CA3 (p=0.001) and the DG (p=0.003) of the hippocampus upon de-

creasing the oxygen concentration (Figure 2b). The highest increase was ob-

served at 6%O2 in comparison to normoxic controls. Moreover, the total number 

of tdT+/S100ß+ increased upon decreasing the oxygen concentration in the 

whole hippocampus (p=0.0032).  
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Persistence of tdTomato fluorescent labeling: over time was observed in the 

CAG-CreERT2-ODD::R26R-tdTomato mice as shown in figure 3a. Mice received 

5 tamoxifen injections and were kept under normoxic conditions. Brains were col-

lected at different time points post treatment (3days, 1 week, 2 weeks, and 4 

weeks). Quantification results in the CA3 region indicate prominent upregulation 

over the period of 1 month (p=0.056) (Figure 3b). In the DG, the total number of 

tdT+/NeuN+ hypoxic neurons was not significantly different (p=0.3) compared to 

respective controls (Figure 3b). In the whole hippocampus, the number of 

tdT+/S100ß+ astrocytes was also not significantly different from controls (p=0.3) 

(Figure 3c). 

Exercise and motor learning-induced hypoxia was checked in CAG-

CreERT2-ODD::R26R-tdTomato mice (4 weeks age) as shown in figure 4a. In 

brief, mice received 5-tamoxifen injections along with exposure to CRW or hy-

poxia (6% O2) or normoxia (21.9% O2). Quantification results indicate an increase 

in hypoxic neurons in the CA3 (males p=0.0001, females p=0.0001) and DG 

(males p=0.001, females p=0.0001) upon exposure to hypoxia. Exposure to CRW 

did not lead to a significant increase in the CA3 and DG (Figure 4b). The total 

number of tdT+/S100ß hypoxic neurons increase only upon exposure to hypoxia 

in both genders (males p=0.05, females p=0.01). However, the total number was 

significantly different only in females in response to CRW compared to normoxic 

controls (p=0.05). These results indicate that, the number of hypoxic neurons and 

astrocytes increases upon hypoxia and CRW exposure in comparison to 

normoxia.  

In 24-week-old mice a similar treatment paradigm was used as explained above 

(Figure 4a). Quantification results indicate an increase in hypoxic neurons in both 

genders in CA3 (males p=0.01, females p=0.0001) and DG (males p=0.07, fe-

males p=0.001) on hypoxia exposure. The number of tdT+/NeuN+ was not sig-

nificantly upregulated in mice exposed to voluntary running on CRW compared 

to normoxic controls. Taken together, these results indicate that hypoxia and 

CRW lead to an increase in the number of hypoxic cells in the hippocampus rep-

resenting enhanced oxygen requirement upon activity. 
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NRW and CRW: The effect of exercise and motor learning-induced hypoxia in 

normal and complex running wheel was compared in CAG-CreERT2-

ODD::R26R-tdTomato male mice (4 weeks age). Mice were exposed to hypoxia, 

normoxia, complex running wheel (CRW) or normal running wheel (NRW) as 

shown in figures 5a and b. Quantification results indicate an increase in the num-

ber of td+/NeuN+ hypoxic neurons upon exposure to NRW, CRW and hypoxia in 

the CA1 (p=0.004), CA3 (p=0.0001) and DG (p=0.02). There was an increased 

tendency in total number of hypoxic neurons in CA1 of CRW vs NRW exposed 

mice. The number of tdT+/S100ß hypoxic astrocytes was not statistically different 

between groups. These results indicate that number of hypoxic neurons increase 

upon exposure to exercise and challenging motor learning especially in the CA1 

and DG.  

Hypoxic cells in peripheral organs: As CAG is ubiquitously expressed, periph-

eral organs from CAG-CreERT2-ODD::R26R-tdTomato mice exposed to hypoxia 

vs normoxia control, were also investigated. In the kidney, a high number of hy-

poxic cells was observed under hypoxia compared to normoxic controls (Figure 

6). Similarly, in the section from liver, hypoxic cells were observed under both 

hypoxia and normoxia. These results indicate the sensitivity and proper function-

ing of the transgene in peripheral organs as shown by tdTomato+ hypoxic cells. 

