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ABSTRACT 

Ischemic stroke has high morbidity and mortality rates worldwide. Low oxygen (O2) levels 

detected in such conditions create a vulnerable environment for neural stem cells (NSC), 

altering neuronal function and leading to neuronal injury or death. There are still no effective 

treatments for such consequences. We have investigated the molecular and functional effects 

of growth factors, IGF-I and MGF in NSC exposed to low O2 levels. An in vitro ischemia model 

was created by rat hippocampal NSC grown in culture that were exposed to varying oxygen 

levels including 0%, 3%, and 20 % for the representation of anoxic, hypoxic, and normoxic 

conditions, respectively, during the 24 hours. NSC was investigated for IGF-I, MGF, and HIF1-

Alpha (HIF-1α) gene expressions by real-time RT-PCR. The effects of external administration 

of growth factors, IGF-I and MGF on NSC proliferation in such conditions were explored. 

Increased IGF-I and MGF gene expressions were detected in the samples exposed to low O2. 

Anoxia was the highest stimulant for IGF-I and MGF expressions. HIF1-α that encodes 

hypoxia-inducible factor-1α revealed downregulation in relative gene expression fold change 

with IGF-I application in all conditions, whereas MGF application upregulated its change in an 

anoxic environment. Furthermore, MGF-induced NSC had more proliferation- migration rate 

in all oxygen conditions. IGF-I induced significant NSC proliferation in 0% and 20% O2. These 

findings suggest that IGF-I and MGF expressions were increased to reduce the damage in NSC 

exposed to low oxygen, and exogenous MGF and IGF-I application increased NSC proliferation 

at the time of injury. The results might imply the role of exogenous MGF and IGF-I in the 

treatment of ischemia for relieving the effect of neuronal damage due to their neuroprotective 

and proliferative effects. 
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INTRODUCTION 

An ischemic stroke results from insufficient blood flow and causes cells in the tissue to 

be exposed to low oxygen (O2) (hypoxia). The effect of such changes and impairment of the 

normal cellular function of the tissue inevitably progresses to severe diseases, including stroke 

and death in humans (1, 2). The ischemic tissue damage has a complex pathophysiology that 

can affect many different cells and tissues. Such neurons require a constant supply of O2 to 

maintain ionic gradients across their membrane for impulse conduction and are vulnerable to 

hypoxic changes (3). The brain consumes 25% of the O2 requirement of the whole body, 

revealing the O2 as one of the most critical factors for the brain (4). The deficit in the vascular 

flow causes a decrease in the intracellular ATP levels that initiates apoptosis within 2-3 minutes 

after energy deprivation (5). The death of oligodendrocytes, astrocytes, endothelial cells, and 

various neuron types leads to the loss of regional tissue in the brain (6). Therefore, neuronal 

damage triggered by cerebral ischemia/reperfusion injury is the primary cause of the 

neurological disorder. In such cases, supporting neurogenesis is an essential factor for the 

success of the recovery of cerebral function. Neural Stem Cells (NSC) could regenerate the 

central nervous system (CNS) with the ability to differentiate into astrocytes, neurons, and 

oligodendrocytes(7). Neurogenesis occurs in the specialized microenvironment of NSCs. The 

NSC niche, thus, plays an essential role in nerve regeneration and repair of damaged brain tissue 

(8). It is well known that stem cells migrate to damaged areas (9). Recent studies revealed that 

both endogenous and transplanted NSC could be activated by cerebral ischemia and have a role 

in neural regeneration (10). Therefore, understanding the cellular biology of NSCs in the 

hypoxic environment in an in vitro ischemia model may provide new opportunities for 

controlling the expansion and proliferation of NSC, which could lead to improving new 

therapies after ischemic stroke. 

