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ABSTRACT 

Ischemic stroke is a leading cause of death and disability worldwide, yet only 15% of patients are 

eligible for current therapies. This underscores the need for novel treatments that meet 

neuroregenerative and neuroprotective demands. Insulin-like growth factor II (IGF-II) has emerged 

as a potential therapeutic agent due to its ability to address both strategies. This study explored the 

therapeutic potential of IGF-II in several key processes of neuroregeneration and neuroprotection. 

As IGF binding proteins (IGFBP) reduce the potency of IGF-II, a structural variant, DES[1-6]IGF-

II, which is unaffected by IGFBPs, was included. Additionally, a third IGF-II variant, Leu27IGF-II, 

which exhibits reduced binding to one of the IGF receptors, was investigated to elucidate receptor-

specific actions. Our findings demonstrated increased proliferation and migration of neural stem 

cells (NSC) by IGF-II, evidenced by the proliferation and chemotactic transwell migration assay, 

respectively. Moreover, IGF-II exhibited potential angiogenic properties, as demonstrated by tube 

formation and CAM assays. Furthermore, by immunocytochemistry, this study demonstrated that 

IGF-II can potentially be neuroprotective by acting on macrophages. However, IGF-II did not reduce 

the infarct lesion size in a distal middle cerebral artery occlusion (dMCAO) mouse model, indicating 

limitations in its neuroprotective efficacy. These results suggest that IGF-II and their variants hold 

promise for promoting ischemic stroke-related brain repair, and future investigations are needed to 

further explore its therapeutic potential. 

INTRODUCTION 

Stroke accounts for over 1.7 million new cases 

and 5.5 million deaths annually, making it the 

second leading cause of death worldwide (1). 

Stroke encompasses two main pathologic types, 

including ischemic stroke and haemorrhagic 

strokes. The latter results from a blood vessel 

rupture, causing blood to leak into the intracranial 

cavity (2). In contrast, ischemic stroke stems from 

a sudden impaired blood flow to the brain due to a 

thromboembolic occlusion of a major cerebral 

artery. This research focuses on ischemic stroke, as 

this type accounts for over ~85% of all strokes 

globally (1, 3). The incidence rate of ischemic 

stroke is estimated to increase from 81.72 per 

100,000 in 2020 to 89.32 per 100,000 in 2030, 

underscoring the importance of continued research 

(4).  

The pathophysiology of ischemic stroke – The 

pathophysiology of ischemic stroke consists of 

numerous key processes collectively referred to as 

the ischemic cascade. The ischemic stroke cascade 

is initiated by a thromboembolic occlusion, which 

impairs cerebral blood flow (CBF) temporarily or 

permanently. The disrupted CBF deprives the brain 

cells of oxygen and nutrients, leading to an 

energetic problem within the neurons (5). Neuronal 

function relies on a continuous supply of adenosine 

triphosphate (ATP), which requires oxygen and 

glucose to synthesise (1). During impaired CBF, 

ATP consumption persists despite insufficient 

production (5). Upon this energy disruption, 

neurons lose their transmembrane gradient due to 

the failure of energy-dependent ion transporters (1). 

Subsequent influx of sodium (Na+) and calcium 

(Ca2+) ions and simultaneous efflux of potassium 
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(K+) ions results in ionic imbalance, impaired 

neuronal signalling and cellular swelling (1, 5-7). 

The increasing Ca2+ concentrations trigger the 

depolarisation and release of the excitatory 

glutamate neurotransmitter (8). Glutamate, in turn, 

binds to the glutamate receptors, promoting another 

major influx of Ca2+ (5, 8). This pathological 

calcium overload sets a cascade of 

pathobiochemical processes into motion, resulting 

in neuronal degeneration (9). It involves the 

activation of proteases and nucleases, leading to the 

breakdown of the cell membrane and the DNA. 

This extensive cell damage initiates apoptosis, 

necrosis and autophagy-mediated cell death (1, 5, 

7). The excessive Ca2+ levels also impair 

mitochondrial functions, triggering the production 

of reactive oxygen species (ROS), such as nitric 

oxide (NO), superoxide (O2
-) and hydroxyl (OH∙) 

radicals (10). The generated ROS harms 

mitochondrial components, promoting the release 

of apoptotic signals and subsequent apoptosis. The 

region of permanent brain damage forms the infarct 

core region (1). This region is surrounded by the 

penumbra, where collateral pathways may form. 

Collaterals maintain CBF and prevent total CBF 

arrest. Despite falling below the functional 

threshold, CBF levels remain above the threshold 

for cell death (5). This implies compromised 

cellular function while cell viability persists for a 

limited time period in the penumbra (1, 5). Timely 

reperfusion can save these cells. However, failure 

to achieve on-time reperfusion leads to core region 

expansion, resulting in more permanent damage. 

This, in turn, leaves patients with a poor quality of 

life, as this damage can lead to physical and 

cognitive impairments, such as paralysis, sensory 

disturbances, and aphasia (11).  

The blood-brain barrier (BBB) is an 

indispensable physicochemical barrier separating 

the central nervous system (CNS) from the 

systemic circulation, sustaining CNS homeostasis 

and protecting brain tissue (12). After ischemic 

stroke, the permeability of the BBB increases due 

to the breakdown of the endothelial basal lamina by 

proteases released from damaged neurons, glial 

cells and endothelial cells (6). The increased 

permeability and barrier integrity disruption allows 

for the penetration of peripheral immune cells, 

including neutrophils, macrophages, natural killer 

cells, dendritic cells, T cells and B cells, into the 

ischemic lesion (13). The migration of these 

peripheral immune cells and the activation of brain 

resident cells, such as microglia, contribute to the 

brain’s neuroinflammation. Over the course of days 

to weeks, a complex influx of inflammatory cells 

takes place (5). Within the first hours after the 

stroke onset, neutrophils are the first immune cells 

to infiltrate the ischemic lesion and can last up to 15 

days post-injury (13, 14). Neutrophils induce 

secondary injury by releasing ROS, proteases, pro-

inflammatory factors and matrix 

metalloproteinases, causing further BBB disruption 

and post-ischemia oedema (14). Next, T 

lymphocytes invade the lesion within the first 24 

hours and can last up to 30 days (13, 15). T cells 

promote the adhesion of platelets and leukocytes to 

the vascular endothelium, causing thrombo-

inflammation, exacerbating neuroinflammation 

(15). Lastly, monocytes and macrophages arrive at 

the ischemic lesion, portraying a dual role by both 

aggravating and mitigating the ischemic lesion. 

During the acute phase after stroke, macrophages 

display a pro-inflammatory state, exacerbating 

ischemic stroke progression via enhancing 

neuroinflammation. As the stroke advances, these 

macrophages transition to a pro-regenerative and 

protective state, resulting in the clearance of 

cellular debris via phagocytosis and the secretion of 

trophic factors, promoting brain repair (13). Similar 

to macrophages, the brain resident microglia are 

initially considered to be neurotoxic while also 

shifting towards a pro-reparative state (5, 6). 

Despite the extensive research on stroke over 

the last decades, no simple means of treating 

ischemic stroke has been established (3). Current 

therapies focus on restoring the CBF to salvage the 

penumbra and prevent further brain tissue damage. 

Currently, approved interventions for ischemic 

stroke are limited to thrombolysis and 

thrombectomy. Thrombolysis is the dissolution of 

the thrombus using tissue Plasminogen Activator 

(tPA) (16). tPA has proven to be effective when 

administered within 4.5 hours of stroke onset. 

However, the use of tPA is associated with inherent 

risks; tPA can result in haemorrhage, which can be, 

in some cases, life-threatening (16). Thrombectomy 

is the surgical removal of the thrombus (16). This 

method provides a time window of up to 8 hours 

after onset (16, 17). Despite the effectiveness of 

both therapies, they result in only 15% of patient 

eligibility due to the relatively short time window 

(1). Additionally, these therapies solely aim to 
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prevent further brain damage. These restraints 

highlight the need for novel therapeutic 

interventions to increase patient eligibility and 

provide long-term therapeutic potential. Promising 

strategies include targeting neuroprotection and 

neuroregeneration. 

Neuroprotective strategies in ischemic stroke 

– Neuroprotection is defined as an effect that results 

in the preservation and recovery of the CNS, its 

cells, structure, and function by inhibiting the 

pathogenic stroke cascade (18). A crucial aspect in 

the progression of ischemic stroke is the infiltration 

of macrophages; in the acute phase of ischemic 

stroke, they present a more pro-inflammatory and 

disease-stimulating state (13). Nevertheless, these 

macrophages can switch to a more pro-regenerative 

state in later stages, which can benefit stroke repair 

(13). Considering the dual role of macrophages, 

they became interesting therapeutic targets for 

neuroprotective strategies as their anti-

inflammatory and disease-resolving state can be 

used to undermine neuroinflammation.  

 

Neuroregenerative strategies in ischemic 

stroke – The ability of the ischemia-damaged CNS 

to self-repair is minimal, so finding ways to 

stimulate this regenerative capacity will 

revolutionise stroke therapy (19). Neurogenesis, 

which is the formation of new neurons from neural 

stem cells (NSC), occurs in two primary regions of 

the brain: the subventricular zone (SVZ) of the 

lateral ventricles and the subgranular zone (SGZ) of 

the dentate gyrus in the hippocampus (11). In order 

to give rise to new functional neurons during stroke 

recovery, NSC must proliferate, migrate towards 

the lesion, differentiate into functional neurons, and 

collectively integrate into the local circuitry of the 

brain (11). Regulating neurogenesis post-stroke is a 

delicate process in which the environment is an 

essential factor. Several studies have discovered 

that a stroke-induced environment stimulates 

neurogenesis and induces neuroregenerative repair 

(20-22). However, other studies have reported that 

newborn neuron survival is strongly reduced due to 

the post-stroke micro-environment lacking 

neurotrophic factors and chronic inflammatory 

responses (23). These findings open a novel 

therapeutic opportunity to target and stimulate 

neurogenesis by establishing a post-stroke 

environment that stimulates neurogenesis. 

As newly formed neurons require nutrients and 

oxygen to become functional and survive in the 

infarcted region, the formation of new blood 

vessels, also known as angiogenesis, emerges as 

another crucial aspect of neuroregeneration. 

Angiogenesis is closely intertwined with 

neurogenesis after stroke, as both processes seem to 

stimulate each other (23). New blood vessels arise 

via the sprouting of preexisting vessels, and it 

encompasses key phases, including the 

proliferation and migration of endothelial cells, 

followed by the formation of tube-like structures 

forming the complete blood vessel (23). Both 

preclinical and clinical studies have shown that 

following ischemic stroke, angiogenesis occurs in 

the peri-infarct regions and that it positively 

correlates with survival and recovery (24-27).  

