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Abstract 

Parkinson’s disease is a neurodegenerative disease resulting in degeneration of midbrain 

dopaminergic neurons. Exploratory studies using human fetal tissue or predifferentiated stem 

cells have suggested that intracerebral transplantation of dopaminergic precursor cells may 

become an effective treatment for patients with Parkinson’s disease. However, strategies for 

dopaminergic stem cell differentiation vary widely in efficiency, and better methods still need to 

be developed.  

Hypoxia Inducible Factor 1 (HIF-1) is a transcription factor involved in the regulation of genes 

important for cellular adaption to hypoxia and low glucose supply. HIF-1 is to a large degree 

regulated by the availability of oxygen as in its presence, the subunit HIF-1 is degraded by HIF 

prolyl hydroxylase enzymes (HPHs). Stabilisation of HIF-1 through inhibition of HPHs has 

been shown to increase dopaminergic differentiation of stem cells and to protect dopaminergic 

neurons against neurotoxins.  

This study investigated the effects of non-competitive (FG-0041) and competitive (Compound A 

and JNJ-42041935) HIF-1 stabilising compounds on the dopaminergic differentiation of 

human neural stem cells. Treatment with all HPH inhibitors at high oxygen tension (20%) 

resulted in HIF-1 stabilisation as assessed by immunocytochemistry for HIF-1 and detection 

of increased levels of vascular endothelial growth factor in the conditioned culture medium. 

Following 10 days of HIF-1 stabilisation, the cultures displayed a slightly reduced proliferative 

activity and significantly increased relative levels of tyrosine hydroxylase-positive 

dopaminergic neurons.  
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In conclusion, HIF-1 stabilisation may represent a promising strategy for the generation of 

dopaminergic neurons intended for use in experimental in vitro studies and cell replacement 

therapies. 

 

Introduction 

Parkinson’s disease (PD) is characterised by progressive degeneration of dopaminergic neurons 

in substantia nigra pars compacta in the upper brain stem. The loss of dopaminergic neurons 

results in a gradual decrease of dopaminergic input to the striatum, often leading to rigidity, 

tremor, hypokinesia and postural instability (Dauer & Przedborski, 2003; de Lau & Breteler, 

2006). Grafting of human fetal dopaminergic neurons into the dopamine-depleted striatum has 

emerged as an experimental therapeutic approach for PD (Freed et al., 1990; Brundin et al., 

2000; Freed et al., 2001; Bjorklund et al., 2003). However, the use of human tissue is 

compromised by ethical, regulatory and practical concerns and inconsistent survival of grafted 

dopaminergic neurons. Stem cells represent a promising alternative to human fetal tissue, but 

work is still needed to generate robust cells, in both quality and quantity, that can survive and 

function appropriately in a host brain. 

Oxygen levels range from 1-8% in the developing and adult brain (Erecinska & Silver, 2001), but 

many stem cell cultures are still being cultured at high (20 %) non-physiological oxygen tension. 

Low O2 or physiological oxygen tension has been shown to stimulate cell proliferation and 

neuronal survival (Studer et al., 2000; Storch et al., 2001; Milosevic et al., 2005) and to have 

beneficial effects on dopaminergic differentiation of both mouse (Storch et al., 2003), rat 

(Studer et al., 2000; Johansen et al., 2010; Jensen et al., 2011), and human cells (Storch et al., 

2001; Maciaczyk et al., 2008; Krabbe et al., 2009), but the detailed molecular mechanisms 

behind these effects are still not completely understood. 
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Hypoxia-inducible factor (HIF) is a transcription factor regulating many important genes 

involved in e.g. cellular adaption to oxidative stress (Semenza, 1999; Milosevic et al., 2009; 

Johansen et al., 2010; Thirstrup et al., 2011). HIF is a -heterodimer, where three isoforms of 

the -subunit (HIF-1) are known (Thirstrup et al., 2011). HIF consisting of 11 is known as 

HIF-1, and the level of HIF-1 is oxygen dependent, whereas the -subunit (HIF-1) is oxygen 

independent. The cellular level of HIF-1 is regulated by HIF prolyl hydroxylase enzymes 

(HPHs), also known as PHDs (prolyl-4-hydroxylase domains), which belong to the Fe2+ and 2-

oxogluterate (2-OG) dependent dioxygenase superfamily. Three isoforms of HPHs exist; HPH1, 

HPH2, and HPH3 of which HPH2 has been shown to be the most effective in degrading HIF-1. 

HIF-1 is continuously synthesised, but during normoxia proline residues in the HIF-1 oxygen 

dependent domain are modified by HPHs., which make binding of the von Hippel-Lindau tumor 

suppressor protein (pVHL) possible (Berra et al., 2003; Milosevic et al., 2009; Thirstrup et al., 

2011). pVHL is a part of a multiprotein complex, which functions as a ubiquitin ligase and also 

directly binds to and targets HIF-1 for degradation (Berra et al., 2003; Milosevic et al., 2009; 

Thirstrup et al., 2011). 

