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Abstract  

Tissue hypoxia leads to activation of endogenous adaptive responses that involve a family of 

prolyl hydroxylase domain proteins (PHD1-3) with oxygen sensing properties, hypoxia 

inducible transcription factors (HIFs), and cytoprotective HIF target genes such as 

erythropoietin (EPO) and vascular endothelial growth factor (VEGF). The hypoxic induction 

of these genes is regulated by oxygen-dependent hydroxylation of HIF  subunits by PHDs, 

which signals their proteasomal degradation. In this study, mice of different age were 

exposed to hypoxia or subjected to cerebral ischemia after hypoxic pre-conditioning. We 

found an impaired hypoxic response in the brain, characterized by elevated levels and 

impaired downregulation of PHD1. Furthermore, an attenuated hypoxic activation of VEGF 

and EPO, as well as of other HIF-target genes such glucose transporter-1 and carbonic 

anhydrase 9 was found in senescent brain. Finally, we observed a loss of the protective 

effect of hypoxic pre-conditioning on subsequent cerebral ischemia with increasing age. 

Thus, the impaired hypoxic adaptation, resulting in compromised hypoxic activation of 

neuroprotective factors, could contribute to neurodegenerative processes with increasing 

age, and might have implications for treating age-related disorders.  

 

 

 

Keywords: aging; hypoxia; HIF; PHD; VEGF; erythropoietin; neuroprotection 

 

Abbreviations: CA-IX, carbonic anhydrase 9; EPO, erythropoietin; GAPDH, glyceraldehyde-

3-phosphate dehydrogenase; GLUT1, glucose transporter-1; HIF, hypoxia-inducible factor; 

MCAO, middle cerebral artery occlusion; PHD, prolyl hydroxylase domain protein; RPS12, 

ribosomal protein S12; TBP, TATA binding protein; VEGF, vascular endothelial growth factor 
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1. Introduction 

 

Perturbation of cellular oxygen availability leads to the activation of endogenous adaptive 

mechanisms. Upon hypoxia/ischemia, several cytoprotective factors such as vascular 

endothelial growth factor (VEGF) and erythropoietin (EPO) are induced (Goldberg et al. 

1994). In addition, many other genes are activated during hypoxia, among them glucose 

transporter-1 (GLUT1) and carbonic anhydrase 9 (CA-IX). Both genes are frequently used as 

markers for a hypoxic response (Stiehl et al. 2006). The expression of these factors is under 

the influence of hypoxia inducible transcription factors (HIFs) (Wang et al. 1995). HIFs are 

heterodimers composed of an  and a  subunit. Three isoforms of the  subunit exist, 1 , 

2 , and 3 (Gu et al. 1998; Tian et al. 1997; Wang et al. 1995). Under normoxic conditions, 

the  subunit is hydroxylated on specific proline residues leading to the binding of the von 

Hippel-Lindau (pVHL) protein E3 ubiquitin ligase and its subsequent proteasomal 

degradation (Ivan et al. 2001; Jaakkola et al. 2001). This prolyl hydroxylation is mediated by 

a family of proteins called prolyl hydroxylase domain proteins (PHDs), which require 

molecular oxygen for the hydroxylation reaction (Bruick et al. 2001; Epstein et al. 2001). 

Under hypoxic conditions, where oxygen is limited, PHD is inactive, no prolyl hydroxylation 

occurs, and thus HIF-  is stabilized leading to transcription of HIF target genes (Kaelin, Jr. et 

al. 2008). Three PHD family members have been identified (PHD1-3) (Bruick et al. 2001; 

Epstein et al. 2001) which are differentially expressed. While PHD2 is ubiquitously 

expressed, PHD1 is expressed mainly in the testis, and PHD3 mainly in the heart (Willam et 

al. 2006). Interestingly, whereas PHD1 is constitutively expressed, PHD2 and PHD3 

expression is induced by hypoxia itself, indicative of a negative feedback mechanism (Willam 

et al. 2006). The PHDs also have different substrate specificity. In vitro studies suggest 

PHD2 preference towards HIF-1 , while PHD3 seems to be more active towards HIF-

2 (Appelhoff et al. 2004).  