Compelling evidence underscores the 

importance of neurogenesis, angiogenesis and a 

reparative-friendly environment via the modulation 

of neuroinflammation in facilitating ischemic 

stroke repair. This points towards a novel 

therapeutic avenue for exploring compounds that 

can effectively stimulate these three crucial aspects.  

 

Insulin-like growth factors (IGF) – The IGF-

axis is a hormonal network regulating cell growth, 

proliferation and survival. It affects nearly every 

organ system, including the CNS (28). This axis 

includes three ligands, called insulin, IGF-I and 

IGF-II, their receptors and IGF binding proteins 

(IGFBPs) (29). IGF-I and IGF-II are anabolic, 

single-chain polypeptides (70 and 67 amino acids, 

respectively), sharing homology with each other 

and proinsulin (30). Whereas these three insulin-

like peptides are expressed in the developing brain, 

evidence indicates that IGF-II expression is the 

highest in the adult brain, primarily produced by the 

choroid plexus, leptomeninges and endothelial cells 

(31, 32). The actions of IGF-II are mediated 

through three different receptors encompassing the 

insulin receptor (IR), IGF receptor type 1 (IGFR1) 

and type 2 (IGFR2). The former two are tyrosine 

kinase receptors leading to activation of the 

downstream Ras-mitogen-activated protein kinase 

(MAPK) and phosphoinositide 3 kinase (PI3K) 

signalling pathways upon ligand binding (33-35). 

Activation of these pathways ultimately leads to 

downstream cellular proliferation, migration, 

survival and differentiation functions via other 

intracellular molecules (30, 35). The IGFR2 is 
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identical to a cation-independent mannose-6-

phosphate (M6P) receptor, which IGF-II can 

activate exclusively. This receptor is a single-chain 

transmembrane protein mainly responsible for 

controlling circulating IGF-II levels by targeting 

IGF-II for internalisation and lysosomal 

degradation (32, 35). However, several studies have 

postulated the involvement of IGFR2 in 

angiogenesis, as demonstrated by in vitro 

angiogenesis assays (36, 37). An important 

component of the IGF-axis is the presence of 

IGFBPs in biological fluids (i.e. blood and 

cerebrospinal fluid). Currently, six high-affinity 

IGFBPs (IGFBP1-6) and four low-affinity IGFBPs 

have been identified (30, 35). These six highly 

conserved IGFBPs share the same structure with 

two subdomains: highly conserved cysteine-rich N- 

and C-terminals contributing to the high-affinity 

IGF binding (35). IGFs, but not insulin, are non-

covalently bound to high-affinity IGFBP-1 to -6 in 

all biological fluids, in which they modulate their 

action (38). Of all IGFBPs, IGFBP-6 has the 

highest affinity for IGF-II compared to the other 

IGFBPs and is widely expressed in the brain (39). 

IGFBPs bind IGF-I and IGF-II with higher affinity 

than the cell surface receptors, limiting the 

bioavailability of IGFs for receptor activation (35). 

To overcome this limitation, an innovative 

structural variant called DES[1-6]IGF-II was 

included in this research. DES[1-6]IGF-II lacks the 

first six amino acids from the N-terminus, which is 

responsible for binding to IGFBPs, suggesting that 

it may have increased potency (40). DES[1-6]IGF-

II still display similar affinities for the IGF 

receptors compared to wild-type IGF-II (41). 

Although reducing the availability of IGF-II is 

considered detrimental, IGFBPs also play 

important functions in physiological processes. 

IGFBPs extend the half-life of IGFs from 10 

minutes to approximately 30-90 minutes (35, 42). 

IGFs also lack tissue stores; therefore, IGFBPs 

facilitate the accumulation of large reservoirs of 

IGFs within the body (35). Finally, IGFBPs also 

function as transport proteins in plasma and 

determine the tissue and cell-specific localisation of 

IGFs (30). This study also includes a third IGF-II 

variant, namely Leu27IGF-II. Leu27IGF-II has a 

Leucine substitution in place of Tyrosine at position 

27 of the IGF-II sequence. This substitution results 

in a 10-20-fold reduction in binding to the IGFR1 

compared to IGFR2. This variant can provide 

insights into which receptors are involved in the 

neuroregenerative or neuroprotective effects of 

IGF-II. 

Recent studies described the neuroprotective 

properties of IGF-II regarding neuroinflammation. 

A study on inflammation-induced mice described 

that IGF-II administration prevents a pro-

inflammatory state switch of microglia, thereby 

reducing overall neuroinflammation (43). 

Additionally, a study on maturing macrophages 

reported that IGF-II preprogrammes maturing 

macrophages to acquire anti-inflammatory 

properties (44). Also, neuroregenerative properties 

of IGF-II have been described. Bracko et al. 

demonstrated that IGF-II controls NSC 

proliferation in vitro and in vivo (45). In general, 

several studies found that IGF-II promotes 

neurogenesis in the SVZ and the SGZ of the adult 

brain (45-47). Substantial evidence also shows a 

possible contribution of IGF-II to angiogenesis. 

Knockdown of IGF-II and IGFR1 inhibited 

angiogenesis in developing mouse retina and in 

zebrafish (48, 49). Additionally, IGF-II induced by 

hypoxia also stimulated angiogenesis in human 

hepatocellular carcinoma (50).  

The potential therapeutic efficacy of IGF-II in 

ischemic stroke emerges from its purported 

neuroprotective and neuroregenerative properties. 

Nevertheless, the intricate cellular processes 

through which IGF-II may facilitate 

neuroprotection by attenuating neuroinflammation 

and promoting neuroregeneration, including 

neurogenesis and angiogenesis, remain elusive. 

Furthermore, to date, no extensive research has 

been conducted on DES[1-6]IGF-II in the context 

of neuroprotection and neuroregeneration.  

In addressing these research gaps, the present 

study explores IGF-II, DES[1-6]IGF-II and 

Leu27IGF-II as potential therapeutic agents in the 

context of neuroprotection and neuroregeneration 

after ischemic stroke. It is hypothesised that all 

IGFs stimulate neuroregeneration by promoting 

neurogenesis and angiogenesis and that they have 

the potential to be neuroprotective by acting on 

macrophages. In addition, it is hypothesised that 

when IGFBP-6 is present, the effects of IGF-II are 

reduced while the effects of DES[1-6]IGF-II 

remain.  

EXPERIMENTAL PROCEDURES 

Cell culture – All cell experiments and all cells 

were cultured at 37°C in a 5% CO2 atmosphere 
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incubator. Culture media and supplements used for 

the different cell types can be found in Table S1. 

Neural stem cells (NSC) were isolated and cultured 

according to Gervois et al. (51). When cells reached 

80% confluency, they were subcultured using 

accutase for detachment. For cell culture and 

experiments involving NSC, all culture material 

was coated with 5 µg/ mL Fibronectin (1030-FN-

05M, R&D Systems, USA). Human microvascular 

endothelial cells (HMEC-1) were kindly provided 

by the Centers for Disease Control and Prevention 

(Atlanta, GA, USA). 0.05% Trypsin/EDTA 

(T3924, Sigma, Germany) was used to detach cells 

for subculturing when cells reached a confluence of 

80%. The Raw264.7 cells were kindly provided by 

Dr. Paula Pincela Lins. When the cells reached 70% 

confluence, they were detached by scraping and 

subcultured. Bone marrow-derived macrophages 

(BMDM) were kindly provided by Dr. Jana Van 

Broeckhoven.  

Immunocytochemistry (ICC) – NSC (passage 

26), HMEC-1 (passage 8), Raw264.7 (passage 7), 

and BMDM cells were seeded at a density of 

50,000, 25,000, 20,000, and 150,000 cells per well 

in a 24-well plate, respectively. After attachment, 

cells were fixed with 4% paraformaldehyde (PFA) 

for 15 minutes at room temperature (RT). Prior to 

fixation, Raw264.7 cells were stimulated with 100 

ng/mL LPS (L2637-5MG, Merck, Germany) and 

10 ng/mL IFN-γ (300-02, Peprotech, Belgium) for 

24 hours or left unstimulated. BMDMs were 

stimulated with 200 ng/mL LPS (L2637-5MG, 

Merck) for 12 hours of left unstimulated. The cells 

were blocked with 100% protein block (PB) 

(X0909, Dako, USA) for 20 minutes at RT to 

prevent aspecific binding. Primary antibodies 

(Table S3) were diluted in 10% PB and incubated 

overnight at 4°C. Next, the secondary antibodies 

(Table S3) and Hoechst (1/5000) (Molecular 

probes, H-3570, The Netherlands) were diluted in 

10% PB and incubated for 1 hour at RT in the dark. 

Slides were mounted with anti-fade Immu-mount 

(9990402, Thermofisher Scientific, USA), and 

images were captured using the LeicaDM2000 

LED fluorescence microscope and Leica 

Application Suite X software (Leica 

Microsystems). 

Cell proliferation assay – To evaluate the 

effect of IGF-II on NSC proliferation, a 

proliferation assay was used. 5,000 NSC cells 

(passage 21-26) were seeded in standard culture 

medium (Table S1). Twenty-four hours later, they 

were treated with different test conditions (Table 

S2). Images were captured every two hours using 

the IncuCyte® S3 Live-Cell Analysis System 

(Sartorius, Germany) for five days. The acquired 

confluence was normalised against the confluence 

at timepoint 0 h. The assay was performed three 

times with 2-4 technical replicates per condition.  

Transwell migration assay – The chemotactic 

capacity of IGF-II on NSC was evaluated using the 

transwell migration assay. 5,000 NSC cells 

(passage 19-24) were seeded in transwell medium 

(Table S2) in the insert of an Incucyte® Clearview 

96-well chemotaxis plate (4648, Sartorius, 8µm). 

After 30 minutes of settling, test conditions (Table 

S2) were added to the bottom compartment. The 

inserts were placed on the bottom compartment and 

incubated for five days. Every two hours, an image 

was taken and analysed using the chemotaxis tool 

of the IncuCyte® S3 Live-Cell Analysis System 

(Sartorius). Migration was quantified as the cell 

surface area of migrated cells (bottom) normalised 

to the surface area occupied by the non-migrated 

cells (top) at timepoint 4 h. The assay was 

performed five times, including 3-4 technical 

replicates per condition.  

Tube formation assay –To examine the effect 

of IGF-II on endothelial tubulogenesis, a tube 

formation assay was performed. Wells of a 96-well 

plate were coated with GF-reduced Matrigel 

(354230, Corning, USA) basement membrane and 

incubated for 60 minutes to allow setting. After 

polymerisation, a suspension containing test 

conditions (Table S2) and 20,000 HMEC-1 cells 

(passage 7-11) were seeded. Tube formation was 

monitored using the IncuCyte® S3 Live-Cell 

Analysis System (Sartorius). Images were captured 

after 6 hours and were analysed using ImageJ 

Software with the Angiogenesis analyser plug-in 

(52). This assay was performed three times, 

including 2-3 technical replicates.  