HPHs require oxygen, Fe2+, 2-OG, and ascorbate to function (Milosevic et al., 2009). During 

hypoxia, HPHs are repressed (due to lack of oxygen needed for the hydroxylation reaction) and 

HIF-1 is stabilised and together with HIF-1 bound to DNA as the heterodimer, HIF-1 

(Milosevic et al., 2009; Thirstrup et al., 2011). HIF-1 then acts as a transcription factor inducing 

production of a large number of target genes such as vascular endothelial growth factor (VEGF) 

and erythropoietin (EPO) (Wenger, 2002; Berra et al., 2003; Zhang et al., 2011). VEGF and EPO 

have been shown to promote neurogenesis both in vitro and in vivo (Jin et al., 2000; Chen et al., 

2007), and EPO has also been shown to be neuroprotective against 6-hydroxydopamine (6-

OHDA)-induced dopaminergic cell death (Signore et al., 2006; Zhang et al., 2011). 

Inhibition of HPHs has previously been shown to upregulate HIF-1 (Ivan et al., 2002). HPHs can 

be inhibited by small molecules either indirectly (non-competitive) through a reduction of 
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cofactors for the HPHs; oxygen, Fe2+, 2-OG, or directly (competitive) by compounds blocking e.g. 

the 2-OG binding site of HPHs (Thirstrup et al., 2011). A study using HIF-1 knockout mice, 

suggests that HIF-1 is important for the development and survival of midbrain dopaminergic 

neurons (Milosevic et al., 2007), and Johansen et al. have shown that HIF-1 induction leads to 

upregulation of tyrosine hydroxylase (TH) and increased level of potassium induced dopamine 

release in vitro (Johansen et al., 2010). Bergström et al. suggest that HIF-1 could be a potential 

target to upregulate genes relevant for neuroprotection, vascularisation, and dopamine 

synthesis therapeutically, meaning that HIF-1 could be of therapeutic relevance for treatment 

of PD (Bergstrom et al., 2013).  

This study investigated the effects of three different HPH inhibitors (HIF-1 stabilising 

compounds); two 2-OG competitive inhibitors Compound A (CpdA) and JNJ-42041935 (JNJ) and 

the non-competitive iron chelator FG-0041 (FG41) (Thirstrup et al., 2011) (Fig. 1) on 

dopaminergic differentiation and survival of human neural stem cells (NSCs). 

 

Materials and methods 

Culturing and passaging of a human midbrain-derived stem cell line  

Ethics statements about the human fetal origin of the cells used in the present study can be 

found in the original report describing the cell line (Villa et al., 2000; Liste et al., 2004; Villa et 

al., 2004; Villa et al., 2009). 

Cell isolation, genetic modifications and general characterisations are described elsewhere 

(Krabbe et al., 2009; Villa et al., 2009; Courtois et al., 2010; Seiz et al., 2012; Krabbe et al., 2014). 

Briefly, cells were isolated from the ventral mesencephalon of a 10 week-old human fetus. 

Immortalisation was carried out by infection with a retroviral vector coding for v-myc. 

Derivatives of the resulting cell line (hVM1 cells) were used for stable retroviral overexpression 

of Bcl-XL, essentially as described by Liste et al. (Liste et al., 2007). After infection, the cells were 
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selected by GFP-based fluorescent-activated cell sorting, resulting in the cell line hVMbcl-xL 

(Krabbe et al., 2009; Courtois et al., 2010; Krabbe et al., 2014) used in the present study. 

Cells  (< passage 30) were plated onto poly-L-lysine (PLL; Sigma-Aldrich, St. Louis, MO, USA)-

coated culture flasks containing HNSC100 culture medium (DMEM/F12 with Glutamax (Gibco, 

Rockville, MD, USA), 0.6% (w/v) ᴅ-glucose (Sigma-Aldrich), 0.5% (v/v) 1 M Hepes (Gibco), 0.5% 

(w/v) AlbuMAX-I (Gibco), 1% (v/v) N2 supplement (Gibco),1% (v/v) NEAA (Sigma-Aldrich) 

and 1% Pen/Strep (Gibco)) supplemented with 20 ng/ml recombinant human epidermal 

growth factor (EGF, R&D Systems, Minneapolis, MN, USA) and 20 ng/ml recombinant human 

basic fibroblast growth factor (bFGF, R&D Systems). Cells were propagated at 36oC in a 

controlled atmosphere of 5% CO2 and 95% humidified air. Medium (50%) was changed three 

times a week and cells passaged at 80% confluence. For passaging, adherent cells were washed 

with phosphate buffered saline (PBS; Gibco) without calcium and magnesium, before 

detachment by trypsin-EDTA (Gibco) diluted 1:10 in PBS for 3-5 min at 36C. Trypsinised cells 

were resuspended, centrifuged for 5 min at 4C (130 x g) and plated in new flasks. 