The HIF-1 abundance in different organs is not only dependent on the PHD isoform 

present, but also shows organ specific variations. Although hypoxia-induced HIF-1  
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stabilization/activation occurs in all organs, the degree of organ-specific stabilization varies in 

vivo. In the kidney, peak levels of HIF-1 are reached after 1 h of systemic hypoxia and 

return to basal levels 4 h thereafter. In contrast, peak HIF-1  levels in the brain are reached 

only after 5 h and remain elevated for at least 12 h (Stroka et al. 2001).  

Evidence exists that the endogenous adaptive response to hypoxia is impaired during the 

aging process (Rivard et al. 1999; Rohrbach et al. 2005). For instance, HIF-1  protein has 

been shown to be reduced under hypoxia in smooth muscle cells isolated from old rabbits as 

compared to young animals (Rivard et al. 2000). Moreover, DNA binding activity of HIF-1 is 

impaired in senescent mice exposed to hypoxia (Frenkel-Denkberg et al. 1999). It has been 

suggested that reduced HIF levels in aged organs could be the result of increased PHD 

expression, as the expression of PHD3 was increased in the heart of old mice and humans 

(Rohrbach et al. 2005). As many neuroprotective factors such as VEGF and EPO are direct 

HIF target genes, an impaired hypoxic response in the senescent brain might facilitate 

neurodegenerative processes. We therefore aimed to gain more insight into the effect of 

aging on the HIF system and thus on the hypoxic adaptive response in the elderly, and 

subjected young and old mice to hypoxia for varying durations and measured the levels of 

the major molecular players involved in the hypoxic response.   

 

 

2. Materials and methods 

 

2.1 Animals 

 

All experiments were performed using male C57BL/6 mice (3 to 21 months of age). Animals 

were maintained at the animal facility of the University of Heidelberg. All animal procedures 

were approved by the animal welfare committee.  

Hypoxia was induced by substituting nitrogen for oxygen using a Digamix 5SA 18/3A pump 

(Woesthoff, Bochum, Germany) as described (Marti et al. 1998). Mice (n = 3-4 per group) 
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breathed 6% oxygen for 2, 12 or 48 h, or were kept at 20% oxygen. After hypoxic exposure, 

brains were removed for total RNA isolation and nuclear protein extract preparation.  

For hypoxic pre-conditioning and middle cerebral artery occlusion (MCAO), 16 animals were 

exposed to 6% O2 for 4 h or kept at 20%. 72 h later, animals underwent filament-induced 

MCAO using a 7-0 silicon rubber-coated monofilament (Doccol Cooperation Redlands, USA). 

This is a modification of a previously published hypoxic pre-conditioning model (Prass et al. 

2003). Mice were anaesthetized by a mixture containing 4% halothane, 70% N2O, and 

remainder O2, and were maintained by reducing the halothane concentration to 1.0-1.5%. 

Body temperature was maintained at 37 °C using a temperature controlled heating pad. 

MCAO was performed as described previously (Hata et al. 2000). After 90 min occlusion, 

reperfusion was allowed for 24 h. Subsequently, brains were removed and frozen. From 

each brain, 24 coronal cryosections (10 µm thick each; 0.4 mm apart) were prepared and 

silver-stained. Healthy tissue appears dark while infarcted tissue appears light (silver-

deficient). The total infarct volume was calculated as the summation of the total infarct area 

of each section multiplied by the distance between each section. The area of each 

hemisphere was measured by ImageJ software. To calculate the infarct area of each section 

the following equation was applied: I = (SD+CT-IT), where I = infarct area in mm2, SD = 

silver-deficient area in mm2, CT = total area of the contralateral hemisphere in mm2, IT = total 

area of the ipsilateral hemisphere in mm2. Thus, the total infarct volume in mm3 = I*0.4, 

where 0.4 = the distance between each section in mm. This equation was used to correct for 

the increase in volume of the ipsilateral hemisphere due to swelling (Lin et al. 1993).  