ELISA – To evaluate the concentration of 

several secreted angiogenic factors, ELISA’s were 

performed. The concentration of IL-6 (430504, 

BioLegend, USA), uPAR (448404, BioLegend) 

and MCP-1 (438804, Biolegend) was measured in 

the conditioned medium from HMEC-1 cells 

(passage 6-10) treated with different test conditions 

for 48 hours (Table S2). ELISAs were performed 

according to the manufacturer’s instructions. The 

absorbance was measured with the CLARIOstar 
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Plus (BMG Labtech, Germany) plate reader. A 

standard curve was set up to determine the 

concentration of the secreted factors. This assay 

was performed 1-2 times with nine biological 

replicates. 

Chorioallantoic membrane (CAM) assay – A 

CAM assay was performed to determine the 

angiogenic potential of IGF-II in ovo. Fertilised 

chicken eggs (Gallus Gallus) were incubated at 

37°C and 50% humidity. On embryonic day 3 (E3), 

3-4 mL of albumin was removed to detach the 

CAM from the eggshell and the eggs were returned 

to the incubator. At E9, absorbent gelatin sponges 

(ZHG805001, SMI AG, Belgium) with test 

conditions were placed onto the CAM (Table S2). 

At E12, the CAM was removed and photographed 

with a digital camera (HandyCam HDR-XR350VE, 

Sony, UK). Angiogenesis was assessed by counting 

blood vessels intersecting two digitally placed 

concentric circles with a radius of 1 and 2 mm. 

Counting was performed blindly by three 

independent investigators.  

Permanent distal middle cerebral artery 

occlusion (dMCAO) – 10-week-old male C57BL/6 

mice (Envigo, Horst, The Netherlands) were 

subjected to permanent dMCAO as previously 

described (53). Animals were housed under 

standardised conditions (12h light-dark cycle and a 

temperature of 20°C ± 3°C). Food and water were 

provided ad libitum. Experiments were approved 

by the Ethical Committee for Animal 

Experimentation of Hasselt University. 

Immunofluorescent (IF) staining of healthy 

and dMCAO brain coupes – IF stainings were 

performed on brain tissues from healthy and 

dMCAO mice. The brains were isolated three and 

seven days post-stroke and fixed in 4% PFA for 24 

hours. Next, brain tissues were embedded in 

paraffin and sliced into 7 µm thick coupes. They 

were baked at 58°C for one hour prior to 

undergoing xylene deparaffinisation, followed by 

ethanol gradient (100%-75%) hydration and 

distilled H2O hydration. Antigen retrieval was 

performed for 30 minutes in a 95°C warm water 

bath using citrate buffer (10 mM Sodium citrate, 

0.05% Tween20, pH 6.0). After PBST (1x PBS 

0.1% Triton X-100) wash, the brain coupes were 

blocked with 100% PB (X0909, Dako) for one hour 

to prevent aspecific binding. After blocking, the 

brain coupes were incubated with primary 

antibodies (Table S4) diluted in 10 % PB overnight 

at 4°C. Next, the brain coupes were incubated with 

the secondary antibodies (Table S4) and Hoechst 

(1/5000, Molecular probes, H-3570) diluted in 

10 % PB for one hour in the dark. Finally, sections 

were mounted with Immu-mount (Thermo 

Scientific – 9990402), and images were captured 

using the LeicaDM2000 LED fluorescence 

microscope and Leica Application Suite X (LAS X) 

software (Leica Microsystems). Images were 

processed with ImageJ software.  

IGF-II treatment - One hour after dMCAO, 

mice were randomised and treated with vehicle 

control (HCl 10mM), IGF-II (FU100, Gropep, 

Australia) or DES[1-6]IGF-II (MU100, Gropep) at 

0.02, 0.1 or 0.5 µg via stereotactical injection. 

Twenty-four hours after injection, mice were 

sacrificed via cervical dislocation and the brains 

were isolated for 2.3.5-Triphenyltetrazolium 

chloride (TTC) staining. 

2.3.5-Triphenyltetrazolium chloride (TTC) 

staining – To determine the infarct lesion volume, 

a TTC staining was performed on isolated brains. 

1mm coronal slices were cut using steel blades (Ted 

Pella, USA) and Alto steel brain matrix (Stoelting, 

Ireland). The slices were stained for 30 minutes at 

RT using a 2% TTC solution (17779, Sigma-

Aldrich). The stained brain coupes were scanned 

with a printer, and the infarct volume was 

quantified blindly using ImageJ software. The 

percentage of total stroke lesion area was 

calculated.  

Statistical analysis – Statistical analysis was 

performed using GraphPad Prism 10 software 

(GraphPad, La Jolla, USA). Normality was checked 

using the Shapiro-Wilk test. In case normality was 

fulfilled, three or more experimental groups were 

compared using an RM or ordinal one-way 

ANOVA with Dunnett’s or Sídák’s post hoc test. In 

case normality was not fulfilled, a nonparametric 

Friedmann test with Dunn’s post hoc test was used. 

To compare two groups, a paired t-test, an unpaired 

t-test or, in case normality was not fulfilled, the 

Mann-Whitney test was used.  

 

RESULTS 

IGF-II enhances neurogenesis by stimulating 

NSC proliferation in vitro – Neuroregeneration is 

essential for complete brain repair following 

ischemic stroke and can be divided into 

neurogenesis and angiogenesis. Given the crucial 

role of neurogenesis in stroke recovery, this study 
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first examined the influence of IGF-II on this 

process. The initial stage of neurogenesis involves 

the proliferation of NSC. Before testing the effect 

of IGF-II on the growth of NSC, it was necessary to 

determine the susceptibility of NSC to IGF-II. Via 

immunocytochemistry, the presence of all three 

IGF-II receptors—IGFR1, IGFR2, and IR— was 

confirmed (Fig. 1A). Next, the effect of IGF-II on 

NSC proliferation in vitro was examined by 

assessing the confluence over time (Fig. 1C). 

Compared to the HCl control, IGF-II significantly 

increased NSC proliferation by 38.6% at 72 hours, 

as indicated by the enhanced cell confluency 

(Figures 1B and 1E). Similarly, DES[1-6]IGF-II 

also promoted cell confluence, thereby 

significantly stimulating NSC proliferation by 16% 

at 48 hours and showing a trend towards increased 

proliferation of 26% at 72 hours compared to the 

HCl control (Figures 1D and 1E). Leu27IGF-II, 

however, does not alter the proliferation of NSC at 

48 hours or 72 hours compared to the HCl controls 

(Figures 1D and 1E).  

 

IGF-II stimulates neurogenesis by enhancing 

chemotactic NSC migration in vitro – Following 

proliferation, NSC migration towards the infarcted 

area is the next crucial step in neurogenesis. Two 

distinct migration assays were conducted to 

evaluate the potential of IGF-II in stimulating NSC 

migration. A scratch-wound healing assay was 

performed to assess the direct effect of IGF-II on 

NSC migration. This assay, containing IGF-II 

concentrations ranging from 0.001 ng/mL up to 

1000 ng/mL, revealed that IGF-II did not directly 

stimulate NSC migration (Fig. S1). Next, a 

transwell migration assay was performed to 

investigate the chemotactic properties of IGF-II. 

Compared to the HCl control, NSC indeed 

responded to the chemotactic signals of IGF-II and 

DES[1-6]IGF-II at a concentration of 100 and 

1000 ng/mL at 72 hours (Fig. 2A-D). IGF-II at 100 

and 1000 ng/mL increased NSC migration by 156% 

and 334%, respectively (Figures 2B and 2D). 

Moreover, DES[1-6]IGF-II at 100 and 1000 ng/mL 

increased NSC migration by 147% and 300%, 

respectively (Figures 2B and 2D). Leu27 IGF-II 

again did not elicit any response of chemotactic 

NSC migration at 100 (48.8%) and 1000 ng/mL 

(22.8%) (Fig. 2A-D.). We extended our 

investigation to explore the impact of IGFBP-6 on 

the chemotactic effects of IGF-II. Although the 

presence of IGFBP-6 showed no significant effect, 

a notable downward trend of 49.9% and 13% was 

observed for 100 and 1000 ng/mL IGF-II, 

respectively (Figures 2E and 2F). Remarkably, 

IGFBP-6 markedly reduced the effectiveness of 

DES[1-6]IGF-II by 20.3% and 31.9% at both 100 

and 1000 ng/mL (Figures 2E and 2F).  

 

IGF-II has the potential to stimulate 

angiogenesis in vitro – Beyond neurogenesis, the 

other critical component of neuroregeneration is 

angiogenesis, the formation of new blood vessels. 

This process is essential for vascularising newly 

formed brain tissue to supply oxygen and nutrients. 

Therefore, this research investigated the angiogenic 

potential of IGF-II in vitro. Initially, the presence of 

all three IGF-II receptors on HMEC-1 cells was 

visualised via immunocytochemistry (Fig. 3A). 

Previous work from our research group identified 

several angiogenic factors upregulated in HMEC-1 

endothelial cells by IGF-II using a cytokine array 

(data not shown). Consequently, these results were 

validated by measuring the concentrations of these 

secreted angiogenic factors, including, interleukin 6 

(IL-6), monocyte chemoattractant protein-1 (MCP-

1) an urokinase plasminogen activator surface 

receptor (uPAR), via ELISA. The results showed 

that conditioned media from IGF-II-treated and 

DES[1-6]IGF-II-treated HMEC-1 cells exhibited 

increased expression of all three angiogenic factors 

compared to the their control medium (Fig. 3B-D). 

IL-6 displayed the most substantial increase in 

expression by IGF-II (13.02 ± 4.62 vs 3.25 ± 1.97) 

and DES[1-6]IGF-II (12.91 ± 3.87 vs 3.25 ± 1.97), 

compared to the their control medium (Fig. 3B). 

MCP-1 expression was also strongly increased by 

IGF-II (32.62 ± 12.48 vs 17.40 ± 6.81) and DES[1-

6]IGF-II (33.52 ± 12.1 vs 17.40 ± 6.81) compared 

to their control medium (Fig. 3C). Finally, uPAR 

showed a modest increased expression by IGF-II 

(156.3 ± 81.4 vs 136.9 ± 79.86) and DES[1-6]IGF-

II (158.4 ± 82.04 vs 136.9 ± 79.86) compared to 

their control medium (Fig. 3D). Addition of 

IGFBP-6 significantly reduced the stimulatory 

effect of IGF-II on all three angiogenic factors with 

59.2% (IL-6), 47.5% (MCP-1), and 13.6% (uPAR). 