In summary, these results indicate that the number of hypoxic neurons and as-

trocytes increases upon exposure to exogenous hypoxia. The quantification re-

sults of the CA3 and DG are similar to the CA1 region, as reported previously in 

part 1. Exposure to NRW and CRW leads to an increased number of hypoxic 

cells in the hippocampus, reflecting the exercise and learning-induced functional 

hypoxia. Analysis of peripheral organs of CAG-CreERT2-ODD::R26R-tdTomato 

mice, also revealed hypoxic cell populations in the liver and  the kidney.  
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Figure 1. Tamoxifen dose-response curve to characterize CAG-CreERT2-ODD 
mice (mix gender, 4 weeks). Schematic representation of the tamoxifen dose-re-
sponse curve treatment. Mice received (a) 1X, (b) 3X or (c) 5X tamoxifen injections, 
along with 6% O2 for 6h hypoxia exposure every day. All mice were sacrificed and 
perfused 2 days after the respective last injection. Quantification results indicate a 
dose-dependent increase in cre induced labelling in the number of hypoxic neurons 
in the hippocampus. There was a significant increase in the amount of tdTomato+ 
neurons in the CA1, CA3 and DG between mice undergoing hypoxia vs normoxic 
controls. Unpaired student t-test (two tailed, Welch’s corrections) was used for group 
comparisons. Error bars indicate standard error of the mean (SEM) and *P<0.05, 
**P<0.001 was considered significant. 
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Figure 2. Oxygen-dose-response effect on hypoxic neurons in CAG-CreERT2-

ODD mice (mix gender, 4 weeks). Schematic representation of the oxygen dose-
response curve treatment. Mice received (a) 5-tamoxifen injections along with varia-
ble hypoxic exposure (6, 8, 10, 12 and 15%O2) and control normoxia mice were kept 
in normal ambient oxygen concentration (21% O2). Quantification results indicate that 
dose-dependent increase in cre-induced labelling in number of hypoxic neurons upon 
decreasing oxygen concentration (b). The total tdTomato+ astrocytes also showed 
an increase in upon decreasing oxygen concentration. One-Way ANOVA was used 
for statistical analysis between groups. Error bars indicate standard error of mean 
(SEM) and *P<0.05, **P<0.001 was considered significant. 
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Figure 3. Persistence of tdTomato labelling in CAG-CreERT2-ODD::R26R-
tdTomato transgenic mice (mix gender, 4 weeks). Schematic representation of the 
treatment paradigm. Mice received (a) 5-tamoxifen injections under normoxic condi-
tions (21%O2) and were sacrificed at different time points post treatment (3days, 1 
week, 2weeks and 4 weeks). Image analysis revealed presence of tdTomato+ neurons 
even 4 weeks after tamoxifen administration. The total number of tdTomato+ hypoxic 
neurons (b) and astrocytes (c) was not significantly different between different time 
points. Hippocampus (Hp). One-Way ANOVA was used for statistical analysis. Error 
bars indicate standard error of mean (SEM) and *P<0.05, **P<0.001 was considered 
significant.  
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Figure 4. Exercise and motor learning induced hypoxia in the brain (4 and 24 
weeks). (a) Schematic diagram of voluntary complex wheel running as an inducer of 
functional hypoxia in the brain. CAG-CreERT2-ODD::R26R-tdTomato transgenic 
mice (4 and 24 weeks age) of both genders were included in the experiment. Mice 
with no prior training were given free access to complex running wheels (CRW) for 5 
complete days and received tamoxifen injections every other day. Normoxia control 
mice received the same treatment but were kept single-housed in normal standard 
cages. All animals were sacrificed on day 8 of the experiment and brains were col-
lected for histological quantifications. (b) In the CA3 and DG region, the population 
of tdT+/NeuN+ neurons was upregulated in comparison to normoxic controls. Fe-
males showed an enhanced response to hypoxia and CRW compared to males. (c) 
Number of tdT+/S100β cells also increased upon hypoxia and CRW exposure in fe-
males as compared to males. Two-way ANOVA with Bonferroni’s multiple correc-
tions) was used for statistical analysis. Error bars represent standard error of mean 
(SEM) and *P<0.05, **P<0.001 was considered significant. 
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Figure 5. Comparison of complex vs normal running wheels for exercise and 
motor learning induced hypoxia in the brain (males, 8 weeks). Schematic dia-
gram of voluntary wheel running as an inducer of functional hypoxia in male mice is 
shown in (a) and for normoxia vs hypoxia treatment in (b). The number of hypoxic 
neurons increased in the CA1, CA3 and DG in response to the respective treatments 
(c, d). Overall, the number of hypoxic astrocytes did not change significantly across 
groups (e). One-way ANOVA with Bonferroni’s multiple corrections was used for sta-
tistical analysis. Error bars represent standard error of mean (SEM) and *P<0.05, 
**P<0.001 was considered significant. 
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Figure 6. tdTomato+ hypoxic cells in the kidney of CAG-CreERT2-ODD::R26R-
tdTomato mouse. Kidney sections (30 µm) of mice treated according to figure 5b 
were immuno-stained with α-Tubulin and illustrative images of normoxia and hypoxia 
treated mice are shown. Scale bar represents 10µm. tdTomato (red), α-Tubulin 
(green). 