 

2.2 Real-time RT-PCR 

 

After 2, 12 or 48 h of hypoxic exposure, animals were sacrificed and organs isolated and 

snap frozen in liquid nitrogen. Total RNA was isolated using the TRI reagent (Invitrogen, 

Darmstadt, Germany) according to manufacturer`s instructions. For digestion of residual 

DNA, 10 µg of total RNA was incubated in a 25 µl reaction mix containing 1x DNase-buffer, 
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40 U RNasin and 1 U DNase (Promega, Mannheim, Germany) for 30 min at 37 °C. Reverse 

transcription (1 µg RNA) was carried out with Access RT-PCR Kit (Promega). Real-time RT-

PCR was performed using the QuantiTect SYBR Green PCR Kit (Qiagen, Hilden, Germany) 

corresponding to manufacturer`s instructions. The housekeeping genes ribosomal protein 

S12 (RPS12) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used as 

controls. The following primers (MWG Biotech, Ebersberg, Germany) were used: CA-IX 

sense GACAGTTCATCTGGGGAGGA, CA-IX antisense AAGGGACTCCTCCATCCTGT, 

EPO sense CCACCCTGCTGCTTTTACTC, EPO antisense CTCAGTCTGGGACCTTCTGC, 

GAPDH sense TCACCATCTTCCAGGAGCG, GAPDH antisense 

CTGCTTCACCACCTTCTTGA, GLUT1 sense GCTGTGCTTATGGGCTTCTC, GLUT1 

antisense AGAGGCCACAAGTCTGCATT, PHD1 sense GCTAGGCTGAGGGAGGAAGT, 

PHD1 antisense CCCCAAGTTGTCCTTGA, PHD2 sense TCCATCTGGACACGAAACAA, 

PHD2 antisense TTCCCCGAATTCAAAACTTG, PHD3 sense 

GCTATCCAGGAAATGGGACA, PHD3 antisense TGGCGTCCCAATTCTTATTC, RPS12 

sense GAAGCTGCCAAAGCCTTAGA, RPS12 antisense AACTGCAACCAACCACCTTC, 

VEGF sense GTACCTCCATGCCAAGT, VEGF antisense ACTCCAGGGCTTCATCGTTA. 

 

2.3 Nuclear protein extract preparation 

 

One brain hemisphere was homogenized in 750 µl of buffer A containing 1 mM DTT, 1 mM 

PMSF, protease inhibitor cocktail, 1% Nonidet P40, 2 mM Na3VO4 (all from Sigma-Aldrich, 

Steinheim, Germany). After 15 min incubation at 4 °C, samples were centrifuged at 850 g for 

10 min. Pellets were resuspended in 1 ml of buffer A, incubated on ice for 15 min, then 

centrifuged at 14,000 g for 1 min. Pellets were resuspended in buffer C containing 1 mM 

DTT, 1 mM PMSF, protease inhibitor cocktail, 2 mM Na3VO4 and incubated on ice for 30 min 

with gentle shaking. After a final centrifugation at 14,000 g for 10 min, supernatants (nuclear 

protein extract) were snap-frozen in liquid nitrogen. 
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2.4 Immunoblotting 

 

Nuclear proteins (25 µg) were run on a SDS-polyacrylamide gel and then transferred onto a 

nitrocellulose membrane. The TATA binding protein (TBP) was used as loading control. The 

membrane was incubated with primary antibodies against HIF-1  (1:500; NB100-449, Novus 

Biologicals, Cambridge, UK), PHD2 (1:1000; NB100-2219, Novus Biologicals), PHD3 

(1:1000; NB100-303, Novus Biologicals) or TBP (1:1000; ab818, Abcam, Cambridge, UK). 

All antibodies were diluted in 5% non-fat dry milk. After rinsing in tris-buffered saline, blots 

were incubated with a goat anti-rabbit horseradish peroxidase-conjugated secondary 

antibody (1:5000; 31460, Thermo Fisher Scientific, Bonn, Germany). ECL Western blot 

detection reagents (GE Healthcare, Freiburg, Germany) were used for protein detection. 

 

2.5 Data evaluation and statistical analysis 

 

The influence of age on expression of the target genes under basal conditions was analyzed 

by relating the values from old mice (15, 18 and 21 mo, respectively) to young mice (3 mo) 

under normoxic conditions. With the exception of PHD1 (Fig.2) no age-dependent changes in 

basal gene expression were determined.  One-way ANOVA combined with Bonferroni post-

test was applied to determine statistical significance. The effect of hypoxia on gene 

expression was first evaluated separately for 3, 15, 18 and 21 months old mice by comparing 

the values from mice exposed to 2, 12 and 48 h hypoxia, respectively, to these from mice 

kept under normoxia. Then, all data calculated for old mice (15, 18 and 21 mo) were 

averaged and statistical significance for hypoxia-induced alterations in gene expression of 

young (3 mo) and old (15-21 mo) mice, respectively, was defined with one-way ANOVA 

followed by Bonferroni post-test. The strength of hypoxic response was compared between 

young (3 mo) and old (15-21 mo) mice, and was statistically evaluated by using two-way 