(Fig. 3B-D). While IGFBP-6 also significantly 

diminished the effect of DES[1-6]IGF-II on IL-6 

secretion by 20.4%, this reduction was less 

pronounced than IGF-II (Fig. 3B). For MCP-1 and  
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Figure 1 – IGF-II Stimulates Neural Stem Cell Proliferation. A. Representative images of immunocytochemistry staining 

show the presence of the three IGF-II receptors – IGFR1 (left panel), IGFR2 (middle panel), and IR (right panel) - on NSC. 

Nuclei were counterstained with Hoechst (blue). Insert shows the negative control. Scale bar represents 30µm. B. Representative 

images of the proliferation assay displaying cell confluence for the HCl control, IGF-II, DES[1-6]IGF-II and Leu27IGF-II at 72 

hours. Scale bar represents 200µm. C. The effects of IGF-II, DES[1-6]IGF-II and Leu27IGF-II on the proliferation of NSC over 

a period of five days are shown. The graph presents the mean confluence area normalised to the initial confluence at timepoint 

0h. D. After 48 hours, 1000 ng/mL DES[1-6]IGF-II significantly stimulates NSC proliferation. E. After 72 hours, IGF-II at 

1000 ng/mL significantly stimulates NSC proliferation, while DES[1-6]IGF-II shows a strong trend towards stimulating NSC 

proliferation. C-E. Data are expressed as mean ± SEM. N = 5 with 2-4 replicates per condition. Each data point represents an 

independent assay. *p<0,05. Statistical analysis was performed using the RM one-way ANOVA with Dunnett’s post hoc test. 
HCl, hydrochloric acid; IGF, insulin-like growth factor; IGFR1, insulin-like growth factor receptor type 1; IGFR2, insulin-like growth factor 
receptor type 2; IR, insulin receptor; NSC, neural stem cells; RM, repeated measures; SEM, standard error of the mean. 
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Figure 2 – IGF-II Stimulates Neural Stem Cell Migration via Chemotaxis. The effects of IGF-II, DES[1-6]IGF-II and 

Leu27IGF-II on NSC migration were assessed using a transwell migration assay. A and C. The graphs illustrate the mean NSC 

area in the bottom compartment normalised to the initial top area and relative to their HCl control for the three IGF variants over 

five days. After 72 hours, IGF-II and DES[1-6]IGF-II at concentrations of B. 100 ng/mL and D. 1000 ng/mL significantly 

stimulated the migration of NSC. E-F. The impact of IGF binding protein 6 (IGFBP-6) on the ability of IGF-II and DES[1-6]IGF-

II to stimulate NSC migration was also examined. IGFBP-6 at 1000 ng/mL trendily decreased the effect of E. 100 ng/mL IGF-II 

and F. 1000 ng/mL IGF-II and significantly reduced the effects of DES[1-6]IGF-II. A-F Data are expressed as mean ± SEM. N = 

5 with 4 replicates per condition. Each data point represents an independent assay. *p<0.05; **p<0.01. Statistical analysis was 

performed using RM one-way ANOVA with Dunnett’s and Sídák’s post hoc test or the non-parametric Friedmann test with 

Dunn’s post hoc test for comparing three or more groups. A paired t-test was used to compare the two groups. HCl, hydrochloric 

acid; IGF, insulin-like growth factor; IGFBP-6, IGF binding protein 6; NSC, neural stem cells; RM, repeated measures; SEM, 

standard error of the mean. 
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uPAR, IGFBP-6 did not appear to significantly 

impact the effect of DES[1-6]IGF-II (Figures 3C 

and 3D).  

The angiogenic potential of IGF-II was further 

investigated by assessing its role in the 

tubulogenesis of HMEC-1 cells using a tube 

formation assay. This assay evaluated key 

angiogenesis parameters, including total segment 

length (Fig. 3E – magenta) and total branch length 

(Fig. 3E – green). HMEC-1 cells treated with 

100 ng/mL or 1000 ng/mL IGF-II, DES[1-6]IGF-

II, or Leu27IGF-II did not exhibit significantly 

more segments or branches compared to the HCl 

control (Figures 3F, 3G, S2A and S2B ). However, 

a visual examination of total segments indicated a 

positive trend in all three IGF variants (Fig. 3E).  

 

IGF-II demonstrates a tendency to stimulate 

angiogenesis in ovo – The potential of IGF-II to 

induce angiogenesis was assessed using the chick 

chorioallantoic membrane (CAM) assay. At E3, 

3mL albumin was removed, and a treatment 

window was made by removing a small part of the 

eggshell. At E9, absorbent-gelatin sponges were 

placed onto the CAM, followed by isolation of the 

CAM three days later (Fig. 4A). Compared to the 

HCl control, IGF-II at concentrations of 0.5 ng 

(p = 0.0857) and 50 ng (p = 0.0680) strongly tend 

to stimulate angiogenesis within a two-millimetre 

radius (Fig. 4B-D). However, beyond this range at 

4 mm, IGF-II did not stimulate angiogenesis at 

either concentration compared to HCl (Fig. 4B-D).  

 

IGF-II has the potential to be neuroprotective 

by acting on macrophages – This study investigated 

whether IGF-II could potentially exert 

neuroprotective effects by demonstrating the 

expression of the three IGF-II receptors on 

macrophage cell lines and bone marrow-derived 

macrophages (BMDM) (Fig. 5A-D). Specifically, 

this study showed that both resting macrophages 

(M0) and pro-inflammatory macrophages (LPS and 

IFN-y stimulated) of both cell types express all 

three IGF-II receptors (Fig. 5A-D). Furthermore, 

this study also demonstrated the presence of ionised 

calcium-binding adapter molecule 1 (Iba1) in and 

near the infarct lesion of a distal middle cerebral 

artery occlusion (dMCAO) mouse brain one week 

after stroke onset (Fig. 5E). Iba-1 is a well-known 

marker to highlight the presence of macrophages 

and microglia. 

  

All three IGF-II receptors are present in 

healthy or stroke brain tissue – This study also 

identified the presence of the three IGF-II receptors 

in healthy murine brain tissue as well as in brain 

tissue from dMCAO mice three and seven days 

post-stroke (Fig. S3-S5). Here, it was found that IR 

and IGFR1 were present in healthy brain tissue, 

while IGFR2 seemed to be absent (Fig. S3). At 

three days post-stroke, IGFR2 seemed to be 

strongly present, while IGFR1 and IR displayed 

barely any presence (Fig. S4). Finally, at seven days 

post-stroke, the IR and, to a lesser extent, IGFR1 

were present, while the IGFR2 seemed absent (Fig. 

S5). Furthermore, several IF markers were tested to 

identify a marker that visualised the stroke region 

clearly. This study identified neurofilament 68kD 

(NF) as the best marker to visualise the lesion area 

(Figure S6). 

 

IGF-II does not reduce the infarct lesion size 

in a dMCAO mouse model –To investigate whether 

IGF-II harbours neuroprotective properties, 

meaning reducing stroke infarct size mice were 

subjected to stroke. The dMCAO model was 

achieved via electrocoagulation proximal and distal 

to the bifurcation of the middle cerebral artery 

(MCA). One hour after dMCAO induction, mice 

received intracerebroventricular injections of IGF-

II and DES[1-6]IGF-II through stereotactic 

injections. After 24 hours, the mice were sacrificed 

by cervical dislocation, and their isolated brains 

were stained with TTC dye to visualise the stroke 

lesion (Fig. 6A). Neither IGF-II nor DES[1-6]IGF-

II at any concentration reduced the infarct lesion 

size compared to the vehicle control (Figures 6B 

and 6C). It seems that only IGF-II at 0.5 µg (2.96 ± 

2.24 vs 4.51 ± 4.06) showed a decreased trend in 

lesion size compared to vehicle control, while all 

other test conditions visually showed a slightly 

increased lesion size (Fig. 6C).  

 

 



                           Senior internship- 2nd master BMW 

11 
 

 
Figure 3 – IGF-II Tends to Stimulate Angiogenesis In Vitro. A. Representative images of immunocytochemistry staining show 

the presence of the three IGF-II receptors – IGFR1 (left panel), IGFR2 (middle panel), and IR (right panel) - on HMEC-1 endothelial 

cells. Nuclei were counterstained with Hoechst (blue). Insert shows the negative control. Scale bar represents 30µm. B-D. Semi- 
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DISCUSSION 

Currently, ischemic stroke is one of the leading 

causes of death worldwide. Despite extensive 

research over the last couple of decades, treatment 

options remain limited. The inability of current 

therapies to repair and regenerate the damaged 

brain tissue results in life-altering consequences for 

stroke patients. Recently, there has been a growing 

consensus that stimulating the brain’s endogenous 

repair mechanisms, particularly neurogenesis and 

angiogenesis, is crucial for improving long-term 

outcomes in stroke patients. The present study 

provides comprehensive insights into the role of 

IGF-II in neurogenesis, particularly focusing on the 

proliferation and migration of NSC, which are 

curial components of neurogenesis. This intricate 

process is essential for ischemic stroke recovery as 

it involves the generation of new neurons and their 

integration into existing neural networks (11). As 

this study demonstrated the presence of the three 

IGF-II receptors on NSC, it establishes the basis for 

the mechanistic effects of IGF-II. This research 

found that IGF-II and DES[1-6]IGF-II both 

stimulated the proliferation of NSC. A study by 

Ziegler et al. demonstrated that IGF-II was more 

potent in promoting NSC expansion compared to 

IGF-I and their standard growth medium (47). On 

the other hand, Leu27IGF-II did not seem to have a 

stimulative effect on NSC proliferation. Leu27IGF-

II is a mutant form of IGF-II that binds to the IGFR2 

but has a 20-fold reduction in binding to the IGFR1 

(54). This finding could point us toward identifying 

which receptor could be involved in this process. 

Morrione et al. demonstrated that IGF-II induces 

cell proliferation by both the IGFR1 and the IR 

(55). A recent study described that IR isoform A 

(IR-A) is mainly responsible for the IGF-II-

mediated proliferation of murine NSC (56). Future 

research, working with antibodies or small 

interfering RNA (siRNA) to block specific 

receptors, can validate the receptor involved in 

NSC proliferation. Additionally, it is noteworthy to 

mention that cell confluence was used as a measure 

of proliferation. However, more precise 

proliferation assays exist that utilise the principle of 

incorporating a substance (e.g. EdU or BrdU) 

during cell proliferation, which can be accurately 

quantified.  

Following brain injury, such as ischemia, 

neural progenitor cells migrate into the injured 

regions, attempting differentiation and repair (57). 