The O2 concentration of the niche is estimated to be 3% (11), whereas, in alveolar lung 

cells, it is 20% (12), and in arterial blood flow is 10.5-13% (13). In some studies, low oxygen 

levels (~1% O2) have been shown to lead to cellular damage and death of the quiescent NSC as 

detected in brain ischemia (14). However, some findings suggest that reduction of O2 levels in 

the microenvironment, such as 3-5% regulates the biological properties of NSCs in vitro and 

initiates their proliferation and differentiation ability. The stroke studies performed in rodents 

and primates have increased neurogenesis in their brain's sub-ventricular and sub-granular 

regions (15, 16). 
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Insulin-Like Growth Factor-1 (IGF-I) is a neurotrophic factor for the repair and 

development of neurons, and numerous in vivo and in vitro studies revealed its effect on NSCs 

development (17). IGF-I promotes cell proliferation, differentiation, and survival (18). IGF-I 

creates different mRNA variants due to alternative splicing in many tissues, especially in 

skeletal and cardiac muscle, liver, and brain (19). At least three alternative splice variants of 

IGF-1 have been demonstrated. IGF-1 Ea, which acts systemically, IGF-1 Eb, and IGF-1 Ec, 

activated with mechanical damage and expressed in a mechano-sensitive manner, was named a 

mechano-growth factor (MGF) (20, 21). MGF stimulates muscle stem cells to re-enter the cell 

cycle, initiate proliferation, and further support new muscle cells (22, 23). MGF expression has 

been detected in damaged tissue, including the brain and heart, after various stress conditions 

such as ischemia (20), (24), particularly in the damage-resistant region. The endogenous MGF 

expression was also detected in proliferating cells in neurogenic niches and also hypoxic 

neuroblastoma cells in in vitro ischemic stroke model (24-26), which all were determined to 

have a role in neuroprotection (24, 27, 28). Furthermore, studies have shown that exogenous 

administration of MGF and IGF-1 reduces ischemic brain damage (29).  

Transcription factor hypoxia-inducible factor-1 (HIF-1) is essential in regulating many 

hypoxia-activated genes across many different types of cells (30). HIF- 1 binds to hypoxia-

sensitive elements (HRE) located in the promoter region of target genes and is thus a pleiotropic 

transcription factor that controls their transcription (31). HIF-1 consists of HIF-1α and HIF-1β 

subunits. The mRNAs of HIF-1α and HIF-1β are constitutively expressed in cells (32). 

However, HIF-1α protein expression is tightly regulated by changes in cellular oxygen and 

growth factors, including IGF-I, IGF-II, and angiotensin II (33). It is primarily regulated at the 

level of protein stability (34). In normal O2 levels (normoxia), HIF-1α is rapidly degraded via 

targeted ubiquitination and followed by its subsequent degradation by the proteasome(35). In 

response to hypoxia, HIF-1α becomes rapidly stabilized, localized to the nucleus, and forms the 

HIF-1 complex with HIF-1β (33, 36). Recent studies have shown that, especially in tumors, the 

hypoxic cells exhibit resistance to apoptosis and these tumor cells were more aggressive, 

probably due to the overexpression of HIF-1α (37). Therefore, there has been an increase in the 

strategies to develop modalities that target HIF-1 activity and might become an alternative 

treatment strategy in cancerogenesis within recent years (38, 39). 

Although these studies showed a neuroprotective role for IGF-I and MGF, the function 

of IGF-I and MGF under varying oxygen levels is still not well understood. In this study, growth 

factors, IGF-I and MGF, were investigated on NSC under varying oxygen levels. By doing so, 

an in vitro ischemia model was created by exposing adult hippocampal rat NSC to varying 
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levels of O2, representing anoxia, hypoxia, and normoxia conditions. The effects of varying O2 

levels on NSC gene expressions, specifically IGF-I, MGF, and HIF-1α, were investigated. The 

external administration of growth factors, IGF-I and MGF, to NSC exposed to such conditions 

were performed, and their effects on gene expressions and NSC proliferation were examined. 

Our study is the first to reveal the effect of MGF and IGF-I in a hypoxic environment and further 

inquiries about their possible therapeutic application in such conditions. 

 

Materials and Methods 

Neural Stem Cell Culture 

Adult rat hippocampal neural stem cells line (Sigma-Aldrich, Merck, Germany) were 

cultured at a density of 6× 105 cell/ml and 300 μl/well culture media in Poly-L-Ornithine (PLO) 

(Sigma-Aldrich) (10 mg/ml) and Laminin (Sigma-Aldrich)  (6 µg/ml) coated cell culture plate. 