ANOVA combined with Bonferroni post-test. 
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Results 

3.1 Relative PHD expression in the brain.  

As tissue-specific PHD expression has been reported, we first determined the expression 

level (relative to GAPDH) for the different PHD forms in the adult brain. PHD2 was the most 

abundant form, followed by PHD1, whereas PHD3 was 2-3 times weaker expressed, as 

compared to PHD1, and PHD2, respectively (Fig.1). Next, we characterized age-dependent 

PHD expression in the brain, as increased PHD3 expression had been shown for the aged 

heart (Rohrbach et al. 2005). We found no changes in expression levels for PHD2 and 

PHD3, neither in brain nor heart, when comparing young mice (3 mo) with 15, 18 or 21 

months old animals (data not shown). However, PHD1 expression significantly increased 

1.6-1.7-fold in 15-21 mo old mice as compared to young mice (Fig.2), whereas no change for 

PHD1 was found in the heart of the same mice (data not shown). 

 

3.2 Hypoxic induction of PHDs in brain.  

To test the effect of aging on the hypoxic response, mice of various ages (3, 15, 18, and 21 

months) were subjected to hypoxia (6% O2) for 2 and 12 h, young animals in addition to 48 h, 

and PHD mRNA levels were measured by quantitative PCR. Surprisingly, PHD1 expression 

in the brain was significantly downregulated (by 50%) after 2 h of hypoxia, but tended to 

recover after longer hypoxic exposure (Fig.3). Older mice (18, 21 mo) only showed a non 

significant 25% reduction, suggesting that hypoxic responsiveness of PHD1 expression 

decreases with age (Fig.3). For PHD2, a slight but significant increase was seen after 

prolonged hypoxia (12 and 48 h) in young animals, which was not detectable in older mice 

(Fig.3). PHD3 expression in the brain showed neither hypoxic responsiveness nor age-

dependent changes (Fig.3). On the protein level, however, neither PHD2 nor PHD3 levels 

significantly changed in the brain after hypoxic exposure or during aging (Fig.4). 

Unfortunately, no PHD1 antibody suitable for mouse protein detection in Western blots was 

available to us.   
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To test whether hypoxia-induced HIF-1 stabilization was affected by aging, nuclear protein 

extracts from brain of hypoxic mice were prepared. In agreement with the subtle changes in 

PHD expression in senescent mice, no major difference for HIF-1 expression was detected. 

However, HIF-1  protein levels tended to be reduced in older animals after 2 h hypoxia as 

compared to young mice (Fig.4).  

 

3.3 Impaired HIF-target gene expression in senescent mouse brain.  

The total increase in PHD levels (mainly PHD1), and reduced hypoxic responsiveness 

(PHD1, PHD2, HIF-1 ) in senescent brain, prompted us to analyze expression levels of 

known HIF targets and hypoxia-responsive factors important for neuroprotection. The 

hypoxia response of VEGF and EPO was clearly reduced in senescent mice. Whereas 

VEGF induction was almost 5-fold in young animals, it was less than 3-fold in older animals. 

Even more dramatic differences were seen for EPO. Hypoxic exposure of young animals 

induced EPO expression in the brain 25-35-fold, whereas induction level was less than 10-

fold in older animals (Fig.5). For both neuroprotective factors we found a clear declining 

hypoxic response with increasing age. To verify the diminished hypoxic response in 

senescent brain tissue, we quantified expression levels of two further HIF-target genes, CA-

IX and GLUT1. We found a significant transient 2-fold induction of CA-IX (after 12 h of 

hypoxia) and a sustained 2.5-fold increase in GLUT1 expression in young animals, which 

was clearly reduced in older mice, thus confirming the blunted hypoxic responsiveness. The 

dysfunctional hypoxic response was also found in the heart, as induction of VEGF mRNA 

expression was totally absent in old animals (data not shown).  