Figure 7. tdTomato+ hypoxic cells in the liver of CAG-CreERT2-ODD::R26R-
tdTomato mouse. Liver sections (30 µm) of mice treated according to treatment shown 
in (figure 5b) were immuno-stained with α-Tubulin and illustrative images of hypoxia, 
normoxia and non-tamoxifen treated mice are shown. Scale bar represents 10µm. 
tdTomato (red), α-Tubulin (green). 
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5. Chapter III. Imaging hypoxic neurons with CaMKIIα-based and 

inducible cre-dependent tdTomato reporter mice 

5.1 Summary of Chapter III 

In the previous Chapter, the generation and characterization of hypoxia sensing 

CAG-CreERT2-ODD transgenic mice was described. These transgenic mice ex-

press inducible cre-recombinase fused with the ODD domain of HIF-1α under the 

control of ubiquitous CAG promoter. Upon crossing with R26R-tdTomato reporter 

mice and tamoxifen administration, all hypoxic cells are irreversibly marked with 

tdTomato fluorescent protein. Under normal physiological conditions, we ob-

served multiple types of brain cells including neurons, astrocytes, oligodendro-

cytes, pericytes and endothelial cells undergoing hypoxia. We also examined the 

consequence of exercise and learning on the oxygen levels in the brain and ob-

served an overall increase in the total number of hypoxic cells. Quantification of 

tdTomato+ neurons in the dorsal or rostral hippocampus of CRW mice indicates 

a modest increase in the number of hypoxic neurons in comparison to the 

normoxic condition. 3-Dimensional visualization of all hypoxic cells by LSM 

demonstrated global distribution in the whole-brain. The total number of hypoxic 

cells increased upon application of exogenous hypoxia as well as exposure to 

CRW in comparison to normoxic condition. Overall, we observed that the neu-

ronal population was abundantly labelled with tdTomato fluorescent protein 

throughout the entire brain, highlighting the susceptibility of neurons to hypoxic 

challenges.  

Previously, we confirmed the occurrence of functional hypoxia with the use of 

global hypoxia reporter mice expressing a CAG promoter. In order to visualize 

exercise and learning-induced hypoxia only in the neurons, irrespective of other 

cell types, we developed a new hypoxia reporter mouse restricted to the excita-

tory neuronal populations. 

CaMKIIα-CreERT2-ODD-pA transgenic mice: The aim of this project was to 

develop new transgenic hypoxia-reporting mice, allowing spatial and temporal 

mapping of low oxygen concentration only in a restricted neuronal population of 

the brain. For this purpose, the CaMKIIα promoter was selected due to its high 

expression in excitatory pyramidal neurons and their role in learning and memory. 
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The expression of CaMKIIα is developmentally regulated and reaches its maxi-

mum after postnatal week 3 (Coultrap et al., 2012; Mayford et al., 1996). In order 

to generate a construct expressing inducible cre-recombinase fused with oxygen-

dependent degradation (ODD) domain of HIF-1α driven by CaMKIIα promoter, 

first the CAG promoter was excised from pCAG-CreERT2-ODD-pA (Kimura et 

al., 2015). Subsequently, the CaMKIIα sequence was introduced into the 

CreERT2-ODD-pA backbone to assemble CaMKIIα-CreERT2-ODD-pA. In the 

next step, transgenic mice expressing CaMKIIα-CreERT2-ODD-pA were gener-

ated by microinjection. 

In order to label and visualize HIF-1α expressing hypoxic cells in the brain, 

CaMKIIα-CreERT2-ODD transgenic mice were bred to R26R-tdTomato reporter 

mice. F2 litters harboring the CaMKIIα-CreERT2-ODD::R26R-tdTomato 

transgene were selected for an initial screening characterization of the transgenic 

mice. First, the oxygen-dependent regulation of the transgene was tested by the 

application of exogenous hypoxia (6% O2) and under ambient oxygen concentra-

tion by tamoxifen administration. Control mice only received vehicle (oil) injec-

tions. Brains were harvested, sectioned and visualized under the confocal micro-

scope for a native tdTomato+ fluorescent protein signal. In addition, not only dis-

tinct labelling of hypoxic neurons with tdTomato+ fluorescent signal was observed 

in hypoxic conditions but also under normoxic conditions throughout the brain. 

Interestingly, hypoxic neurons were observed under normal physiological condi-

tions. This is in line with the results observed in the CAG-CreERT2-ODD::R26R-

tdTomato mice. On the other hand, analysis of tamoxifen-independent-induction 

and labelling of neurons revealed minimal background noise in the mice.  