Given the importance of NSC migration, this study 

implemented two distinct migration assays to 

assess the potential effect of IGF-II on NSC 

migration. The scratch-wound-healing assay 

investigated whether IGF-II would have direct 

effects on NSC migration. We found that IGF-II did 

not significantly increase NSC migration compared 

to their HCl control. Strikingly, IGF-II at 10 ng/mL 

significantly reduced migration of NSC. To the best 

of our knowledge, a scratch-wound-healing assay 

on NSC has not been described in the literature 

before. This assay also requires optimization, 

particularly in selecting the appropriate medium for 

NSC. The current scratch medium contained a 

reduced amount of growth factors and supplements, 

which may result in NSC survival rather than active 

migration. We further investigated NSC migration 

using a transwell migration assay. This assay was 

conducted to evaluate the chemotactic potential of  

Fig 3 – Continued 

quantitative results from ELISA assays measuring three angiogenic factors: B. IL-6, C. MCP-1, and D. uPAR. ELISAs were 

conducted on conditioned media of HMEC-1 cells (n = 9 with 3 replicates) treated with 100 ng/mL IGF-II and DES[1-6]IGF-II. 

Both IGF variants stimulated the secretion of these angiogenic factors by HMEC-1 cells. The addition of IGFBP6 reduced the effects 

of IGF-II on the secretion of all three angiogenic factors and also diminished the effect of DES[1-6]IGF-II on IL-6 secretion by 

HMEC-1 cells. E. Representative images from the tube formation assay after 6 hours on HMEC-1 cells treated with 100 ng/mL of 

each IGF variant and their corresponding HCl control. The images display common parameters indicative of angiogenesis, including 

segments (magenta) and branches (green). Isolated elements (blue) and twigs (cyan) were not analysed. Scale bar represents 100µm. 

F and G. The effect of IGF variants on the total segment length and total branch length in the tube formation assay after 6 hours. 

Although neither IGF variant significantly stimulated total segment length, a positive trend is visible. Neither IGF stimulated total 

branch length. Data are expressed as mean ± SEM. N = 3 with 2-3 replicates per condition. Each data point represents an independent 

assay. *p<0,05; **p<0,01; ***p<0,001; ****p<0,0001. Statistical analysis was performed using mixed-effect analysis or RM one-

way ANOVA with Dunnett’s post hoc test or the non-parametric Friedmann test with Dunn’s post hoc test to compare three or more 

groups. A paired t-test was performed to compare two groups. ELISA, Enzyme-Linked Immune Sorbent Assay HCl, hydrochloric 

acid; HMEC-1, human microvascular endothelial cells; IGF, insulin-like growth factor; IGFR1, insulin-like growth factor receptor 

type 1; IGFR2, insulin-like growth factor receptor type 2; IL-6, interleukin 6; IR, insulin receptor; MCP-1, monocyte 

chemoattractant protein-1; RM, repeated measures; SEM, standard error of the mean; uPAR, urokinase plasminogen activator 

surface receptor 
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IGF-II. Various studies already highlighted the 

chemotactic potential of IGF-II on various cell 

types. It was described that IGF-II stimulated 

basophil migration via chemotaxis (58). This was 

also observed for endothelial progenitor cells (59). 

In line with our hypothesis, we found that both IGF-

II and DES[1-6]IGF-II stimulated chemotactic 

NSC migration at 100 and 1000 ng/mL. However, 

Leu27IGF-II did not seem to stimulate chemotactic 

migration. This postulates that the chemotactic 

property of IGF-II can possibly be exerted via the 

IGFR1 and the IR. However, future experiments 

 
Figure 4 – IGF-II Tends to Induce Angiogenesis In Ovo via The CAM Assay. A. Schematic overview of the CAM assay 

(left panel). On embryonic day 3 (E3), a window was created by removing the eggshell. At E9, gelatin-absorbent sponges 

containing test conditions were placed on the CAM and incubated until E12. At E12, the CAM was isolated and photographed. 

Two concentric circles were digitally placed onto the CAM to count blood vessels (right panel). Scale bar represents 1 mm. The 

figure was made with Biorender B. Representative images of the isolated CAM treated with IGF-II and HCl control. Scale bar 

represents 1 mm. C and D. The average number of intersecting blood vessels of IGF-II 0,5 ng (n = 4-6) and 50 ng (n = 10-13) 

relative to their HCl 0.5 (n = 4-5) and 50 (n = 6-11) control at 2 mm and 4 mm. IGF-II tends to stimulate angiogenesis at 2 mm 

in the CAM assay but not at 4 mm. Scale bar represents 1 mm. Data are expressed as mean ± SEM. Statistical analysis was 

performed using an unpaired t-test or the Mann Whitney test. CAM, chick chorioallantoic membrane; HCl, hydrochloric acid; 

IGF, insulin-like growth factor; SEM, standard error of the mean; 
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Figure 5 – IGF-II Can Potentially Be Neuroprotective By Acting On Macrophages. A-D. Representative 

immunocytochemistry staining of the three IGF-II receptors – IGFR1 (left panel), IGFR2 (middle panel) and IR (right panel) –  
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Figure 5 – Continued 

on A. resting (M0) Raw264.7 cells, B. LPS/IFN-γ.-stimulated Raw264.7 cells, C resting (M0) BMDM and D. LPS/IFN-y 

stimulated BMDM. Scale bar represents 30µm. E. Representative images of immunofluorescent staining of a murine dMCAO 

brain coupe seven days post-stroke show the presence of Iba1 (red), which is expressed by macrophages and microglia (left 

panel). Scale bar represents 200 µm. At the border of the stroke area, Iba1 is highly expressed, indicating a large number of 

microglia and macrophages (right upper panel). In the stroke lesion area, Iba1 is less expressed, indicating a lower number of 

macrophages and microglia (right lower panel). Scale bar represents 30 µm. A-E. Nuclei were counterstained with Hoechst 

(blue). Insert shows the negative control. BMDM, bone marrow-derived macrophages; dMCAO, distal middle cerebral artery 

occlusion; Iba1 ionized calcium-binding adaptor molecule 1; IFN-γ, interferon-gamma; IGFR1, insulin-like growth factor 

receptor type 1; IGFR2, insulin-like growth factor receptor type 2; IR, insulin receptor; LPS, lipopolysaccharide  

 

must validate this theory by selectively blocking 

specific IGF-II receptors. In addition, we 

hypothesised that the presence of IGFBP-6 would 

reduce the potency of IGF-II while the potency of 

DES[1-6]IGF-II remains. Surprisingly, at both 

tested concentrations, IGFBP-6 significantly 

reduced the chemotactic potency of DES[1-6]IGF-

II and almost that of IGF-II. High variation and a 

relatively low number of biological replicates might 

explain these contradictory results, as IGF-II was 

close to being significantly reduced by IGFBP-6. 

Beyond neurogenesis, another critical aspect of 

brain repair following ischemic stroke is 

angiogenesis. Key phases of angiogenesis consist 

of extracellular matrix (ECM) degradation, 

endothelial cell proliferation, migration, tube 

formation and vessel maturation (60). This study 

investigated the angiogenic potential of IGF-II in 

vitro. Many studies have already described the 

angiogenic properties of IGF-II on various aspects 

of angiogenesis (37, 61, 62). In previous studies 

from our research group, an angiogenesis antibody 

array was performed to investigate the angiogenic 

profile of IGF-II. From this angiogenesis antibody 

array, a few pro-angiogenic factors seemed to be 

upregulated, including IL-6, MCP-1 and uPAR. In 

this study, we confirmed that the conditioned media 

of IGF-II- or DES[1-6]IGF-II-treated HMEC-1 

cells had an increased expression of these secreted 

angiogenic factors. Moreover, here, we could 

demonstrate that the presence of IGFBP-6 

significantly reduced the effects of IGF-II for all 

three angiogenic factors, while the effects of 

DES[1-6]IGF-II were only reduced on IL-6 

expression. These findings partially confirm our 

hypothesis that IGFBP-6 reduces the potency of 

IGF-II while that of DES[1-6]IGF-II primarily 

remains. As this study demonstrated increased 

expression of secreted angiogenic factors by IGF-II 

and DES[1-6]IGF-II-treated HMEC-1 cells, it was 

interesting to investigate if these IGFs would also 

induce tubelogenesis of HMEC-1 cells. A study by 

Lee et al. found that IGF-II could stimulate the tube 

formation of human umbilical vein endothelial cells 

(HUVEC), showing a clearly formed anastomosing 

capillary-like network (62). Although significantly 

enhanced tube formation could not be demonstrated 

in this study, a positive trend, however, is 

noticeable. HMEC-1 cells treated with IGF-II, 

DES[1-6]IGF-II or Leu27IGF-II showed a visible 

increased anastomosing capillary-like network. No 

significance was obtained, but it should be noted 

that this could be due to a small sample size and the 

high variance, particularly when looking at the total 

segment length. In the future, this experiment must 

be repeated to ensure either stimulation or no 

stimulation of tube formation by IGF-II. A 

remarkable finding that stands out from the results 

reported earlier is that Leu27IGF-II also displays a 

positive trend in stimulating tube formation, 

suggesting a role of the IGFR2 in angiogenesis. 

Several studies have already postulated that IGFR2 

is involved in angiogenesis. Volpert et al. 

highlighted the necessity of IGFR2 to stimulate 

proliferin-induced migration of endothelial cells 

and to promote neovascularisation in the rat cornea 

(36). Moreover, their research demonstrated that 

both IGF-II and Leu27IGF-II effectively stimulate 

endothelial cell migration and induce 

neovascularisation (36). Similarly, Herr et al. 

demonstrated that IGF-II stimulates uterine 

microvascular endothelial cells (UMVEC) 

migration and induces tube formation. They further 

established that the angiogenic potential of IGF-II 

is likely mediated via IGFR2, as the addition of 

antibodies against IGFR2 but not against IGFR1 or 

IR inhibited the IGF-II-induced tube formation 

(37). An important study by Maeng et al. found that 

locally generated IGF-II at ischemic sites may 

contribute to vasculogenesis by augmenting the 

recruitment of endothelial progenitor cells and that 

these effects are mediated via the IGFR2 (59).  
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Altogether, these studies suggest that the 

angiogenic potential of IGF-II is mainly mediated 

through the IGFR2. However, the role of IGFR1 

and IR in angiogenesis has also been described (63-

65). Reinmuth et al. demonstrated that colon cancer 

cells transfected with a truncated dominant-

negative form of IGFR1 resulted in decreased 

vascular endothelial growth factor (VEGF), a pro-

angiogenic factor, expression (63). Moreover, 

Dallinga et al. identified IGF-II and IGFR1 as two 

novel tip cell-specific genes. Knockdown of both 

genes resulted in a decreased fraction of tip cells, 

the leading cells of sprouting, in vitro and in vivo 

(64). Finally, Walker et al. demonstrated that short 

hairpin RNA (shRNA)-mediated knockdown of the 

IR in HUVEC cells resulted in impaired VEGF 

signalling during angiogenic sprouting (65). Future 

research could validate the finding that Leu27IGF-II 

could stimulate angiogenesis in vitro by repeating 

the tube formation assay, performing an HMEC-1 

cell proliferation assay, and performing an 

angiogenesis antibody array. However, for now, 

our research provides us with an indication that the 

angiogenic potential of IGF-II could possibly be 

mediated via the IGFR2.  