 

Effect of HIF-1 on stem cell proliferation 

Cells were plated into 24-well culture trays (day 0) coated with PLL at a density of 10,000 

cells/well, in HNSC.100 medium with or without 10-20M of one of the following Hypoxia 

Inducible Factor 1 (HIF-1) stabilising factors provided by H. Lundbeck A/S, Denmark: 

Compound A (CpdA,), JNJ-42041935 (JNJ), and FG-0041 (FG41) versus untreated controls. Cells 

were grown at 36°C, 5% CO2 and at either atmospheric oxygen tension (High O2 group) or with 

92% N2 leading to a 3% oxygen tension (Low O2 group) monitored by an O2-sensitive alarm 

system (Forma Scientific Inc., San Bruno, CA, USA). After 10 days, cells were fixed in 4% 

paraformaldehyde, pH 7.4 for 20 min, washed in 0.15M Sorensen’s Buffer, pH 7.4 three times 

and stored at 4°C until immunostaining. 
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Neuronal differentiation with HIF-1α-stabilising compounds 

At day 0, cells were plated into 24-well trays (with or without 14mm glass coverslips) at a 

density of 50,000 cells/well in HNSC.100 medium (omission of EGF and bFGF) with CpdA, JNJ or 

FG41 or without (control). Cells were grown at either high O2 tension or at low O2 tension (see 

above). At day 0, the medium (100%) was changed along with the HIF-1 stabilising 

compounds, and at day 6 half of the medium was changed along with the HIF-1 stabilizing 

compounds. At day 10 cells were fixed for immunostaining (see sbove). 

Cells grown as spheroids for HIF-1 detection 

At day 0, cells were plated in uncoated petri dishes at a density of 1,000,000 cells/dish, in 

HNSC.100 medium containing both 20ng/mL EGF and 20ng/mL bFGF, with or without (control) 

addition of CpdA, JNJ, or FG41 (10M). The cells were grown at high O2. At day 7, the cells had 

turned into spheroids. Half of the medium was changed along with the HIF-1 stabilising 

compounds three times per week. At day 16, spheroids were fixed in 4% neutral buffered 

formalin (NBF, Bie&Berntsen, Denmark) for 24 hrs and used for immunohistochemistry. 

Immunostaining of differentiated cell cultures and spheroids 

All cells were washed in 0.05M Tris-buffered saline (TBS; pH 7.4) added 0.1% triton X-100 

(Sigma). The cells were pre-incubated for 30 min with 0.05M TBS added either 10% sheep 

(Sigma) or donkey serum (Millipore, Billerica, MA, USA) (according to the host of the secondary 

antibody) to block unspecific binding, followed by incubation with primary antibodies diluted in 

either 10% sheep or donkey serum for 60 min at room temperature (RT) and then overnight 

(ON) at 4°C. Primary antibodies were human nuclei (HN, monoclonal mouse, Chemicon, 

Billerica, MA, USA) 1:500; TH (polyclonal rabbit, Chemicon) 1:600; Ki67 (monoclonal mouse; BD 

Pharmingen, Franklin Lakes, NJ, USA) 1:500 and -III-tubulin (-tub-III, monoclonal mouse, 

Sigma) 1:2000. 
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The cells were then washed for 3x15 min with 0.05M TBS 0.1% triton to remove the unbound 

antibodies and incubated for 1hr with biotinylated secondary antibodies diluted in either 10% 

sheep or donkey serum: Anti-mouse antibody (GE Healthcare, Little Chalfont, Buckinghamshire, 

UK) 1:200; anti-rabbit antibody (GE healthcare) 1:200. Cells were washed 3x15min with 0.05M 

TBS 0.1% triton and then incubated for 1hr with horseradish peroxidase conjugated 

Streptavidin (DAKO) 1:200 diluted in 10% sheep or donkey serum. Cells were washed 3x15min 

with 0.05M TBS before visualised with 3.3’-diaminobenzidine (DAB), (50mg DAB (Sigma) and 

33L H2O2 per 100mL TBS for 20 min). Afterwards the cells were washed for 15min in 0.05M 

TBS and then briefly in distilled water and cover-slipped in AquaTex® (VWR, Radnor, PA, USA). 

After immunostaining, photomicrographs of the cells were taken with a Leica DC300 camera 

attached to a Zeiss Axiophot-microscope. 

Double immunofluorescence staining was performed essentially as described above but using 

24-well plates containing 14 mm glass coverslips. Cultures were incubated ON at 4°C with a 

mixture of mouse-anti--tub-III 1:1000 and rabbit-anti TH 1:600 in TBS/5% goat serum. 

Subsequently, cultures were incubated with a mixture of Alexa Fluor® 555 conjugated anti-

mouse IgG (Molecular Probes, Eugene, OR, USA) and Alexa Fluor® 488 conjugated anti-rabbit 

IgG at 1:200 (Molecular Probes) for 2hr at RT. Cell nuclei were counterstained with 4’,6-

diamidino-2 phenylindole (DAPI; Sigma) at 10 μM in TBS. Cultures were mounted onto glass 

slides with ProLong® Gold mounting medium (Molecular Probes). Cells were visualised using a 

Zeiss Axiophot microscope coupled to a Leica DC300 camera. Images were processed using 

Adobe® Photoshop® software. 