Tamoxifen dose-response curve: In the proof of principle experiment based on 

previous findings in the CAG-CreERT2-ODD::R26R-tdTomato, different tamoxi-

fen administration regimens were tested in CaMKIIα-CreERT2-ODD::R26R-

tdTomato mice. This experiment assessed the working and labelling efficacy of 

CaMKIIα promoter expression in different areas of the brain. Therefore, trans-

genic mice received 1X, 3X or 5X injections along with intermittent hypoxia for 

respective days for 6h at 6%O2 daily. Mice were sacrificed on day 8 and the brains 

were harvested. Quantification results confirmed that the number of hypoxic neu-



                                                                                                     CHAPTER III 

77 
 

rons in CA1, CA3 and DG of dorsal hippocampus increased upon tamoxifen in-

jections. Tamoxifen dose-response curve results indicate a steady increase in 

number of hypoxic cells. 5X tamoxifen injections produced excessive amounts of 

cre-induced tdTomato labelling in the brain, which hampered the quantification of 

individual neurons especially in the dentate gyrus (DG). Thus, for further experi-

ments, a 3-tamoxifen injection paradigm on every other day was considered suit-

able.  

Cellular characterization of hypoxic neurons: Next, we characterized and con-

firmed the neuronal phenotype of tdTomato+ cells in the CaMKIIα-CreERT2-

ODD::R26R-tdTomato mice. Coronal brain sections (30µm) were stained and im-

muno-labelled with neuron specific markers (NeuN, Ctip2) followed by visualiza-

tion under the confocal microscope. tdTomato+ cells overlapping with NeuN sig-

nals were observed throughout the brain. Distribution of hypoxic neurons in 

CaMKIIα-CreERT2-ODD::R26R-tdTomato mice were confirmed in hippocampus, 

cortex, striatum, olfactory bulb and prefrontal cortex. Studies involving mRNA and 

protein level have also reported a similar distribution of CaMKIIα promoter ex-

pression (Burgin et al., 1990; Mayford et al., 1996; Wang et al., 2013). The high-

est number of CaMKIIα expressing cells were detected in the dentate gyrus and 

an overall even distribution in different layers of cortex was observed. We did not 

see tdTomato signal in other cell types upon tamoxifen-induction, which showed 

the neuron-specific expression of the introduced transgene. 

Learning-induced hypoxia: To test our hypothesis that challenging learning and 

cognitive tasks lead to transient episodes of functional hypoxia, we used a volun-

tary running wheel task to assess the effects in CaMKIIα-CreERT2-ODD::R26R-

tdTomato mice. Exercise and motor activity-induced changes in the cells have 

been discussed in detail in the introduction. We have previously demonstrated 

that running naïve mice upon exposure to normal and complex running wheel for 

a period of 5 days leads to a significant increase in the number of hypoxic neurons 

in the hippocampus in CAG-CreERT2-ODD::R26R-tdTomato mice. A similar ex-

perimental paradigm was tested in CaMKIIα-CreERT2-ODD::R26R-tdTomato 

mice with 3-tamoxifen injections on 5 consecutive days. Subsequently, dorsal or 

rostral hippocampal hypoxic neurons were quantified, which disclosed an in-



CHAPTER III     

 

  78 
 

crease in their total number under the influence of exercise in the complex-run-

ning-wheel paradigm compared to inactive mice. These results are consistent 

with the results in CRW using CAG-CreERT2-ODD::R26R-tdTomato mice and 

indicate that exercise and learning activities create short windows of oxygen and 

metabolite starvation in active neurons due to exercise. This leads to HIF stabili-

zation and cre activation resulting in tdTomato labelling. For the first time, our 

study builds on the idea of hypoxia as a normal physiological state in the brain, 

which is imperative for exercise and learning. 

Light-sheet microscopy:  

Furthermore, we explored the overall distribution of hypoxic neurons in CaMKIIα-

CreERT2-ODD::R26R-tdTomato transgenic mice by LSM. In the current study, 

mice grouped into hypoxic, normoxic, CRW and vehicle treated controls were 

included. Results show a global distribution of hypoxic neurons expressing 

CaMKIIα in the whole mouse brain. Hypoxic neurons were visualized in one and 

3-dimensional planes.  

In summary, we report a novel and robust non-intrusive oxygen-sensing mouse 

model allowing the visualization of hypoxic cells under normal physiological con-

ditions.  Alterations in cellular homeostasis, for example reduced oxygen availa-

bility, are elegantly detected by CaMKIIα-CreERT2-ODD::R26R-tdTomato mice. 