Another critical matter in the in vitro 

assessment of angiogenesis is the use of cell lines. 

In our study, we opted for HMEC-1 cells, a 

standard and widely used cell line for studying 

angiogenesis, as these cells retain many of the 

phenotypic and functional characteristics of 

primary endothelial cells (66). However, when 

 

Figure 6 – IGF-II Does Not Reduce the Infarct Lesion Size in a dMCAO Mouse Model. A. Schematic overview of the 

experimental set-up. The dMCAO model was induced by occluding proximal and distal to the bifurcation of the middle cerebral 

artery (MCA). IGF-II treatment was given one hour after dMCAO inductions. Infarct volume was assessed 24 hours after 

dMCAO induction on brain coupes stained with TTC solution. The figure was made using Biorender. B. Representative images 

of TTC-stained brain coupes of C57BL/6 mice treated with various test conditions, showing the infarct lesion (white area). C. 

Quantification of the lesion volume of the different experimental groups (n = 6-8). Neither IGF-II nor DES[1-6]IGF-II at 

different concentrations reduced the infarct lesion volume. Data are expressed as mean ± SEM. Statistical analysis was performed 

using an ordinary one-way ANOVA with Dunnett’s post hoc test. dMCAO, distal middle cerebral artery occlusion; IGF, insulin-

like growth factor; TTC, 2, 3, 5-triphenyltetrazolium chloride; SEM, standard error of the mean  
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coupling back to ischemic stroke research, HMEC-

1 cells alone may not provide a comprehensive 

understanding of brain angiogenesis during stroke 

recovery. To gain a more complete picture, it is 

beneficial also to include human brain 

microvascular endothelial cells (HBMEC) in future 

experiments. HBMEC cells are derived from the 

brain’s microvasculature and accurately represent 

the endothelial cells from the BBB. Ischemic stroke 

directly affects the BBB, impairing its permeability 

and barrier function (6). Proper neuroregeneration 

during stroke recovery requires revascularisation in 

the brain, which ensures a functional and intact 

barrier to shield the brain against toxins and 

immune cells (67). Therefore, incorporating 

HBMEC cells in future studies can provide 

valuable insights into the effects of IGF-II on 

angiogenesis and BBB integrity during stroke 

recovery, thereby offering a more detailed 

understanding of its therapeutic potential. 

Additionally, to mimic the stroke environment in 

vitro, oxygen-glucose deprivation (OGD) 

conditions can also be introduced not only for 

HMEC-1 and HBMED cells but also when studying 

the NSC.  

Furthermore, angiogenesis was assessed in an 

in ovo system via the CAM assay to gain more 

insights into the angiogenic potential of IGF-II. The 

CAM assay provides an accessible and more 

translational setting to study angiogenesis. As the 

chick is a living organism, this model provides a 

more physiological representative system for 

studying angiogenesis (68). This research showed 

that IGF-II tends to stimulate angiogenesis very 

locally. This suggests that IGF-II has paracrine 

effects, which enhance angiogenesis. Several other 

studies also confirmed the angiogenic potential of 

IGF-II with the CAM assay. In line with our results, 

Kim et al. also found that IGF-II stimulated vessel 

formation in the CAM assay (50). A study by Bae 

et al. indirectly determined angiogenic activity 

IGF-II. They used the conditioned media from 

hepatocellular carcinoma cells, which contained 

secreted IGF-II, and found that this media induced 

angiogenesis on the CAM (69). The CAM is an 

easy and cheap way to study angiogenesis in a more 

physiological and representative system. However, 

a few important limitations must be taken into 

account. The CAM on its own is very well 

vascularised; hence, distinguishing new capillaries 

from existing ones can be challenging (68). 

Additionally, developmental angiogenesis usually 

occurs until E11. Therefore, it is best to wait after 

E11 to obtain the results (68). To avoid this, we 

analysed the results on E12. In conclusion, our 

study provided valuable insights into the 

angiogenic properties of IGF-II by studying 

angiogenesis both in vitro and in ovo. 

The present study contributes to our 

understanding of whether IGF-II can be 

neuroprotective by acting on macrophages. 

Neuroprotection involves mechanisms and cellular 

processes aimed at protecting the brain tissue from 

further damage and promoting its recovery (18). 

Neuroprotective properties of IGF-II have already 

been described in literature in various aspects, as 

well as various neurological disorders. However, 

this study focuses on macrophages and their 

potential to reduce neuroinflammation. Our study 

demonstrated the presence of all three IGF-II 

receptors on a macrophage cell line as well as on 

BMDMs. This study also detected the three 

receptors on LPS-stimulated macrophages, which 

display a pro-inflammatory state. Looking at pro-

inflammatory macrophages is highly relevant for 

stroke research as macrophages migrate towards the 

ischemic lesion during the acute phase of stroke. 

There, they display a more pro-inflammatory state, 

increasing neuroinflammation and worsening 

stroke outcomes (13). By demonstrating the 

expression of the three IGF-II receptors on both 

resting macrophages and LPS-stimulated 

macrophages, it can be postulated that IGF-II can 

act on their spectrum of phenotypes. A study by Du 

et al. revealed that IGF-II can preprogram 

macrophages to become more anti-inflammatory 

during their maturation and that these macrophages 

alleviated EAE mice (44). Another study suggested 

that IGF-II exhibits dual opposing roles in 

determining the macrophage state (70). During 

macrophage maturation, binding to the IGFR2 

endows IGF-II with the capability to induce an anti-

inflammatory state in macrophages. On the 

contrary, IGFR1 activation leads to a more pro-

inflammatory state (70). To the best of our 

knowledge, no studies have investigated the 

phenomenon of phenotype shifting in mature 

resting or pro-inflammatory macrophages induced 

by IGF-II. Not only macrophages contribute to 

neuroinflammation after ischemic stroke. Similar to 

macrophages, the brain resident microglia are 

considered to be neurotoxic during the acute phase 
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(5, 6). The presence of both activated macrophages 

and microglia in and near the stroke lesion was 

demonstrated in this study. Future studies on the 

effects of IGF-II on the phenotypic switch of 

macrophages and microglia will elucidate more 

about the neuroprotective potential of IGF-II. 

Investigating the expression of different pro and 

anti-inflammatory markers expressed by IGF-II-

treated or untreated macrophages and microglia 

using FACS or qPCR will already give a clear first 

indication of the neuroprotective properties of IGF-

II regarding neuroinflammation. 

An in vivo experiment was conducted to 

provide an initial indication of the neuroprotective 

properties of IGF-II. Prior to the in vivo experiment, 

this study also demonstrated that IGF-II receptors 

are present in healthy brain tissue. Additionally, we 

demonstrated that three and seven days after stroke 

onset, IGF-II receptors are present in and near the 

stroke lesion. However, it seems that different 

receptors are upregulated at different time points. In 

healthy brain tissue, it seems that IGFR1 and IR are 

primarily expressed, while almost nothing is 

observed from the IGFR2. Three days after stroke 

onset, the IGFR2 receptor seems to be upregulated 

compared to the healthy brain tissue, while IGFR1 

and IR also seem to show less expression. Finally, 

seven days after stroke onset, both IGFR1 and IR 

receptors were observed to be upregulated again, 

while IGFR2 showed very little presence. Perhaps 

different activated processes related to ischemic 

stroke recovery require upregulating specific IGF-

II receptors at different time points. In line with our 

results, IR and IGFR1 are widely expressed in the 

healthy brain with specific, more dense regions (29, 

71). Despite our contradictory results, some studies 

detected IGFR2 expression in healthy murine brain 

tissue (72, 73). For our study, careful consideration 

of this data must be taken because the antibodies 

used for IF staining were not validated for IF with 

paraffin coupes. Whether the antibodies failed to 

work or we actually observed differential receptor 

expression must definitely be further investigated. 

A simple qPCR and western blot on healthy and 

stroke brain tissue can easily provide quantitative 

results of receptor expression on both mRNA and 

protein levels. As the presence of some IGF-II 

receptors was detected in dMCAO stroke brain 

tissue, it was expected that IGF-II or DES[1-6]IGF-

II might reduce the infarct lesion size. However, we 

found that treatment with either IGF-II or DES[1-

6]IGF-II did not reduce the infarct lesion size in a 

dMCAO mouse model. The administered dose of 

IGF-II and DES[1-6]IGF-II was based on literature, 

and by previous experiments from our research 

group, it was found that the lowest concentration of 

IGF-II (0.5 µg) was the most effective. It was 

decided to lower the dose of both IGFs to 

investigate whether an even lower dose would 

exhibit better effects. Possibly, the dose was 

suboptimal and inefficient in inducing 

neuroprotective effects. Additionally, a 

considerable variation within mice of the same 

treatment group can also explain the insignificant 

effect. In a dMCAO model, electrocoagulation 

occurs proximal and distal to the bifurcation of the 

middle cerebral artery (53). However, anatomical 

variations in this bifurcation point exist, leading to 

small variations in the actual electrocoagulation 

(53). The dMCAO model has become the most 

frequently used animal model in experimental 

stroke research and is considered to be highly 

representative of human ischemic stroke conditions 

(74). The resulting infarct volume and localisation 

after dMCAO coagulation corresponds to the 

ischemic brain lesions in the majority of human 

strokes in proportion to brain size (53, 75). In our 

study, we used 10-week-old male mice, which is 

usually the population of mice used for a proof-of-

principle. According to the Stroke Therapy 

Academic Industry Roundtable (STAIR) 

guidelines, stroke research should be reproducible 

in various models (76, 77). So, exploring the effects 

on female mice, older mice or mice with 

comorbidities representative of human populations, 

including hypertension and diabetes, must also be 

thoroughly investigated. An additional STAIR 

recommendation is that a positive result from a drug 

study must always be verified in another species 

and should also be replicable in a further stroke 

model (76, 77). The dMCAO model is a form of 

permanent occlusion, however, the effects of IGF-

II must also be studied in a transient occlusion 

model. A great example of a transient model is the 

monofilament model or the intraluminal suture 

MCAO model. In this model, a suture is introduced 

directly into the internal carotid artery, and the 

suture is advanced until it interrupts the blood 

supply to the MCA (78). This model enables both 

permanent and transient ischemia, thereby allowing 

the evaluation of the neuroprotective effects of 

IGF-II under different ischemic conditions.  
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In the future, it will also be useful to explore 

other routes of administration of the IGF-II 

treatment. In general, stereotactical injection into 

the ventricles allows researchers to control the 

location and dose of the administered drug 

precisely (79). However, when translating this to 

the clinic, it is too invasive and the potential 

benefits would not outweigh the inherent risks of 

the procedure. Therefore, other routes can be 

explored in future in vivo experiments. Different 

routes of administration can be used by making use 

of the ability of circulating IGFs to cross fenestrated 

and sinusoidal capillaries as well as the BBB (80-

82). Moreover, as for ischemic stroke, where the 

BBB permeability is increased, IGF-II can likely 

cross the BBB without difficulty (83). 