 

3.4 Hypoxic pre-conditioning fails in aged mice. 

All these results suggested that the hypoxic response in the brain of old mice is blunted. To 

test whether this impaired hypoxic adaptation has functional consequences, we analyzed the 

effect of hypoxic pre-conditioning on infarct size after cerebral ischemia. It had been 

previously shown that subjecting animals to a short period of hypoxia has a protective effect 
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against a subsequent strong ischemic insult (Bergeron et al. 2000; Miller et al. 2001). Young 

(3 months) and old (18 months) mice were subjected to 4 h hypoxia (6% O2), followed by 

cerebral ischemia induced by occluding the middle cerebral artery 72 h later. As shown in 

figure 6, hypoxic pre-conditioning significantly reduced the cerebral infarct size by 20% in 

young mice. Strikingly, this protective effect was not observed in old mice, demonstrating that 

the impaired hypoxic response in the brain of aged mice has functional consequences.  

 

 

4. Discussion 

 

The results of this study demonstrate that the hypoxic adaptive response is altered in the 

brain of old mice. PHD1 levels were higher in old mice, and hypoxic upregulation of PHD2 as 

well as downregulation of PHD1 expression attenuated in senescent brain. Although this did 

not result in clear alterations of hypoxia-induced HIF-1α levels, the hypoxic activation of the 

neuroprotective HIF-target genes VEGF and EPO was significantly attenuated with 

increasing age. Furthermore, other HIF target genes, such as CA-IX and GLUT1 also 

showed attenuated hypoxic inducibility with increasing age. Consequently, this study also 

demonstrated a loss of the protective effect of hypoxic pre-conditioning on a subsequent 

ischemic insult in senescent brain.  

Adaptation to reduced oxygen supply (hypoxia) is essential for normal cell and organ 

function. Therefore, any impairment of this adaptive mechanism is likely to contribute to 

pathological changes and disease. Hypoxia is thought to significantly contribute to the 

etiology of several age-related neurodegenerative diseases, most notably Alzheimer’s 

disease (Sun et al. 2006). Our results suggest that the impaired adaptive response to 

hypoxia in the elderly results in attenuated activation of neuroprotective factors and thus 

might contribute to the progress of neurodegenerative diseases.  

 

4.1 PHD expression in the brain 
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We could show that in the brain of adult mice PHD2 is the most abundant PHD protein, 

followed by PHD1, while PHD3 was much weaker expressed in comparison to both PHD1 

and PHD2. Thus, the distribution of different PHDs appears to be organ specific, as PHD3 

and PHD1 were reported to be the predominant PHD forms in heart and testis, respectively 

(Willam et al. 2006). Under hypoxia we found downregulation of PHD1 mRNA expression in 

the adult brain. While hypoxic activation of PHD2 and PHD3 has been described before 

(Willam et al. 2006), our results suggest for the first time that also PHD1 is responsive to 

changes in inspired oxygen concentration. The underlying mechanisms need to be defined. It 

has recently been shown that absence of PHD1 improves hypoxia tolerance by shifting 

glucose metabolism towards the anaerobic pathway (Aragones et al. 2008). Thus, the 

observed downregulation of PHD1 mRNA expression by hypoxia in the brain seems to be 

part of the adaptive response towards hypoxia, enabling the brain to cope with reduced 

oxygen levels and to improve anaerobic energy generation.  

Several in vitro studies demonstrated a strong hypoxia-dependent upregulation of PHD2 and 

PHD3 expression (Metzen et al. 2005; Pescador et al. 2005). However, in vivo, we only 

observed a slight increase in PHD2 expression on mRNA but not protein level, while PHD3 

expression in the adult brain was not altered under hypoxic conditions at all. Measurement of 

partial oxygen pressure in normal cerebral cortex of cats revealed mean values of around 20 

mmHg (Whalen et al. 1970; Padnick et al. 1999), thus corresponding to an oxygen 

concentration of about 2.5-3%. One can assume, that exposure to 6% oxygen (inspired air) 

results in a further reduction of tissue oxygenation, although no clear data exist. Thus, the 

degree of tissue hypoxia is difficult to predict. Tissue oxygenation in living animals is a very 

complex process, depending on ventilation and organ perfusion, enabling a certain degree of 

adaptation which is not possible in cell culture systems. Indeed, available data concerning 

PHD expression in hypoxic tissues are conflicting. While in the brain of mice exposed to 

7.5% O2 for up to 72 h no significant changes in PHD2 and PHD3 expression were found 

(Stiehl et al. 2006), expression of PHD2 and PHD3 even decreased in the brain of rats 

exposed to 8% O2 for 8 h (Willam et al. 2006). On the other hand, functional anemia (by 
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exposure to carbon monoxide) and thus reduction of the oxygen carrying capacity of the 

blood, increased expression of PHDs 1.5-2.2-fold (Stiehl et al. 2006), suggesting that 

animals can better compensate for inspiratory hypoxia than for reduced oxygen carrying 

capacity. Thus, the regulation of hypoxia-induced PHD genes appears to be more subtle 

under physiological inspiratory hypoxia than under in vitro conditions (Stiehl et al. 2006). 