By the exposure to exercise and learning paradigms, we could show activity-in-

duced short episodes of hypoxia in the brain, confirmed by quantification in the 

hippocampi of CRW mice. In conclusion, this model is suitable for studying the 

effects of hypoxia under normal physiological and pathological conditions, espe-

cially in neuron-targeted studies in the brain. 
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5.2 Chapter III – Original publication 
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6. Summary and conclusions 

Cellular homeostasis is critical for maintaining the physiological function of the 

body. In the central nervous system, constant supply and distribution of oxygen 

is essential for executing proper brain functions. Hypoxia has been implicated in 

fetal development and maintenance of hypoxic niches in the body (Giaccia et al., 

2004; Mazumdar et al., 2010). On the contrary, it is also a potential driving force 

behind tumor growth, spread and worsened treatment outcomes. Hypoxia-induc-

ible factors are central to the regulation of oxygen homeostasis as they are pri-

marily responsible for generating compensatory responses under conditions of 

reduced oxygen (Semenza et al., 1991; Wang et al., 1995a). In the present work, 

we aimed to understand the multidimensional role of how the basic cellular oxy-

gen sensing machinery works in the brain and what target transcriptional path-

ways are used when the machinery is activated while proceeding towards cellular 

homeostasis. Our data from newly generated hypoxia reporter mice provide new 

proof for a normal distribution of hypoxic cells along with functional implications 

of exercise and learning paradigms in the brain.  

In chapter I, establishment and preliminary characterization of hypoxia reporter 

mouse lines are described. Initial generation of transgenic mice faced the prob-

lem of transgene silencing due to the presence of bacterial sequence in the plas-

mid. This issue was solved by removal of ampicillin resistance cassette from the 

plasmid to avoid the possible transgene silencing in the genome. Moreover, char-

acterization experiments in CAG-CreERT2-ODD::R26R-tdTomato transgenic 

mice at early and old age provided the evidence of tamoxifen independent label-

ling of cells due to old age. 

In chapter II, detailed results from basic characterization and validation of CAG-

CreERT2-ODD::R26R-tdTomato transgenic mice are presented. The generation 

of transgenic mice expressing CAG promoter allows the labelling of all hypoxic 

cells in the brain with tdTomato fluorescent protein, therefore establishing the 

basis for extensive investigation, of the homeostatic association with hypoxia in 

the body (Kimura et al., 2015). Currently different hypoxia reporting tools have 

been described, indicating the labelling of hypoxia in several in vitro and animal 

studies. These tools have practical and functional shortcomings in detecting low 
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oxygen levels together with invasive of the approaches (Papkovsky & Dmitriev, 

2018). Our models provide ease of performing experiments as tamoxifen is in-

jected peripherally and does not involve high grade invasive procedures for visu-

alizing the hypoxic cells (Feil et al., 1997).  

Evaluation of the oxygen-dependent regulation of the transgene by application of 

exogenous hypoxia (6%O2 for 6h) in CAG-CreERT2-ODD::R26R-tdTomato mice, 

reveals the response by an increase in numbers of hypoxic cells. These findings 

follow a similar pattern in heart tissue, revealing the sensitivity and broad appli-

cation of reporter systems (Kimura et al., 2015). In particular, detection of hypoxic 

cells under normoxic conditions in the brain was unexpected, although it is known 

that oxygen levels are low in the deeper regions of the brain (Silver et al., 1998). 

Along these lines, the expression of HIF-1α under normoxic conditions in different 

organs and significant upregulation upon systemic hypoxia application are re-

ported (Stroka et al., 2001). Taken together, these results point to low levels of 

oxygen in the brain, distinctly shown by tdTomato+ signal, and highlight the fur-

ther use of these mice in long-term fate mapping under physiological conditions.  

Indirect measurement of HIF-1α stabilization and cre activity by immunohisto-

chemistry were not achieved due to the lack of suitable and specific antibodies. 

Apart from that, we tested the tissue hypoxia marker Pimonidazole (Hypoxy-

probe-1 Mab1) and observed a few cells co-localizing tdTomato+ and pimonida-

zole staining in hypoxic cells (Sato et al., 2011). On the other hand, ligand-inde-

pendent cre activation and spontaneous activity labelled hypoxic cells in trans-

genic mice were very low (Kristianto et al., 2017).  

Data obtained from the oxygen and tamoxifen titration curves demonstrated a 

direct correlation with the total number of tdTomato+ hypoxic cells. Oxygen-se-

verity results clearly indicate that lowering the oxygen level in the environment 

corresponds to the amount of hypoxic cells in the brain, revealing the transgene 

sensitivity to low oxygen. Previous studies have shown an organ-specific upreg-

ulation of HIF-1α in immunoblot analyses in tissues from different systemic hy-

poxia treated mice. Our observation confirms the results observed by Stroka et 

al. (1998), that a stepwise decrease in oxygen levels increases the amount of 
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HIF-1α in the brain. Furthermore, our data suggest enhanced cre-mediated re-

combination upon increasing tamoxifen injections, which is explained by high 

amounts of tamoxifen availability in the system. 