Fixed spheroids were washed in a sterile NaCl solution and subsequently treated with plasma 

and thrombin in a 3:2 ratio to encapsulate the spheroids in a fibrin-clot. The fibrin-clot was 

paraffin embedded, cut into 3 m sections, and mounted on glass slides. Hereafter, they were 

used for immunocytochemistry. 
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The 3 m paraffin sections were dewaxed in Xylene 3 times for a total of 10 min and rehydrated 

in a graded series of ethanol from 77-99% and then water. Endogenous peroxidase action was 

inhibited by blocking the sections in 1.5% hydrogen peroxide in TBS for 10 min followed by a 

wash in water. The retrieval protocol used in this study was heat-induced epitope retrieval 

(HIER) in Tris-EDTA-glucose (TEG) or target retrieval solution (TRS) buffer in a microwave for 

9 minutes at 900W, 15 minutes at 440W followed by cooling at RT for 15min. After HIER the 

sections were placed on a Dako Autostainer Universal Staining System (DAKO, Denmark), which 

performs the staining and washing steps automatically. The sections were incubated with the 

primary antibody HIF-1 and for 1 hr and next with the secondary antibody for 30 minutes. 

Finally, the staining was visualised with DAB as chromogen. After staining, sections were 

immersed in Mayer’s Hematoxylin for 2 minutes, followed by a wash in water. Subsequently, 

coverslips were mounted using AquaTex®. 

The primary anti-HIF 1α antibody (BD, Franklin Lakes, USA) was used in the dilution 1:1000. 

PowerVision was used as detection system. Photomicrographs of the spheroids were taken with 

a Leica DC300 camera attached to a Zeiss Axiophot-microscope. 

 

Cell counting 

TH-immunoreactive (-ir), -tub-III-ir and HN-ir cells were counted using bright field microscopy 

(Olympus, Ballerup, Denmark). TH-ir and -tub-III-ir cells were only counted if they had an 

intense immunostaining with a visible soma and one or more primary processes. All cells were 

counted at x200 magnification in 16 randomly selected areas per well using an ocular grid 

(0.5x0.5 mm2), and an average value for each well was calculated and used for statistical 

analysis. 
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Western blotting 

Cells were grown at a density of 2,500,000 per T75 flasks. After 10 days, the medium was 

removed, and the cells were rinsed in PBS. Fresh medium was added, and the cells were 

removed with a cell scraper. Cells were then dissociated by pipetting and transferred to tubes 

for centrifugation (5 min; 119 x g; 4°C). The supernatant was removed, and pellet resuspended 

in PBS/Complete Protease Inhibitor Cocktail (Rocke, Maunhein, Germany)/NaVO3 (on ice). The 

suspension was then transferred to eppendorf tubes and kept on ice until centrifugation (10 

min; 11,300 x g; 4°C). The pellet was stored at -80°C until use. 

Protein extraction was performed using the NE-PER kit (Thermo Scientific, Rockford, IL, USA) to 

separate cytoplasmic and nuclear proteins. The protein content was measured according to the 

Bradford method using the Bio-Rad protein assay (Biorad, Hercules, CA, USA).  

Before electrophoresis, samples were supplemented with 1:1 (v/v) reducing loading buffer 

(NuPAGE LDS sample buffer and NuPAGE sample reducing agent; Invitrogen, Carlsbad, CA, USA) 

and heated for 10 min at 70°C. Samples and SeeBlue Plus prestained standard (Invitrogen) (TH, 

-tub-III) or HiMark Pre-stained High Molecular Weight standard (Invitrogen) (HIF-1) were 

loaded on 4-12% NuPage Bis Tris gels (TH, -tub-III) or 3-8% NuPage Tris-Acetate gels (HIF-1) 

and then placed in Novex mini cell module (Invitrogen). For analysis of TH and -tub-III 10g 

cytoplasmic protein extract was loaded. For analysis of HIF-1 10L undiluted nuclear protein 

extract was loaded. 

Electrophoresis was performed either with NuPage MOPS SDS running buffer or Tris-Acetate 

SDS running buffer both added 0.25% antioxidant (all Invitrogen) for either 50 min at 200V 

(TH, -tub-III) or 60 min at 160V (HIF-1). 

Proteins were blotted onto a polyvinylidene diflouride immobilon transfer membrane 

(Millipore, Bedford, MA, USA) using iBlot® Dry Blotting System (Invitrogen), iBlot® 

TransferStack - PVDF Mini (Invitrogen) for 8 min. After blotting, membranes were blocked for 
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1hr in 0.05M TBS with 5% milk powder (Naturdrogeriet, Hjørring, DK) and 0.05% Tween-20 

(Merck, München, Germany) at RT and the membranes were then incubated on a shaker ON at 

4°C with TH (monoclonal mouse; Chemicon) 1:2000, -tub-III (monoclonal mouse, Sigma) 

1:2000, or HIF-1 (monoclonal mouse, Chemicon) or HIF1 (monoclonal mouse, BD 

Transduction Laboratories), both 1:400 in 0.05M Tris/0.05% Tween-20. The membranes were 

washed in the washing solution 0.05M Tris/0.05% Tween-20 4x5min on shaker at RT and 

incubated for 1hr at RT on a shaker with horseradish peroxidase anti-mouse conjugated 

secondary antibody (DAKO) 1:2000. After washing 4x5min membranes were developed by 

incubation for 5 min with SuperSignal West Dura Extended Dura Substrate (Pierce, Thermo 

Scientific) 1:1 in total 1500L per membrane. Then the membranes were developed with a CCD 

camera (GL2200Pro, Carestream). 