However, prolonged exposure to hypoxia has been recently shown to increase mRNA and 

protein expression of both PHD2 and PHD3 in the brain of rats (Ndubuizu et al. 2009). The 

discrepancy to our results might be due to extended hypoxic exposure time, severity of 

hypoxia, or species differences. While we used mice for a short exposure (2 and 12 h) to 6% 

O2, Ndubuizu et al. used rats which were exposed for 24 h to 10% followed by additional 48 h 

exposure to 8% O2.  

 

4.2 Age-dependent changes in PHD expression in the brain 

If we consider hypoxic downregulation of PHD1 as an adaptive protective mechanism in the 

brain, then our findings that the hypoxic inhibition of PHD1 in old mice was attenuated 

support the hypothesis - in concert with increased PHD1 levels in older animals - that this 

adaptive response is lost in the brain of older mice indicative of reduced hypoxia tolerance.  

While PHD1 expression in the brain increased with age, we did not find any age-related 

changes for PHD2 or PHD3 neither in the brain, nor in the heart (data not shown). This is in 

contrast to previous publications, where PHD3 expression was increased in heart (Rohrbach 

et al. 2005), liver, skeletal muscle (Rohrbach et al. 2008), and brain (Ndubuizu et al. 2009) of 

senescent tissue isolated from mice, rats and humans. The difference could be due to 

different experimental settings. Nevertheless, the common feature of our and the previous 

results is the elevated level of PHD expression in senescent tissue, either as PHD1 in brain, 

or as PHD3 in liver, skeletal muscle and heart.  

The hypoxic responsiveness of PHD expression in our in vivo model was rather small, even 

in the young animals; however we could detect an attenuated PHD1 downregulation and 
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blunted PHD2 upregulation after hypoxic exposure in the brain of old animals supporting the 

idea of defective hypoxia responsiveness.  

In line with the small changes in PHD expression in old mice, HIF-1  protein levels showed 

no major changes with increasing age in the brain, while decreased HIF-1  stabilization upon 

hypoxia was correlated with increasing age in the lung (Hwang et al. 2007), and the heart 

(Rohrbach et al. 2005), and similar findings were reported for smooth muscle cells obtained 

from old rabbits in comparison with young animals (Rivard et al. 2000). Ndubuizu et al. have 

recently reported a decrease in HIF-1 stabilization in the brain of old rats exposed for 24 h 

to 10%, followed by 48 h to 8% O2 (Ndubuizu et al. 2009). This discrepancy might be due to 

the longer exposure period to milder hypoxia and/or species-specific effects. 

 

4.3 Hypoxia-induced gene expression is impaired in old mice 

Although hypoxia-induced stabilization of HIF-1 appeared to be normal in the brain of old 

mice, we observed a clear impairment of hypoxic induction of the HIF-1 target genes VEGF, 

EPO, CA-IX and GLUT1. This is in line with recent findings showing impaired hypoxic 

induction of various HIF target genes in the brain of old rats (Ndubuizu et al. 2009). Impaired 

transcriptional activity in senescent brain tissue might not necessarily be dependent on 

reduced amounts of transcription factor present, but could be the result of decreased DNA 

binding activity. Indeed, a decreased HIF-1 /DNA binding activity in brain, liver, kidney, and 

lung tissue of senescent mice has been reported (Frenkel-Denkberg et al. 1999).  