NSC culture media contained B-27 supplement (Invitrogen), DMEM/F12 (Biochrom), 

100 μg/ml streptomycin (1%), l-glutamine (200mM) and FGF-2 (20 ng/ml) ( PeproTech). FGF-

2 was added fresh to the medium every time. NSCs were incubated at 37°C in 5% CO2. When 

NSCs reached 70-80% confluence in the flask, the cells were transferred to the plates for the 

following experiments. 

Oxygen Exposure of NSC 

The Cell ASIC ONIX Microfluidic System (Merck) was applied to investigate the 

different oxygen (O2) levels, including 0 %, 3%, and 20%, and growth factors including IGF-I 

and MGF on NSC in vitro, as summarized in Figure 1. M04S-03 Microfluidic Plates for Cell 

ASIC ONIX (Merck) were coated with PLO (Sigma) and Laminin (Sigma) as described 

previously (40). This system provides the ability to control the environment of individual plates 

and provides simultaneous analysis of the living cells in vitro. Since it is designed to provide a 

dynamic cellular microenvironment, namely niche control, it is suitable for studies investigating 

extracellular factors' effects on cells. NSCs were seeded at 1x104 cells per well, and the 

manufacturer applied a gravity-driven perfusion culture protocol. After 24 hours of incubation, 

the stabilized cells were treated with growth factors following the experiment design. DMEM 

/ F12 solution containing were referred to as untreated. In external administration of growth 

factors, IGF-I 0.2µg/ml or MGF 0.2µg/ml were prepared and added to the relevant wells. The 
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O2 levels were adjusted according to the experiment design: Anoxia with 0% O2, hypoxia with 

3% O2, and normoxia with 20% O2. Culture plates were connected to the Cell ASIC device with 

the manifold's help, following the manufacturer's instructions (40). The experiments were set 

to 24 hours in the software available on the computer. Readouts were analyzed with the program 

integrated into the software. 

Cell Proliferation Assay 

NSC exposed growth factors, IGF-I and MGF, were analyzed after 24 hours. The image 

program was used to measure cell proliferation. Phase-contrast images of NSCs were taken 

from the culture plate under an inverted microscope (Olympus CKX41) equipped with a digital 

camera with a 10X objective before starting the experiment (0 hours) and after the experiment 

was concluded (24 hours). The images were analyzed with the ImageJ program (developed by 

W.S. Rasband, NIH). Since the culture time for NSC in defined conditions was estimated to be 

24 hours in this study, instead of counts of neurospheres, the effect of O2 levels and growth 

factors on NSC in the migration-proliferation without disturbing such O2 levels in culture 

conditions, the total area of the seeded cells were measured and compared. The analysis was 

performed on the images that could provide information for the functions of both migration-

proliferation of NSC. By doing so, the area of the cells was measured with ImageJ. The 

calculations were performed using the formula:  Area of the cultured cells after 24 hours / Area 

of the cultured cells in 0 hours in defined conditions. 

RNA isolation, cDNA synthesis, and Real-time PCR 

Total RNA isolation was performed using a total RNA purification kit (Jena Bioscience) 

in NSC. SCRIPT cDNA Synthesis Kit (Jena Bioscience) was used for cDNA synthesis from 50 

ng/ µl RNA. IGF-1Ea’s forward primer was 5’-GCT TGC TCA CCT TTA CCA GC-3,' and 

the reverse primer was 5’-AAG TGT ACT TCC TTC TGA GTC T-3’ with 130 base pairs (bp) 

in length. MGF’s forward primer was 5’-GCT TGC TCA CCT TTA CCA GC-3,' and the 

reverse primer was 5’-AAG TGT ACT TCC TTT CCT TCT C-3’(130bp). HIF1-a forward 

primer was 5’ TGC TTG GTG CTG ATT TGT GA 3’and the reverse primer was 5’-GGT CAG 

ATG ATC AGA GTC CA-3’(131bp). GAPDH was applied as a housekeeping control. 