MTS cell viability assay 

MTS assay was used to determine the proliferative activity and viability of metabolically active 

cells. Cells were grown in PLL coated 96-well plates at a density 8500 cells/well without 

(control) or with addition of 5M, 10M and 20M HIF-1 stabilising compounds at high O2. At 

day 10, 20L/well CellTiter ® AQueous One Soultion Reagent (Promega, Madison, WI, USA) was 

added and plates were incubated at 36°C for 1-4hr. Cell viability was determined by measuring 

the absorbance at 490-650nm against control medium in the linear range of the absorption 

curve using a Vmax kinetic microplate reader with SoftMax®Pro software (Molecular Devices). 

Assessment of VEGF 

VEGF levels were determined by multiplex technology in samples of conditioned culture 

medium using a MSD V-Plex Human VEGF Kit (Mesoscale Discovery, Rockville, MD, USA) and a 

SECTOR Imager 6000 (Mesoscale Discovery) Plate Reader according to the manufacturer’s 

instructions. Samples were not diluted. Data were analysed using MSD Discovery Workbench 

software.  
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Statistical analysis 

Statistical analysis was performed using Prism, Graphpad Software. Comparisons were 

performed by a one-way analysis of variance (ANOVA) followed by Tukey’s multiple 

comparison test. All values are presented as mean ± standard error of mean (SEM) and p < 0.05 

is indicated by *, p < 0.01 by **, and p < 0.001 by ***. 

 

Results  

Effects of HIF-1 stabilising compounds on dopaminergic differentiation  

To investigate the effects of the HIF-1 stabilisation on dopaminergic differentiation, human 

neural stem cells (NSCs) were differentiated for 10 days with or without addition of the 

competitive HPH inhibitors Compound A (CpdA), JNJ-42041935 (JNJ) and the non-competitive 

iron chelator FG-0041 (FG41) (Thirstrup et al., 2011; Fig. 1). The compounds were tested at 

high oxygen tension (20%) using two different concentrations (10 and 20 M) and with 

untreated cells differentiated at high, atmospheric (20%) and low, physiological oxygen tension 

(3%) as a negative and positive control, respectively. Since the initial testing in two independent 

experiments revealed similar effects of 10 M and 20 M of the HIF-1 stabilizers on number of 

TH-ir catecholaminergic cells and a slight decrease in cell viability for the highest concentration 

(not shown), 10 M was used in all the following experiments.  

Absolute numbers of TH-ir cells were quantified (F4,92 = 32.81, P < 0.0001) and statistical  

analysis revealed no significant difference between cells exposed to the HIF-1 stabilising 

compounds during differentiation compared to untreated controls (high O2) (P = 0.8500 (CpdA), 

P = 0.0853 (JNJ), P = 0.5699 (FG41)). However, cells differentiated at low oxygen tension 

contained significantly more TH-ir cells than seen for all other groups (P < 0.0001 for all 

groups) (Fig. 2A). Counts of human nuclei (HN)-ir total cells (F4,44 = 12.79, P < 0.0001) revealed 
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similar numbers for untreated cultures grown at high and low oxygen tension, whereas all 

groups treated with HIF-1 stabilising compounds contained significantly fewer cells (P = 

0.0009 (CpdA), P = 0.0081 (JNJ), P = 0.0002 (FG41) (Fig. 2B). As a consequence, relative yields of 

TH-ir cells (F4,89 = 32.32, P < 0.0001) were significantly higher for all treatment groups 

compared to untreated controls grown at high oxygen tension (P < 0.0001 for all groups). The 

yields of TH-ir cells in cultures treated with CpdA and JNJ did not differ from yields obtained for 

cultures grown at low oxygen tension (P > 0.99 for both groups), whereas FG41 treated cells 

displayed a slightly better outcome (P = 0.0155) (Fig. 2 C).  

Representative pictures of TH-ir and HN-ir cells are shown (Fig. 2 D). TH-ir cells in all treatment 

groups displayed similar mature neuronal morphologies with a distinct soma and one or more 

long and branching neurites. Moreover, the morphology HIF-1 stabilised cells was 

indistinguishable   from that of untreated cells cultured under low oxygen conditions.  

At day 10, co-localisation of TH and -tubulin-III (-tub-III), an early pan neuronal marker, was 

confirmed by double immunofluorescence staining (Fig. 3A). Western blotting for TH (Fig 3B) 

indicated higher signal intensities for cells exposed to low oxygen tension or HIF-1 stabilising 

factors compared to cells cultures grown at high oxygen tension. No difference in band intensity 

was observed for -tub-III, indicating that mainly TH-ir cells were affected by HIF-1 

stabilisation. 