Subsequent, immuno-histochemical results reveal distinct populations of hypoxic 

cells in the brain including neurons, astrocytes, oligodendrocytes, pericytes and 

endothelial cells. We noted that the neuronal population is the most vulnerable to 

reduced oxygen levels. It is well established from previous studies, that the hip-

pocampus is most prone in stroke and ischemic conditions due to reduced oxy-

gen availability (Schmidt-Kastner et al., 1991; Sommer, 1880). In this context, we 

observed a similar response in the hippocampus as the total number of hypoxic 

neurons significantly increased upon hypoxia application. Surprisingly, during his-

tological examination we found no co-localization between IBA1+ and tdTomato+ 

fluorescence signals in the cells. This could be the result of hypoxic tolerance in 

microglia, as immune cells of the brain are not affected by reduced oxygen levels, 

or perhaps the absence of expression of the transgene. This peculiar response 

could be associated with developmental origin as during embryogenesis micro-

glia are derived from mesoderm, later becoming part of the brain. (Chan et al., 

2007; Obernier et al., 2019). This issue was addressed by confirming the active 

HIF machinery in the microglia by single cell RNA sequencing. 

Additionally, our investigation in different hippocampal cell populations revealed 

strong hypoxic influences at mRNA level. This approach on first hand confirmed 

the presence and normal activity of both transgenes in all cells. These findings 

rule out the lack of transgene in microglial population. Differential gene expres-

sion analyses revealed strong upregulation of hypoxia related target genes in all 

cell clusters. This observation is in accordance with previous reports, demonstrat-

ing hypoxia-induced gene activity. Interestingly, high expression of Hk2 was ob-

served under the normoxic and significantly upregulated under the hypoxic con-

ditions. Hk2 is a glycolytic enzyme, highly active in anaerobic metabolism and is 

known to play an important role in tumor growth and progression (DeWaal et al., 

2018; Li et al., 2018; Wolf et al., 2011). This could explain the absence of 

tdTomato+ expression in microglial population and providing hypoxic tolerance 

due to high expression of Hk2.  
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Finally, we tested and confirmed our hypothesis that cognitive challenge by ex-

ercise and learning leads to functional hypoxia in the brain. Voluntary exercise on 

CRW lead to an increase in number of hypoxic neurons in CA1, CA3 and DG of 

CAG-CreERT2-ODD::R26R-tdTomato mice compared to sedentary controls. Ex-

ercise and learning tasks demand high oxygen content and glucose in the active 

area, due to high neuronal activity. Studies report that exposure to Morris water 

maze (MWM) and other exercise-related paradigms in mice resulted in the up-

regulation of HIF-1α in the whole hippocampus, indicating the stabilization of HIF-

1α (Kerr & Swain, 2011; Wu et al., 2019). Exercise and learning tasks generate 

similar responses, as observed under hypoxic conditions to restore the homeo-

static balance by transient episodes of functional hypoxia. These findings impli-

cate that hypoxia is a critical part of brain cellular architecture and plays an im-

portant role in the plastic nature of hypoxic cells. 

In light-sheet microscopy, systematic mapping of hypoxic cells revealed global 

distribution throughout the whole-brain. Some areas were highly sensitive to low 

oxygen levels and demonstrated high tdTomato+ cells under normal physiologi-

cal conditions, including olfactory bulb and hippocampus. Quantification of total 

hypoxic cells in the cortical and hippocampal regions in the brain demonstrated 

significant differences in the hypoxia-treated mice compared to normoxic con-

trols. 3D reconstruction results established overall spatial distributions and in-

creases in the total number of hypoxic cells in the brain. Based on previous his-

tological observations, total amount of hypoxic cells in the hippocampus was also 

significantly upregulated in mice exposed to CRW. These findings lay a ground-

work for further investigations to address the involvement of hypoxia in physio-

logical and pathological conditions.  

Chapter III, earlier we observed that the neuronal population is most susceptible 

to hypoxic stimuli and a large subset of neurons undergoes hypoxia shown by 

tdTomato+ fluorescent protein. Therefore, we developed oxygen sensing reporter 

mice, which allow the detection and labelling of hypoxic neurons only in the brain. 

CaMKIIα-CreERT2-ODD::R26R-tdTomato mice consist of inducible cre-recom-

binase fused to ODD domain of HIF-1α downstream of the neuron-specific 

CaMKIIα promoter (Kimura et al., 2015; Mayford et al., 1996). Consequently, this 
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reporter labels hypoxic neurons upon HIF-1α stabilization with tdTomato+ fluo-

rescent protein. 