GAPDH’s forward primer was 5’GGT GTG AAC GGA TTT GGC CGT AT-3’and reverse 

primer 5’CTC AGC ACC AGC GTC ACC CCA TT3’(129bp). 
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Changes in each gene expression were detected with Sensi FAST SYBR No-ROX Kit 

(Bioline, UK) by the Real-Time Quantitative RT- PCR (Light cycler 480, Roche Diagnostics). 

These specific primers were applied for amplification. The fluorescence emitted by dye above 

the baseline signal was detected using the software in real-time, recorded, and represented as 

the cycle threshold (CT). The arithmetic mean values of CTs, which were performed twice, were 

calculated for the statistical analysis. All samples were studied in duplicate. Samples were not 

treated with the growth factor, but the media were evaluated as the control sample. RNA 

samples directly isolated from a rat hippocampal region were also applied as positive controls 

in RT-PCR analysis.   

Statistical Analysis 

The ΔΔCT method was used to determine the gene expression fold change with the 

results obtained from RT-PCR. CT values of target mRNAs were normalized according to the 

housekeeping GAPDH gene (ΔCT = CTTarget – CTGAPDH). Some analysis for the target gene 

expression changes was performed by the (2-ΔCT x100) formula. For the fold change of target 

gene expressions analysis, the values were normalized to the control (ΔΔCT = ΔCT – CTControl), 

and 2-ΔΔCT formula was applied. Variables were used as mean ± standard deviation and 

percentage and frequency values. *p <0.05 and **p <0.01 levels were considered statistically 

significant. 

 

RESULT 

The initiation of neurogenesis after ischemia is the essential recovery opportunity for 

treatment success, and NSC is a crucial element in such post-ischemic repair. In this study, the 

external administration of the IGF-I and MGF were performed on NSC, exposed to various 

oxygen concentrations, including normoxia, hypoxia, and anoxia, with 20%, 3%, 0%, 

respectively, as summarized in Table 1. During 24 hours, their effects on the molecular function 

of NSC employing IGF-I and MGF and HIF-1α gene expression changes and NSC 

proliferation- migration rates were investigated (Figure 1). 
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Low levels of oxygen induce IGF-I and MGF gene expressions  

The quantitative analysis of real-time RT-PCR was performed to determine the changes 

in IGF-I and MGF expressions during 24 hours of NSC culture exposed to different O2 

concentrations with growth factors. 

There was a significant change in IGF-I expression relative to oxygen levels. The 

highest rate that induced IGF-I expression was determined with the 0% O2 following hypoxic 

and normoxic concentrations, 0.8, 0.3, and 0.1, respectively. The external administration of 

IGF-I reduced the IGF-I expression to 0% and 20% O2 levels (p <0.05). The IGF-I application 

at the hypoxic level did not reveal any significant change in IGF-I expression. (Figure 2A). 

The MGF expression was determined to be affected by O2. The highest rate of MGF 

expression was determined with the 0% O2 following 3% and 20% O2 levels, 0.4, 0.1, and 0.01, 

respectively. There was a statistically significant difference in MGF expression between 0% 

and 20% O2 levels (p <0.05). The induction of MGF expression with lower O2 levels was even 

more significant after administration of MGF in NSC culture in such conditions. (Figure 2B).  

The analysis of HIF1-α expression in such conditions surprisingly revealed that 

application of IGF-I lowered its relative fold change expression in all O2 levels. The application 

of MGF achieved this downregulation with 20% and 3% O2 levels. Contrarily, MGF application 

induces upregulation in the HIF1-α relative fold change expression at the anoxic level. (Figure 

2C). 

IGF-I and MGF Promotes NSC Proliferation-Migration in varying levels of 

oxygen 

In physiological O2 concentrations (3-5%) of the brain, the cultured NSC is known to 

increase the proliferation of and modulated to differentiate into neurons. Regarding the effect 

of oxygen levels on NSC proliferation –migration, we have applied a culture method by 

measuring the area of the cultured NSC from images at 0 and 24 hours. (Figure 3A-B). 