Effect of HIF-1 stabilising compounds on cell viability and proliferation 

Effects of the HIF-1 stabilising compounds on metabolically active, viable cells undergoing 

proliferation were investigated using the MTS assay (F4,53 = 64.83, P < 0.0001) (Fig. 4A). The 

analysis revealed significantly larger signal intensities for cells cultured at low compared to high 

oxygen tension or any of the groups treated with HIF-1 stabilising compounds (P < 0.0001 for 

all groups).  Only minor inter-group differences for CpdA, JNJ, FG41 and the high oxygen group 

were observed.  
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Quantification of Ki67-ir cells (F3,28 = 5,152, P = 0.0058) showed a moderate decrease for all 

treatment groups compared to untreated controls cultured at high oxygen, indicating that the 

HIF-1 stabilising compounds had reduced the proliferation rate of the cells (P = 0.0024 

(CpdA), P = 0.0216 (JNJ), P = 0.0424 (FG41)).  

 

Validation of pharmacological HIF-1 stabilisation  

Western blotting for HIF-1 indicated an upregulation for cells exposed to low oxygen tension 

or HIF-1 stabilising compounds, but even with high amounts of protein, the band intensities 

were weak and not of a quality suitable for further analysis (not shown). Since it was also 

difficult to perform an immunostaining for HIF-1 of sufficient quality using monolayer 

cultures, human NSC-derived spheroids were generated by culture of the cells under non-

adherent conditions. Immunostaining of thin sections from 16-day-old spheroids clearly 

indicated an up-regulation of HIF-1 in cells exposed to low oxygen tension or HIF-1 

stabilising compounds compared to the controls kept at high oxygen conditions (Fig. 5A). At 

high oxygen tension, HIF-1-ir cells appeared in relatively low numbers and were 

predominantly present in the core region of the spheroids. In contrast, cells cultured at low 

oxygen conditions or exposed to HIF-1 stabilising compounds at high oxygen clearly contained 

more HIF-1-ir cells displaying a much more even distribution and a stronger signal intensity. 

Due to the presence of a heterogeneous signal intensity and an uneven distribution of HIF-1-ir 

cells in spheroids cultured at high oxygen, quantitative assessment was difficult and seemed 

unreliable. Thus we performed a quantitative analysis of the HIF-1 associated downstream 

protein vascular endothelial growth factor (VEGF) in conditioned culture medium using 

multiplex technology. The analysis (F4,17 = 11.96, P < 0.0001) showed significantly higher levels 

for samples collected from cultures grown at low oxygen (P < 0.0001) and a strong tendency for 
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higher levels in cultures exposed to CpdA, JNJ and FG41 (P = 0.2046 (CpdA), P = 0.0658 (JNJ), P = 

0.0666 (FG41)) compared to controls kept at high oxygen (Fig. 5B). 

. 

Discussion 

Several studies have shown that culturing of cells at low oxygen tension has beneficial effects on 

dopaminergic differentiation of neural stem cells (NSCs) (Studer et al., 2000; Storch et al., 2001, 

2003; Maciaczyk et al., 2008; Krabbe et al., 2009; Jensen et al., 2011), and many oxygen 

responsive genes are known to be regulated via Hypoxia Inducible Factor 1 (HIF-1), consisting 

of an oxygen regulated HIF-1 subunit and an oxygen independent HIF-1 subunit (Semenza, 

1999). In the present study, we investigated the effects of competitive (CpdA and JNJ) and non-

competitive (FG41) HIF-1 stabilising compounds on the dopaminergic differentiation of 

human NSCs. 

To our surprise, NSCs differentiated in the presence of HIF-1 stabilising compounds at 10M 

showed no significant increase in absolute numbers of TH-ir cells compared to untreated 

controls. However, counts of total cells revealed that cells treated with HIF-1 stabilising 

compounds contained significantly fewer cells resulting in an enrichment of the dopaminergic 

phenotype, with CpdA and JNJ showing an effect similar to that observed at low oxygen tension 

and FG41 being slightly more potent. Interestingly, Thirstrup et al. (2011) have previously 

reported that the competitive compounds were pharmacologically more active than the non-

competitive FG41, but that CpdA and JNJ during tests turned out to be less effective than FG41, 

explaining the better effect observed for FG41 in this study. 

At concentrations of 10M and 25M, CpdA, JNJ and FG41 have previously been shown to 

protect against 6-hydroxydoamine (6-OHDA)-induced toxicity in two cell lines expressing 

dopaminergic markers (PC12 and SH-SY5Y cells) (Bergström et al., 2013). Moreover, Milosevic 

et al. (2009) have reported that a variant of FG41 (FG-4497) increased dopaminergic 
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differentiation and cell viability dose-dependently at concentrations of 5M and 10M. It is thus 

unlikely, that our observation of reduced total cell number after treatment at concentrations of 

10M is a result of toxicity and reduced viability of the cells. Our MTS data, together with the 

presence of neurons displaying morphologies indistinguishable from those of untreated cells 

cultured under low oxygen conditions, clearly support this assumption. When combined with 

the observation of slightly reduced numbers of proliferative Ki67-positive cells detected after 

pharmacological HIF-1 stabilisation, our data hint to a complex mechanism of action, 

potentially involving both changes in proliferative activity and phenotypic cell differentiation. 

Moreover, contribution of mechanisms leading to selective cell survival cannot be excluded.  