Subcutaneous administration of IGF-II could be a 

safe and practical route, and indeed, several studies 

already confirmed the positive effects of 

subcutaneously administered IGF-II (80, 84, 85). 

Additionally, one study demonstrated memory 

enhancement after systemic administration of IGF-

II (86). A potential issue with the subcutaneous 

route is that BBB-related IGF-II transport can be 

impaired in stroke. The bioavailability of 

subcutaneously administered IGF-II to the brain 

may be enhanced or reduced (80). So, researchers 

are unable to control the exact doses that actually 

reach the brain or the stroke lesion area. Intranasal 

delivery can circumvent this potential issue of 

subcutaneous administration as this route bypasses 

the BBB (87). Once in the brain, substances are 

distributed deeper into the brain (87). Only one 

study, by Pardo et al., was found that uses IGF-II 

intranasally. They demonstrated that intranasal 

IGF-II ameliorated siRNA-induced cognitive 

impairments (88). Future research will determine 

the optimal administration route for IGF-II, 

balancing safety and therapeutic efficacy. 

In general, IGF-II, DES[1-6]IGF-II and 

Leu27IGF-II were diluted in HCl (pH = 2). This 

solution on its own can be harsh for the cells both 

in vitro and in vivo. The manufacturer 

recommended dissolving the IGFs in HCl to ensure 

they adopted the optimal structural conformation 

for maximal effectiveness. In clinical settings, 

using a strong acid may cause safety issues. 

Bioinformatics can be used to identify further 

potential solvents that can effectively solubilise 

IGF-II while maintaining its optimal structural 

conformation and ensuring safety for clinical use.  

 

CONCLUSION 

In conclusion, ischemic stroke remains a major 

global health concern, necessitating innovative 

therapeutic strategies to improve patient outcomes. 

Recent extensive research emphasises the 

importance of harnessing endogenous repair 

mechanisms, including neurogenesis and 

angiogenesis, for effective stroke recovery. Our 

research provided comprehensive insights into the 

role of IGF-II in relation to these processes. Briefly, 

this study demonstrated IGF-II’s neuroregenerative 

potential as it stimulated key processes of 

neurogenesis and exhibited angiogenic properties. 

This study also postulated the involvement of the 

different receptors in these activated processes. 

Furthermore, the first indication of possible 

neuroprotective capacities was demonstrated to 

broaden the therapeutic potential of IGF-II. In 

summary, our study contributes to a deeper 

understanding of the multifaceted roles of IGF-II in 

stroke recovery mechanisms. Our research provides 

valuable insights for developing novel therapeutic 

strategies targeting neurogenesis, angiogenesis, and 

neuroinflammation in ischemic stroke. Further 

research is necessary to validate these findings and 

optimise the therapeutic potential of IGF-II for 

clinical translation. 
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SUPPLEMENTAL INFORMATION 

Supplemental materials: 

dMCAO surgery - Prior to dMCAO surgery, mice were anaesthetised using 3.5% isoflurane (IsoFlo, 

Abbot Animal Health, Belgium). During surgery, the mice were placed in a lateral position on a warming 

pad under 2% isoflurane. Additionally, eye ointment (Duratears®, Alcon, Geneva, Switzerland) was 

applied to prevent drying of the eyes. After shaving and disinfecting the surgical area, a vertical skin 

incision of ±1-2 cm was made between the ear and eye of the mouse. Reflexes were tested by firmly 

squeezing the hind legs. The connective tissue surrounding the temporal muscle was removed. The temporal 

muscle was dissected to expose the skull. A micro drill (Stoelting, Dublin, Ireland) was used to thin out the 

temporal bone at the site of the bifurcation of the MCA. Using surgical forceps, the skull and meninges 

overlying the MCA were removed to expose the MCA. Via electrocoagulation, the MCA was permanently 

occluded by occluding the artery proximally and distally to the bifurcation using bipolar coagulation forceps 

(0.4mm tip; ERBE, Tuebingen, Germany) with the electrosurgical unit (ERBE ICC 50) set at 8W. The 

MCA was gently rubbed with two small forceps to ensure permanent occlusion. The wound was sutured 

with monofilament nylon suture (7-0) and disinfected with Iso-Betadine. After surgery, the mice received 

0.05 mg/kg buprenorphine (Temgesic, Val d’Hony Verdifarm, Belgium) subcutaneously for analgesia. For 

recovery, the mice were placed in a heat recovery cage (32°C) until awakened. Exactly one hour after 

dMCAO, mice were anaesthetised using 4% isoflurane. The mice were placed in a stereotactic head frame 

(0.1 µm resolution, Stoelting/David Kopf, Germany) under 2% isoflurane. The skull position was achieved 

by placing steel rods in the ears of the mice to lift the head. After shaving the head and a 1cm midline 

incision, the skull was exposed. The treatment was injected into the ventricle according to bregma 

coordinates (Anterior/posterior: 0; media/lateral: 1mm and dorsal/ventral: -2.2mm). A small hole was 

drilled according to the predicted injection location. Next, a 10µL Hamilton neuro syringe with needle 

(VWR, HAMI65460-06) was inserted according to the coordinates, followed by a minute rest. After that, 

a correction of the dorsal/ventral axis of +0.2mm was made to form the final position for injection. 2µl of 

treatment was injected at a flow rate of 0.5µL/min. After injection, the needle was left for 2 minutes, after 

which the syringe was taken out. Histoacryl wound glue (1050052, B. BRAUN, Germany) was used to 

close the wound. The mice were placed in the heat recovery cage (32°C) until awakened.  

Murine NSC isolation – Neural stem cells (NSC) were isolated and cultured according to Gervois et 

al. (51). Shortly, murine NSC were isolated from foetal brains of C57BL/6 mice. At gestational days 14-

15, pregnant C57BL/6 mice (Envigo, The Netherlands) were sacrificed by cervical dislocation and the 

foetuses were removed from the abdomen. The isolated brains were cut into fragments in cold PBS (4°C) 

containing 100 U/mL penicillin and 100 µg/mL streptomycin (P/S). Following centrifugation (8 min at 

200g, MERK), the supernatant was removed and incubated with 0.2% collagenase A (Roche, Basel, 

Switzerland) and DNase I (2000 Kunitz units/50mL) in PBS for 1.5h at 37°C. The dissociated tissue was 

washed and resuspended in Neurobasal-A medium supplemented with 1% N2 (Invitrogen), 10 ng/mL 

epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) (both from immunotools), 100 

U/mL P/S. The NSC cell suspension was rinsed through a 70µm cell strainer and transferred to an uncoated 

culture flask to allow for neurosphere formation for 4-5 days at 37°C in a humidified atmosphere containing 

5% CO2. Growth factors were replenished every other day. The neurospheres were collected and dissociated 

with accutase with subsequent seeding at 625,000 cells in a T25 flask with a 5 µg/mL fibronectin (1030-

FN-05M, R&D systems, Minneapolis, USA) coated surface. 

Scratch-wound-healing assay – A scratch-wound healing assay was performed to investigate the effect 

of IGFs on direct migration of NSC. NSC cells (passage 24-31) were seeded in an Incucyte ImageLock 96-

well plate (Sartorius) with a density of 75,000 cells per well. After 24 hours, when cells reached 100% 

confluence, standardised wounds were made using the WoundMaker (4563, Sartorius) according to the 

manufacturer’s instructions. Immediately after wounding, the medium was aspirated, and the cells were 

incubated with test conditions (Table S2). Images were captured every two hours using the IncuCyte® S3 

Live-Cell Analysis System for 24 hours. The IncuCyte® Scratch Wound Cell Migration Software Module 

acquired the wound confluence. The migration assay was independently performed seven times, including 

four technical replicates. 
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Supplemental figures and tables: 

Table S1: culture media for the different cell types 

NSC 

NBA medium (10888-022, Gibco, UK) containing 2% B27 minus vitA (12587-010, Gibco), 

2mM L-glutamine (G7513, Sigma), 20 ng/mL EGF (11343406, Immunotools, Germany) and 

bFGF (11343625, Immunotools), and 100 U/mL P/S (P4333, Sigma). 

HMEC-1 

MCBD 131 medium (10372-019, Gibco) supplemented with 10 mM L-glutamine (G7513, 

Sigma), 10% Fetal Bovine Serum (FBS) (S181B-500, Biowest, France), 10 ng/mL human EGF 

(PGH0311L, Gibco), 1 µg/mL hydrocortisone (A16292.03, Alfa Aesar, USA) and 100 U/mL 

P/S (P4333, Sigma). 

Raw264.7 DMEM (41966-052, Gibco) with 10% FBS (S181B-500, Biowest) and 1% P/S (P4333, Sigma). 

BMDM 

Roswell Park Memorial Institute (RPMI) 1640 medium, GlutoMAXTM supllement (61870036, 

ThermoFisher), 10% FBS (S181B-500 Biowest), 15% L929 conditioned medium (LCM) and 

100 U/mL P/S (P4333, Sigma). 
bFGF, basic fibroblast growth factor; BMDM, bone marrow-derived macrophages; DMEM, Dulbecco’s Modified Eagle Medium; 

EGF, epidermal growth factor; FBS, fetal bovin serum; HMEC-1, human microvascular endothelial cells; NBA, neurobasal 

medium; NSC, neural stem cells, P/S, Penicilline/streptomycine;  

 

Table S2 – Test conditions for in vitro and CAM experiments 

Assay Test conditions Medium 

Transwell 

migration 

assay 

HCl controls: 1 and 10 µM 
Transwell medium: Neurobasal A (NBA) medium 

(10888-022, Gibco) containing 0.2% B27 minus vitA 

(12587-010, Gibco), 2mM L-glutamine (G7513, 

Sigma), 20 ng/mL EGF (11343406, Immunotools) and 

bFGF (11343625, Immunotools), and 100 U/mL P/S 

(P4333, Sigma). 