Comparing the area between time intervals provided evidence for the NSC's proliferation–

migration under such conditions. Although it was not statistically significant, there was a slight 

increase in proliferation-migration of NSC in untreated NSC within 24 hours of culture at a 3% 

O2 level. IGF-I is known to support neuronal survival during development as well as neuronal 

damage. Surprisingly, IGF-I-treated NSC in anoxic and normoxic conditions revealed a 

statistically significant increase in proliferation-migration. Hypoxia, however, reduced this rate 

(Figure 3C). It is known in the literature that MGF is a mitogen for neural cells and has 

neuroprotective effects in the ischemic brain model. Although it is not statistically significant, 
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we have found that MGF induces NSC proliferation-migration in all conditions within 24 hours 

compared to untreated NSC. (Figure 3C). 

 

Discussion 

In mammalian CNS, oxygen homeostasis plays an essential role in the proliferation and 

differentiation of NSCs. Even small changes in the O2 level might affect dynamic balance and 

disturb cellular physiology and survival by affecting signal transduction pathways that control 

cell proliferation, fate and survival, and tissue and organ morphogenesis and regeneration (41, 

42). Although low O2 levels are generally associated with pathological conditions in various 

tissues, in the hippocampus, where NSCs are commonly located, the estimated O2 level is 

around 3-4% from early embryogenesis. Surprisingly, NSC maintains its stability in a hypoxic 

environment and this physiological hypoxia promotes the growth, survival, and maintenance of 

the multipotent properties of NSC (43-45). Although the consequence of the ischemia is 

detrimental to homeostasis, the studies on the role of NSC in ischemic conditions are still 

insufficient in the literature. 

Furthermore, the role of growth factors in a hypoxic environment on NSC remains 

elusive. It has been shown that intrathecal administration of IGF-I had a protective effect on 

neurons in rats after hypoxic ischemia (46). MGF blocks the apoptosis of damaged myocytes 

and stem cells and can protect myocytes and neurons from hypoxia (47, 48). It has also been 

reported that MGF is markedly more effective than IGF-I (27). Under these consequences, it 

might be relevant to consider NSC conditioned with growth factors that have stimulant effects 

as an effective modality in stroke treatment. Therefore, it is essential to clarify the role of 

varying O2 environments on NSC proliferation and the effects of growth factors. Based on these 

discoveries, IGF-I and MGF gene expressions in NSCs exposed to varying O2 levels could 

provide essential evidence regarding IGF-I and MGF growth factor roles in NSC and whether 

external application of IGF-I and MGF might provide any effect. Including NSC proliferation 

that would benefit the treatment modalities of ischemic stroke.  

 

There was a significant upregulation in IGF-I expression relative to oxygen levels. The 0% O2 

levels induce the IGF-I expression at the highest compared to 3% O2 levels and 20% O2. This 

result is concordant with the literature, where the effect of IGF-I has also been shown to be 

induced in damaged brain regions after cerebral ischemia (46). The external application of IGF-
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I has lowered its expression in 0% and 20% O2 conditions but saved the 3% O2. The 

proliferation-migration data supported this result by revealing the highest proliferation-

migration rate within IGF-I application in 0% and 20% O2 conditions. Mild hypoxia enhances 

the proliferation of human neural stem cells (49). These findings suggest that the 3% O2, the 

average oxygen level in CNS, does not induce NSC proliferation, retain the cells in a state of 

quiescence, and IGF-I is ineffective in such an environment. Contrarily, reduced oxygen levels 

such as 0% O2 occur in neuronal disorders like cerebral ischemia, transiently leading to NSC 

proliferation with induction of IGF-I expressions. The MGF expression relative to oxygen 

levels was similar to IGF-I, where the highest MGF expression was detected in the 0% O2, 

compared to 3% O2 and 20% O2 levels. 