It remains unknown if the observed positive effect of pharmacological HIF-1 induction is 

restricted to dopaminergic neurons, but since our Western blots for the pan neuronal marker -

tub-III showed no difference between the groups, it is tempting to speculate that treatment 

predominantly affects or selects for this neuronal cell population.  The same accounts for 

culture at low oxygen tension as seen in the present and several other studies (Studer et al., 

2000; Storch et al., 2001, 2003; Milosevic et al., 2007; Maciaczyk et al., 2008; Krabbe et al., 2009; 

Jensen et al., 2011). In addition to dopaminergic induction other studies have shown that low 

oxygen levels stimulate proliferation of neural precursor cells (Krabbe et al., 2009; Studer et al., 

2000; Storch et al., 2001; Jensen et al., 2011). This was verified in this study in which the MTS 

assay showed significantly increased cell proliferation at low compared to high oxygen tension. 

As mentioned above, no such positive effect on proliferation was obtained after addition of the 

HIF-1 stabilising compounds in our study, suggesting the involvement of clearly diverse 

mechanisms of action. 

A study by Johansen et al. (2010) further emphasises the complexity and multifunctional effects 

of HIF-1 since they show that MPH inhibition/HIF induction results in protection against 

oxidative stress (PC12 and LUHMES cells), elevated expression of TH and TH enzyme activity 
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leading to increased dopamine synthesis and release (PC12 cells and primary rat ventral 

mesencephalic cell cultures) (Johansen et al., 2010).  

In order to validate the non-hypoxic pharmacological HIF-1 stabilisation in our experiments, 

human NSC-derived spheroids were cultured under the different experimental conditions, 

sectioned and immunostained for HIF-1. At high oxygen tension, HIF-1-ir cells appeared in 

low numbers and were predominantly present in the core region of the spheroids. This may 

reflect the presence of a slightly hypoxic microenvironment in this region of the spheroids 

compared to the more superficial aspects. Since all spheroids cultured at low oxygen conditions 

or exposed to CpdA, JNJ or FG41 at high oxygen according to visual inspection clearly contained 

more HIF-1-ir cells, displaying a much more even distribution and with a stronger 

immunoreactivity, it was assumed that HIF-1 was stabilised. Accordingly, analysis of the 

conditioned culture medium for the HIF-1 associated downstream protein vascular 

endothelial growth factor (VEGF) by multiplex technology showed significantly higher levels for 

samples collected from cultures grown at low oxygen and a similar tendency for cultures 

exposed to CpdA, JNJ and FG41 compared to controls kept at high oxygen. Future studies, 

potentially aiming at a clinical translation, need to include further analyses of underlying 

mechanisms mediating the observed effects of pharmacological HIF-1 stabilization, with 

particular emphasis upon mechanisms regulating cell proliferation as well as number and 

morphology of surviving TH-positive cells. Moreover, effects of short-term versus longer-term 

pretreatment of donor cells should be investigated after intracerebral grafting into animal 

models of Parkinson’s disease. In addition to this, an in vivo study with post-grafting 

administration of lipophilic or small HIF-1 stabilizing compounds would be highly interesting.   

However, such studies were beyond the scope of the present study. 
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In conclusion, CpdA-, JNJ- and FG41-mediated HIF-1 protein preservation in human NSCs 

undergoing differentiation leads to upregulation of VEGF, reduced proliferative activity and 

enrichment of dopaminergic neurons. HIF-1 stabilisation may as such represent a promising 

strategy for the generation of dopaminergic neurons for use in experimental in vitro studies and 

cell replacement therapies. 
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 Figure legends 

 

Fig. 1 (A) Regulation of Hypoxia Inducible Factor 1 (HIF-1). HIF prolyl hydroxylase enzymes 

(HPHs) require presence of oxygen, 2-oxoglutamate (2-OG), the co-factors iron (Fe2+), and 

ascorbate (not shown) to degrade HIF-1. Low oxygen tension inhibits HPHs and the 

generation of reactive oxygen species (ROS) thereby stabilizing HIF-1. The non-hypoxic HIF-

1 stabilizer cobalt chloride (CoCl2) works in part by generating ROS, inhibiting binding of the 

von Hippel-Lindau tumor suppressor protein (pVHL), and competing with Fe2+ for the binding 

site. The iron chelator deferoxamine mesylate (DFO) depletes Fe2+. Compound A (CpdA) and 

JNJ-42041935 (JNJ) inhibit HPHs directly by binding to the same site as 2-OG. FG-0041 (FG41) 

inhibits HPHs through iron chelation. Ubiquitin protein (Ub), hydroxyl group (OH). Modified 

from Milosevic et al. (2009). (B) Chemical structures of the HIF-1 stabilizing compounds used 

in the present study. 

 

Fig. 2 Effects of Hypoxia Inducible Factor 1 (HIF-1) stabilizing compounds on dopaminergic 

differentiation of human neural stem cells. Cells were differentiated for 10 days at high, 

atmospheric oxygen tension (20%) with addition of 10M of the competitive HPH inhibitors 

Compound A (CpdA) or JNJ-42041935 (JNJ) or the non-competitive iron chelator FG-0041 

(FG41). Untreated cells differentiated at high, atmospheric (20%) and low, physiological oxygen 

tension (3%) served as negative and positive controls, respectively.  (A) Cells treated with HIF-

1 stabilizing compounds showed no significant difference in absolute numbers of tyrosine 

hydroxylase-immunoreactive (TH-ir) cells compared to untreated controls (20% oxygen). 