In a proof of principle experiment for basic characterization of CaMKIIα-CreERT2-

ODD::R26R-tdTomato mice, the working efficiency  was confirmed  by application 

of exogenous hypoxia (6% O2 for 6h), revealing a major population of neurons 

labelled by tdTomato+ fluorescent protein. This confirm the oxygen-dependent 

regulation of HIF-1α machinery. Interestingly, under normoxic conditions we ob-

served a spare population of hypoxic neurons in the brain, similar to our previous 

findings in CAG expressing transgenic mice. Taken together, the present neuron-

specific hypoxia reporter mice are an ideal and non-invasive tool to study hypoxia 

in neuronal populations.  

Cellular morphology and identity was characterized in CaMKIIα-CreERT2-

ODD::R26R-tdTomato mice by immune-staining with neuron-specific markers, 

demonstrating the overlapping signal tdTomato+/Ctip2+ in neuronal populations. 

The overall pattern of CaMKIIα promoter expression is similar to previously pub-

lished reports (Burgin et al., 1990; Mayford et al., 1996; Tsien et al., 1996).  We 

observed an abundant expression of tdTomato+ fluorescent protein in the hippo-

campal and cortical region. The granular layer in dentate gyrus exhibited the high-

est number of tdTomato+ hypoxic neurons and strong tdTomato fluorescent sig-

nal rendering the cellular processes easily distinguishable. Particularly, in the 

stratum lucidum (SL), synaptic connections between mossy cells, granule cells 

and CA3 neurons display a strong tdTomato+ fluorescence signal. Remarkably, 

strong tdTomato expression in neurons allows the visualization of processes in-

cluding dendrites, axons and, at a higher resolution, nerve endings and dendritic 

spines. Our results demonstrate that CaMKIIα-CreERT2-ODD::R26R-tdTomato 

mice exhibit neuron-specific labelling of hypoxic cells and are suitable for map-

ping excitatory neuronal populations in the brain. 

Cre-mediated recombination was evaluated by different tamoxifen injection par-

adigms in combination with exogenous hypoxia (6%O2 for 6h) application in adult 

mice. We observed sparse labelling with a single tamoxifen dose and hypoxia 

exposure under hypoxic and normoxic conditions. In contrast, the number in-

creased considerably upon accumulative tamoxifen injections in CA1, CA3 and 
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DG of hippocampus. The severity of hypoxia and amount of ligand directly corre-

lated with the total number of labelled hypoxic cells in the brain. Excess availabil-

ity of ligand and hypoxia leads to saturation and abundant cre-mediated recom-

bination in the brain. These findings confirm the sensitivity of transgene activity 

and suggest short-term treatment protocols to study physiological hypoxia in the 

brain. 

We demonstrated the utility of CaMKIIα-CreERT2-ODD::R26R-tdTomato under 

physiological settings by recording the effect of exercise and learning. Mice were 

allowed to freely run on the CRW for 5 days, which resulted in the upregulation 

of hypoxic cells in the hippocampus especially in females. This increase reflects 

exercise-induced neuronal-activity leading to HIF-1α stabilization and functional 

hypoxia, followed by presence of tdTomato+ protein in the neuronal population. 

Together with results of CRW in CAG-CreERT2-ODD mice, these data confirm 

the existence of exercise and learning-induced hypoxia in the brain.  

Gender specific differences were observed in both transgenic mouse lines, in 

terms labelling of hypoxic neurons and response to hypoxic stimuli. In compari-

son to males, we have detected an enhanced response in females to hypoxia 

and CRW stimuli in the brain, represented overall by the total number of 

tdTomato+ hypoxic cells in the hippocampus. Previous studies have highlighted 

sex-based differences on treadmill running, demonstrating that females cover 

longer distances every day in comparison to males (Bono et al., 2006; Garland 

et al., 2011). Alternatively, variability in the number of tdTomato labelled hypoxic 

neurons could be explained by gender-based metabolic responses and bioavail-

ability of tamoxifen concentration in the system (Wilson et al., 2016; Zampino et 

al., 2006). 

In conclusion, the present thesis provides data comprising an improved under-

standing of hypoxia research in the brain. The development of new hypoxia re-

porter systems will provide the basis for a deeper understanding of the hypoxic 

machinery in physiological and pathological settings. In the future, these tools will 

allow spatial and temporal mapping of hypoxic cells, therefore promoting investi-

gation of reduced oxygen levels in the brain.



                                                        OUTLOOK AND FOLLOW-UP STUDIES 

105 
 

7. Outlook and follow-up studies 

Collectively, the present research builds the groundwork for future hypoxia stud-

ies in the brain. Although current work addresses the issue of physiological hy-

poxia under normoxia and its increase upon complex motor learning tasks. How-

ever, it would be interesting to conduct follow-up studies: 

To investigate, the functional consequence and validation of locally increased 

ODD stabilization and labelling of hypoxic cells in a different hypoxia reporting 

approaches. 