On the other hand, the MGF administration dramatically increased the MGF expression in 0% 

and 3% O2. The proliferation-migration rate with MGF external application revealed not 

significant, but the upregulated rate of NSC. These results were concordant with the literature 

where MGF overexpression increases the number of neural progenitor cells and promotes 

neurogenesis in transgenic mice that constitutively overexpresses MGF from birth (50). It has 

also been previously found that exogenous MGF and IGF-I increase NSCs proliferation during 

damage. Although MGF is known for its regenerative capability in skeletal muscle, 

mononucleated progenitors, and its neuroprotective effect in vivo and in vitro (28) (23, 51), 

This study is the first finding revealing the MGF and IGF-I effect on varying O2 levels. At the 

same time, when MGF and IGF-I were administered externally to NSC exposed to anoxia and 

hypoxia, it was determined that these two growth factors positively affect the proliferation of 

NSC. The data might all provide a significant advantage and a valuable tool for growth 

hormones, IGF-I, and MGF-mediated NSC therapy in ischemic stroke as well as for 

neurodegenerative diseases like Parkinson's disease, multiple sclerosis, and Alzheimer's 

disease. 

Furthermore, HIF-1-α induction correlated with changes in cellular oxygen and growth factors, 

including IGF-I, was also confirmed in this study, where relative HIF-1-α gene expression fold 

change was suppressed with IGF-I administration in varying O2 levels. Surprisingly, the MGF 

gene expression was increased by 0% O2. This study is the first evidence indicating the role of 

MGF in an anoxic environment. It might suggest that targeting HIF-1 as novel small molecule 

inhibitors might be an attractive strategy for therapeutic development. This study was designed 

to search for the environmental effects within 24 hours. Prolonged and /or intermittent exposure 

to hypoxia might reveal diverse findings since more complex pathways will be expected to 

enroll in such chronic conditions (52).  
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Overall, this study shed light on using exogenous MGF and IGF-I administration for 

their neuroprotective and proliferative effects on NSC for the harmful effects of ischemic 

stroke. More in vitro and in vivo intensive studies are essential to understand the role of growth 

factors for such treatment modalities in ischemia. 
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FIGURE LEGENDS: 

 

Figure 1: The illustration of experimental design. The rat hippocampal-derived neural stem 

cells (NSC) were cultured in vitro on flasks coated with pol-L ornithine and laminin. After 70-

80% confluency, the NSCs were divided into cell culture plates for three conditions of Oxygen 

level, either with 20%, 3%, and 0%, each representing normoxia, hypoxia, and anoxia, 

respectively. The growth factors (0.2µg/ml), including IGF-I and MGF, were administered to 

the cultured NSC for each condition.  

Nine samples were investigated during 24-hour culture-time under such oxygen levels and 

growth factors. Afterward, the RNA isolations were performed for the gene expressional fold 

change analysis of MGF and IGF-I by RT-PCR analysis. The proliferation analysis was 

performed with the ImageJ program. 

 

Figure 2: NSC's relative gene expression fold changes with a hypoxic environment. 

The expression of IGF-I (A), MGF (B), and HIF-1α (C)  in NSC was treated with growth 

factors under 20%, 3%, and 0% O2. The study was performed with the addition of growth 

factors IGF-I and MGF alone to the NSC culture under 20%, 3%, and 0% O2  and analyzing the 

expressional changes after 24 hours culture period by real-time RT-PCR method. The stacked 

proportion bar chart is sorted by increasing relative gene expressions based on the oxygen 

environment for individual treatments. HIF-1α was represented as the gene expression fold 

change where the analysis was performed relative to the untreated NSC for each condition (*: 

p< 0.05). 
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Figure 3: The proliferation- migration of NSC in a hypoxic environment. 

A. The images were taken from the 0 Hours and 24 hours of the culture for NSC 

proliferation- migration analysis under 20%, 3%, and 0% O2  levels performed with the ImageJ 

program. The red color was employed by the program. 

B. The representative figure of the culture chamber where the images were taken. 

C. The figure of cell proliferation – migration rate (Area of the cultured cells after 24 hours 

/ Area of the cultured cells in 0 hours in defined conditions) of each condition. (*: p< 0.05). 
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TABLE 1: Cell Culture Medium Compositions For Rat Hippocampal-Derived Neural Stem Cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NSC Culture Compositions 

O2 Concentrations Culture Media 

Normoxia  

 

( 20% O2 ) 

Untreated 

MGF 

IGF-I 

Hypoxia  

 

( 3% O2) 

Untreated 

MGF 

IGF-I 

Anoxia  

 

( 0%  O2) 

Untreated 

MGF 

IGF-I 