The impaired hypoxic response, characterized by reduced inducibility of VEGF and EPO, 

had functional consequences, as hypoxic pre-conditioning did not protect old mice against 

the subsequent ischemic insult. The protective pre-conditioning effect on ischemic damage 

has been attributed to the upregulation of EPO (Prass et al. 2003). The impaired hypoxic 

induction of EPO and VEGF in the brain of old mice could thus be responsible for the lack of 

protection after hypoxic pre-conditioning. It is tempting to speculate that the adaptation to 

hypoxic (and ischemic) stress in the brain results in upregulation of EPO and VEGF which in 

turn protects neurons from hypoxic damage. Indeed, several reports demonstrate that EPO 
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and VEGF can exert their neuroprotective function via activation of common survival 

pathways such as PI3 kinase/Akt and ERK-1/-2 (Kilic et al. 2005; Kilic et al. 2006; Rabie et 

al. 2008; Zacchigna et al. 2008). In addition, recent data suggest that VEGF can protect 

neuronal cells from damage by depression of synaptic transmission (McCloskey et al. 2005), 

involving inactivation of glutamate receptors of the AMPA type (Bogaert et al. 2010).  

GLUT1 and CA-IX may support the adaptive response of the brain during hypoxia. While 

GLUT1 facilitates glucose transport from blood into brain parenchyma trough the blood-brain 

barrier, transmembrane CA-IX regulates cellular pH by catalyzing the reversible conversion 

of carbon dioxide to bicarbonate and H+ (Boado et al. 2002; van den Beucken et al. 2009). 

The lack of oxygen caused by hypoxia leads to a switch from aerobic to anaerobic glucose 

metabolism, characterized by increased production of lactic acid and a lowered intracellular 

pH (Swietach et al. 2007). Thus, increased levels of GLUT1 could satisfy the elevated 

glucose requirement for anaerobic glycolysis, and increased CA-IX levels may account for 

the stabilization of the intracellular pH under hypoxia. Impaired induction of GLUT1 and CA-

IX, as observed in the brain of old animals, may thus have functional relevance for the 

protective effect of hypoxic pre-conditioning on ischemic damage, as efficient ATP production 

might be impaired.  

Taken together, our results show that the hypoxic response in senescent brain is impaired 

and suggest that the protective effect, elicited by hypoxia-induced VEGF and EPO, as well 

as other hypoxia-inducible genes, is attenuated, and could contribute to progressive 

neurodegeneration with increasing age.  
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Figure legends 

 

Figure 1: Expression of PHD1-3 on mRNA level in the brain of young mice. Brains were 

isolated from mice (3 months old), RNA was prepared and RT-PCR was performed. N = 4 

(per group). 

 

Figure 2: PHD1 mRNA expression in the brain is increased in an age-dependent 

manner. Brains were isolated from mice (3 to 21 months old), RNA was prepared and real-

time RT-PCR was performed. Significant differences determined by Bonferroni post-test are 

indicated with ** (p<0.01). N = 3 (per group). 

 

Figure 3: Hypoxia decreases PHD1 and increases PHD2 mRNA expression in the brain 

of young mice. Mice (3 to 21 months old) were subjected to hypoxia (6% O2) for 2, 12 or 48 

h. Then, brains were isolated, RNA was prepared and real-time RT-PCR was performed. 

Significant differences determined by Bonferroni post-test are indicated with * (p<0.05) or ** 

(p<0.01). N = 3-4 (per group). 

 

Figure 4: Effect of hypoxia on HIF-1  stabilization and protein expression of PHD2 and 

PHD3 in the brain. Mice (3 to 21 months old) were subjected to hypoxia (6% O2) for 2 or 12 

h. Then, brains were isolated, nuclear proteins were prepared and Western blot analysis was 

performed. N = 3-4 (per group). 

 

Figure 5: Hypoxia-induced expression of HIF-1 target genes is impaired in the brain 

of old mice. Mice (3 to 21 months old) were subjected to hypoxia (6% O2) for 2, 12 or 48 h. 

Then, brains were isolated, RNA was prepared and real-time RT-PCR was performed. 

Significant differences determined by Bonferroni post-test are indicated with * (p<0.05), ** 

(p<0.01) or *** (p<0.001). N = 3-4 (per group) 
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Figure 6: Hypoxic pre-conditioning reduces the infarct volume upon focal cerebral 

ischemia in young but not in old mice. Mice (3 and 18 months old) were subjected to 

hypoxia (6% O2) for 4 h or kept at 20% O2. 72 h later, focal cerebral ischemia was induced 

for 90 min followed by 24 h of reperfusion. Then, brains were removed and the infarct volume 

was determined. Statistical significance was determined by using one-way ANOVA combined 

with Bonferroni post-test. Significant differences determined by Bonferroni post-test are 

indicated with * (p<0.05). N = 3-4 (per group). 
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