*IGF-II, DES[1-6]IGF-II, Leu27IGF-II : 100 

and 1000 ng/mL 

*IGF-II or DES[1-6]IGF-II + IGFBP-6: 100 

and 1000 ng/mL + 1000 ng/mL 

Negative control: transwell medium 
Positive control: FGF-2 100 ng/mL 

Scratch assay 

HCl controls: 0.00001, 0.0001, 0.001, 0.01, 

0.1, 1 and 10 µM 
Scratch medium: NBA medium (10888-022, Gibco) 

containing 0.2% B27 minus vitA (12587-010, Gibco), 

2mM L-glutamine (G7513, Sigma), 7.5 ng/mL EGF 

(11343406, Immunotools) and bFGF (11343625, 

Immunotools), and 100 U/mL P/S (P4333, Sigma). 

IGF-II: 0.001, 0.01, 0.1 1, 10, 100 and 

1000 ng/mL 

Negative control: scratch medium 

Positive control: FGF 100 ng/mL 

Proliferation 

assay 

HCl controls: 1 and 10 µM NSC culture medium: NBA medium (10888-022, 

Gibco) containing 2% B27 minus vitA (12587-010, 

Gibco), 2mM L-glutamine (G7513, Sigma), 20 ng/mL 

EGF (11343406, Immunotools) and bFGF (11343625, 

Immunotools), and 100 U/mL P/S (P4333, Sigma). 

IGF-II , DES[1-6]IGF-II, Leu27IGF-II: 100 

and 1000 ng/mL 

Negative control: NSC culture medium 

Positive control: FGF 100 ng/mL 

Tube 

formation 

assay 

HCl controls: 1 and 10 µM 

Tube formation medium: Alpha minimum essential 

medium (A-MEM) (MEMA-XRXA, Capricorn 

Scientific) supplemented with 2 mM L-Glutamine 

(G7513, Sigma) and 100 U/mL P/S (P4333, Sigma) 

IGF-II, DES[1-6]IGF-II, Leu27IGF-II: 100 

and 1000 ng/mL 

IGFBP-6: 1000 ng/mL 

IGF-II or DES[1-6]IGF-II + IGFBP-6: 

100 ng/mL + 1000 ng/mL 

Negative control: Tube formation medium  

Positive control: 10% FBS A-MEM medium  

ELISA 

IGF-II, DES[1-6]IGF-II: 100 ng/mL 
Serum-free HMEC-1 medium: MCBD medium 

(10372-019, Gibco) containing 0.05% FBS (S181B-500 

Biowest), 10 mM L-glutamine (G7513, Sigma) and 

100 U/mL P/S (P4333, Sigma) 

IGFBP-6: 1000 ng/mL 
IGF-II or DES[1-6]IGF-II + IGFBP-6: 

100 ng/mL + 1000 ng/mL 

Negative control: serum-free HMEC-1 

medium 

CAM assay 
IGF-II: 0.5 and 50  

HCl: 0.5 and 50  
0.1%BSA-PBS 

* IGF-II (FU100, GroPep, Australia); DES[1-6]IGF-II (MU100, GroPep); Leu27IGF-II (TU100, GroPep); IGFBP-6 

(BP6BU100, GroPep) 
A-MEM, Alpha minimum essential medium (A-MEM); bFGF, basic fibroblast growth factor; BSA, bovine serum albumin; CAM, 

Chick chorioallantioc membrane; EGF, epidermal growth factor; ELISA, enzyme-linked immunoassay; FBS, Fetal bovine serum, 
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HCl, Hydrogencloride; IGF, insulin like growth factor; IGFBP, IGF binding protein; NBA neurobasal medium, P/S, 

Penicilline/streptomycine;  

 

Table S3: Primary and secondary antibodies used for immunocytochemistry. 

Primary Antibody Secondary Antibody 

Target Dilution Reference Manufacturer Target Dilution Reference Manufacturer 

Goat anti-

IGFR1 
1:20 

NB300-

514 

Novus 

Biologicals 

Donkey 

anti-goat 

Alexa 

FluorTM555 

1:500 A21432 
Life 

Technologies 

Mouse 

anti-

IGFR2 

1:100 
AF-305-

NA 
R&D systems 

Donkey 

anti-mouse 

Alexa 

FluorTM555 

1:500 A31570 
Life 

Technologies 

Rabbit 

anti-IR 
1:100 

NBP2-

16970 

Novus 

Biologicals 

Goat anti-

rabbit 

Alexa 

FluorTM555 

1:500 A21430 
Life 

Technologies 

IGFR1, insulin-like growth factor receptor type 1; IGFR2, insulin-like growth factor receptor type 2; IR, insulin receptor 

 

Table S4: Primary and secondary antibodies used for immunofluorescence. 

Primary Antibody Secondary Antibody 

Target Dilution Reference Manufacturer Target Dilution Reference Manufacturer 

Goat anti-

IGFR1 
1:20 

NB300-

514 

Novus 

Biologicals 

Donkey 

anti-goat 

Alexa 

FluorTM555 

1:500 A21432 
Life 

Technologies 

Mouse 

anti-

IGFR2 

1:100 
AF-305-

NA 
R&D systems 

Donkey 

anti-mouse 

Alexa 

FluorTM555 

1:500 A31570 
Life 

Technologies 

Rabbit 

anti-IR 
1:100 

NBP2-

16970 

Novus 

Biologicals 

Goat anti-

rabbit 

Alexa 

FluorTM555 

1:500 A21430 
Life 

Technologies 

Rabbit 

anti-Iba1 
1:250 

N019-

19741 

Wako Pure 

Chemical 

Goat anti-

rabbit 

Alexa 

FluorTM500 

1:500 A21430 
Life 

Technologies 

Rabbit 

anti-NF 
1:200 171 002 

Synaptic 

Systems 

Goat anti-

rabbit 

Alexa 

FluorTM500 

1:500 A21430 
Life 

Technologies 

Iba1, ionised calcium-binding adaptor molecule 1; IGFR1, insulin-like growth factor receptor type 1; IGFR2, insulin-like growth 

factor receptor type 2; IR, insulin receptor; NF, neurofilament. 
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Figure S1: IGF-II Does Not Stimulate Direct NSC Migration. The effects of IGF-II on NSC migration were assessed using 

a scratch-wound-healing assay. A-G.The graphs illustrate the wound confluence of various concentrations of IGF-II and their 

corresponding HCl control 8 hours after the initial wound making. Not a single concentration of IGF-II significantly stimulated 

NSC migration compared to their HCl control. E. Compared to HCl control, IGF-II at 10 ng/mL significantly reduced the NSC 

migration. A-G. Data are expressed as mean ± SEM. N = 2-7 with 2-4 replicates per condition. Each data point represents an 

independent assay. *p<0.05. Statistical analysis was performed using a paired t-test. HCl, hydrochloric acid; IGF, insulin-like 

growth factor; NSC, neural stem cells; SEM, standard error of the mean. 

 
 

Figure S2 – IGF-II Does Not Stimulate Tube Formation at 1000 ng/mL. A. The effect of IGF variants on the total segment 

length in the tube formation assay after 6 hours. While neither IGF variant significantly stimulated segments, a positive trend is 

visible. B. The effect of IGF variants on total branch length in the tube formation assay after 6 hours. Again, neither IGF variant 

significantly stimulated branch formation. A and B. Data are expressed as mean ± SEM. N = 3 with 2-3 replicates per condition. 

Each data point represents an independent assay. Statistical analysis was performed using RM one-way ANOVA with Dunnett’s 

post hoc test. HCl, hydrochloric acid; IGF, insulin-like growth factor; RM, repeated measures; SEM, standard error of the 

mean. 
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Figure S3 – The presence of IGF-II receptors on healthy murine brain coupes. Representative images of immunofluorescent 

staining show the presence of the three IGF-II receptors (red) – IGFR1 (top panel), IGFR2 (middle panel), and IR (bottom panel) 

– on healthy murine brain coupes. The IR (bottom panel) and, to a lesser extent, the IGFR1 (top panel) are present in the healthy 

brain, while IGFR2 (middle panel) does not indicate presence. Nuclei were counterstained with Hoechst (blue). Insert shows 

the negative control. Scale bar represents 30µm. IGFR1, insulin-like growth factor receptor type 1; IGFR2, insulin-like growth 

factor receptor type 2; IR, insulin receptor  
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Figure S4 – The presence of IGF-II receptors on murine dMCAO brain coupes three days post-stroke. Representative 

images of immunofluorescent staining show the presence of the three IGF-II receptors (red) – IGFR1 (top panel), IGFR2 (middle 

panel), and IR (bottom panel) – on murine dMCAO brain coupes three days post-stroke. The IR (bottom panel) and the IGFR1 

(top panel) indicate very little to no presence, while IGFR2 (middle panel) is present. Nuclei were counterstained with Hoechst 

(blue). Insert shows the negative control. Scale bar represents 30µm. dMCAO, distal middle cerebral artery occlusion model; 

IGFR1, insulin-like growth factor receptor type 1; IGFR2, insulin-like growth factor receptor type 2; IR, insulin receptor 
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Figure S5 – The presence of IGF-II receptors on murine dMCAO brain coupes seven days post-stroke. Representative 

images of immunofluorescent staining show the presence of the three IGF-II receptors (red) – IGFR1 (top panel), IGFR2 (middle 

panel), and IR (bottom panel) – on murine dMCAO brain coupes seven days post-stroke. The IR (bottom panel) and, to a lesser 

extent, the IGFR1 (top panel) are present in the murine dMCAO brain seven days post-stroke, while IGFR2 (middle panel) does 

not indicate presence. Nuclei were counterstained with Hoechst (blue). Insert shows the negative control. Scale bar represents 

30µm. dMCAO, distal middle cerebral artery occlusion model; IGFR1, insulin-like growth factor receptor type 1; IGFR2, 

insulin-like growth factor receptor type 2; IR, insulin receptor 

 

 

Figure S6 – The identification of a suitable ischemic stroke lesion marker. Representative images of immunofluorescent 

staining of a murine dMCAO brain coupe seven days post-stroke show the neurofilament 68 kD (NF) marker (red), which 

outlines the stroke area by increased immunoreactivity (left panel – white dashed area). Scale bar represents 200 µm. The border 

of the stroke area is distinguishable from the healthy tissue due to the increased immunoreactivity (right panel – white dashed 

line). Scale bar represents 120 µm. Nuclei were counterstained with Hoechst (blue). Insert shows the negative control. dMCAO, 

distal middle cerebral artery occlusion model; NF, neurofilament  

 