To characterize and delineate the impact of NRW and CRW exposure on HIF-

based hypoxia labelling and its association with cognitive improvement in trained 

and untrained mice. 

To explore the impact of behavioral tests, which involve little or no exercise in-

cluding environmental enrichment, fear conditioning and IntelliCage setups on 

the hypoxic state and cognitive improvement in the brain. 
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9. Appendix 

9.1 List of Abbreviations 

% Percentage 

ATP   Adenosine triphosphate 

bHLH basic helix-loop-helix 

BOLD Blood-oxygen-level-dependent 

CA   Cornu ammonis 

CaMKIIα   Ca2+/calmodulin-dependent protein kinase II alpha subunit 

CNS Central Nervous System 

CO2   Carbon dioxide 

CRW   Complex running wheel 

DG   Dentate gyrus 

EPO   Erythropoietin 

ER Estrogen Receptor 

fMRI Functional magnetic resonance imaging  

HIF-α   Hypoxia-inducible factor α-subunit 

HIF-β   Hypoxia-inducible factor β-subunit 

IF   Immunofluorescence 

LSM   Light-sheet microscopy 

NRW Normal running wheel 

O2   Oxygen 

ODD   Oxygen-dependent degradation domain 

PCR Polymerase chain reaction 

PFC Prefrontal cortex 

PHD Prolyl-4-hydroxylase domain enzyme 

pVHL von Hippel-Lindau tumor suppressor protein 

ROS Reactive oxygen species 

RT Room temperature 

SEM Standard error of mean 

TAD Transactivation domains 

VEGF Vascular endothelial growth factor 

WT Wild type 



APPENDIX                                                                                                         

118 
 

9.2 Publications during PhD studies  

Butt, U.J*., Steixner-Kumar,  A.A*., Depp, C*., Sun, T., Hassouna, I., Wüstefeld, 

L., Arinrad, S., Zillmann, M.R., Schopf, N., Garcia-Agudo, L.F., Mohrmann, L., 

Bode, U., Ronnenberg, A., Hindermann, M., Goebbels, S., Bonn, S., Katschinski, 

D.M., Miskowiak, K.W., Nave, K.A., & Ehrenreich, H. " Hippocampal neurons 

respond to brain activity with functional hypoxia.“ Molecular Psychiatry (2021): 1-

18. 

Butt, U.J., Hassouna, I., Fernandez Garcia-Agudo, L., Steixner-Kumar, A.A., 

Depp, C., Barnkothe, N., Zillmann, M.R., Ronnenberg, A., Bonet, V., Goebbels, 

S., Nave, K.A., and Ehrenreich, H. CaMKIIα Expressing Neurons to Report 

Activity-Related Endogenous Hypoxia upon Motor-Cognitive Challenge. 

International journal of molecular sciences, 2021, 22(6), p.3164. 

Wakhloo, D*., Scharkowski, F*., Curto, Y*., Butt, U.J., Bansal, V., Steixner-

Kumar, A.A., Wüstefeld, L., Rajput, A., Arinrad, S., Zillmann, M.R., Seelbach, A. 

Hassouna, I., Schneider, k., Ibrahim, A.Q., Werner, H.B., Martens, H., Miskowiak, 

K,W., Wojcik,S.M., Bonn, S., Nacher, J., Nave, K.A., & Ehrenreich, H. "Functional 

hypoxia drives neuroplasticity and neurogenesis via brain erythropoietin." Nature 

communications 11.1 (2020): 1-12. 

  

 

 

 

 

 

 

 

 



      APPENDIX  

119 
 

Co-author publication   

 



APPENDIX                                                                                                         

120 
 

 

 



      APPENDIX  

121 
 

 

 



APPENDIX                                                                                                         

122 
 

 

 



      APPENDIX  

123 
 

 

 



APPENDIX                                                                                                         

124 
 

 

 



      APPENDIX  

125 
 

 

 



APPENDIX                                                                                                         

126 
 

 

 



      APPENDIX  

127 
 

 

 



APPENDIX                                                                                                         

128 
 

 

 



      APPENDIX  

129 
 

 

 



APPENDIX                                                                                                         

130 
 

 

 



      APPENDIX  

131 
 

 

 



APPENDIX                                                                                                         

132 
 

 

 



      APPENDIX  

133 
 

 

 



APPENDIX                                                                                                         

134 
 

 

 



      APPENDIX  

135 
 

 

 



APPENDIX                                                                                                         

136 
 

 

 



      APPENDIX  

137 
 

 

 