However, cells differentiated at low oxygen tension contained significantly more TH-ir cells 

than seen for all other groups (P < 0.0001 for all groups). (B) Counts of human nuclei (HN)-ir 

total cells revealed similar numbers for untreated cultures grown at high and low oxygen 

tension, whereas all groups treated with HIF-1 stabilizing compounds contained significantly 
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fewer cells (P = 0.0009 (CpdA), P = 0.0081 (JNJ), P = 0.0002 (FG41)). (C) Relative yields of TH-ir 

cells were significantly higher for all treatment groups compared to untreated controls grown at 

high oxygen tension (P < 0.0001 for all groups). The yields of TH-ir cells in cultures treated with 

CpdA and JNJ did not differ from yields obtained for cultures grown at low oxygen tension (P > 

0.99 for both groups), whereas FG41 treated cells displayed a slightly better outcome (P = 

0.0155). (D) Representative pictures of TH-ir and HN-ir cells. TH-ir cells in all treatment groups 

displayed similar mature neuronal morphologies with a distinct soma and one or more long and 

branching neurites. The morphology of HIF-1 stabilized cells was indistinguishable from that 

of untreated cells cultured under low oxygen conditions.  Scale bar = 50m. All values are from 

three independent experiments and presented as mean ± standard error of mean (SEM). p < 

0.05 is indicated by *, p < 0.01 by **, and p < 0.001 by ***. 

 

Fig. 3 Hypoxia Inducible Factor 1 (HIF-1) inducing compounds do not enhance pan-neuronal 

differentiation of human neural stem cells. Cells were differentiated for 10 days at high, 

atmospheric oxygen tension (20%) with addition of 10M of Compound A (CpdA), JNJ-

42041935 (JNJ) or FG-0041 (FG41). Untreated cells differentiated at high, atmospheric (20%) 

and low, physiological oxygen tension (3%) served as controls. (A) Co-localization of tyrosine 

hydroxylase (TH) and -tubulin-III (-tub-III), an early general neuronal marker, was confirmed 

by double immunofluorescence staining. (B) Western blotting for TH indicated higher signal 

intensities for cells exposed to low oxygen tension or HIF-1 stabilizing factors compared to 

cells grown at high oxygen tension. No difference in band intensity was observed for -tub-III, 

indicating that mainly the population of TH-ir cells was affected by HIF-1 stabilization. Scale 

bar = 50m. -actin served as protein loading control. 
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Fig. 4 Effect of Hypoxia Inducible Factor 1 (HIF-1) stabilizing compounds on cell viability and 

proliferation. (A) Effects of oxygen and HIF-1 stabilizing compounds (CpdA, JNJ, FG41) on 

metabolically active, viable cells undergoing proliferation investigated using the MTS assay. 

Analysis revealed significantly higher signal intensities for cells cultured at low compared to 

high oxygen tension or any of the groups treated with HIF-1 stabilizing compounds (P < 

0.0001 for all groups).  Only minor to moderate inter-group differences for CpdA, JNJ, FG41 and 

the high oxygen group were observed.  

(B) Quantification of Ki67-ir cells showed a significant decrease for all treatment groups 

compared to untreated controls cultured at high oxygen, indicating that the HIF-1 stabilizing 

compounds had reduced the proliferation rate of the cells (P = 0.0024 (CpdA), P = 0.0216 (JNJ), 

P = 0.0424 (FG41)). All values are from three independent experiments and presented as mean 

± standard error of mean (SEM). p < 0.05 is indicated by *, p < 0.01 by **, and p < 0.001 by ***.  

 

Fig. 5 Validation of pharmacological Hypoxia Inducible Factor 1 (HIF-1) stabilization. (A) 

Immunostaining of sections from 16-day-old human neural stem cell spheroids revealed an up-

regulation of HIF-1 in cells exposed to low oxygen tension or HIF-1 stabilizing compounds 

(CpdA, JNJ, FG41) compared to controls kept at high oxygen conditions. At high oxygen tension, 

HIF-1-ir cells appeared in relatively low numbers and were predominantly present in the core 

region of the spheroids. In contrast, cells cultured at low oxygen conditions or exposed to HIF-

1 stabilizing compounds at high oxygen contained more HIF-1-ir cells displaying a much 

more even distribution and a stronger signal intensity. (B) Analysis of the conditioned culture 

medium for the HIF-1 associated downstream protein vascular endothelial growth factor 

(VEGF) by multiplex technology showed significantly higher levels for samples collected from 

cultures grown at low oxygen (P < 0.0001) and a strong tendency for higher levels in cultures 

exposed to CpdA, JNJ and FG41 (P = 0.2046 (CpdA), P = 0.0658 (JNJ), P = 0.0666 (FG41)) 
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compared to controls kept at high oxygen. Scalebar = 50m. Data presented as mean ± standard 

error of mean (SEM). p < 0.05 is indicated by * and p < 0.001 by ***. 
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