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Abstract

Insulin-like growth factor (IGF)-I and IGF-II regulate brain development and growth through the 

IGF type 1 receptor (IGF-1R). Less appreciated is that IGF-II, but not IGF-I, activates a splice 

variant of the insulin receptor (IR) known as IR-A. We hypothesized that IGF-II exerts distinct 

effects from IGF-I on neural stem/progenitor cells (NSPs) via its interaction with IR-A. 

Immunofluorescence revealed high IGF-II in the medial region of the subventricular zone (SVZ) 

comprising the neural stem cell niche, with IGF-II mRNA predominant in the adjacent choroid 

plexus. The IGF-1R and the IR isoforms were differentially expressed with IR-A predominant in 

the medial SVZ, whereas the IGF-1R was more abundant laterally. Similarly, IR-A was more 

highly expressed by NSPs, whereas the IGF-1R was more highly expressed by lineage restricted 

cells. In vitro, IGF-II was more potent in promoting NSP expansion than either IGF-I or standard 

growth medium. Limiting dilution and differentiation assays revealed that IGF-II was superior to 

IGF-I in promoting stemness. In vivo, NSPs propagated in IGF-II migrated to and took up 

residence in periventricular niches while IGF-I-treated NSPs predominantly colonized white 

matter. Knockdown of IR or IGF-1R using shRNAs supported the conclusion that the IGF-1R 

promotes progenitor proliferation, whereas the IR is important for self-renewal. Q-PCR revealed 

that IGF-II increased Oct4, Sox1, and FABP7 mRNA levels in NSPs. Our data support the 

conclusion that IGF-II promotes the self-renewal of neural stem/progenitors via the IR. By 

contrast, IGF-1R functions as a mitogenic receptor to increase precursor abundance.
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Introduction

Stem cells throughout the body are found within specialized niches. Like other stem cell 

niches, the neural stem cell (NSC) niche is a complex microenvironment and is elegantly 

organized to favor specific cell-cell interactions as well as access to the cerebral 

microvasculature, extracellular matrix components, meninges, and cerebral spinal fluid 

(CSF). Whereas the lineage of NSCs within the subventricular zone (SVZ) as well as the 

generation and migration of neural stem/progenitor cell (NSP) progeny has been an area of 

intense focus, the niche microenvironment has only recently been studied in detail. NSCs 

reside in the center of a pinwheel structure surrounded by ependymal cells that produce 

Noggin to inhibit the actions of bone morphogenetic proteins to maintain NSC properties [1, 

2]. The NSCs also extend a process that contacts microvessels within the SVZ, enabling 

them to respond to factors in the circulation. The NSC niche is rich in fibroblast growth 

factor 2 and laminin both of which are localized to structures called fractones [3]. These 

factors have been shown to promote NSC self-renewal via α6β1 integrin and FGFR1 [4, 5]. 

Other cell-cell interactions within the niche influence NSCs; for example, adherens 

junctions and the Par complex promote Notch signaling in the ventricular zone (VZ) that 

helps to maintain the NSCs in a primitive, radial glial state, by promoting symmetric 

division [6, 7]. Retinoic acid is yet another factor that is supplied in part by the niche. The 

meninges, a major source of retinoic acid, have recently been shown to be important for 

corticogenesis from VZ NSCs [8].

Another source of growth factors and cytokines that promote NSC maintenance is the 

choroid plexus, which produces CSF. NSCs extend a process that contacts the CSF [9]. 

CNTF/LIF, SLIT, and TGF-β are produced by the choroid plexus and secreted into CSF to 

affect NSCs. A gradient of CNTF/LIF is necessary to maintain VZ cells during the 

development of the ventral forebrain [10] and SLIT, like CNTF/LIF, is found along a 

gradient in the SVZ. The specialized organization of the ciliated ependymal cells not only 

controls the flow of the CSF but also establishes the gradient of SLIT and possibly other 

factors that are found within the CSF that may affect niche cells [11].

The insulin-like growth factors (IGF) are abundant in the CSF. Interestingly, circulating IGF-

I declines approximately 14% per decade, and recently it was shown that IGF-II levels 

within the CSF also decline with age [12–14]. Despite some evidence that insulin and the 

IGFs affect embryonic stem cells (ESCs), NSCs, and mesenchymal stem cells, the IGFs and 

insulin have not received the attention they are due [15–17]. The IGF system is highly 

complex consisting of two ligands and multiple signaling receptors with varying binding 

capabilities and downstream effects. There are two IGF ligands, IGF-I and IGF-II, along 

with four receptors, IGF-1R, insulin receptor (IR), hybrid receptor (a heterodimer of IGF-1R 

and IR), and IGF-2R/mannose-6-phosphate receptor [18–20]. IGF-I binds with high affinity 
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to both the IGF-1R and the hybrid receptor. IGF-II binds with high affinity to IGF-1R, IR-A, 

and the hybrid receptor. Furthermore, the IGF system is modulated by six IGF binding 

proteins (IGFBPs) that may enhance or abrogate IGF actions [19]. The goal of the studies 

reported here was to test the hypothesis that IGF system activation is essential for NSP 

growth and that individual receptors and ligands distinctly regulate the growth, self-renewal, 

and maintenance of NSPs.

Materials and Methods

Neurosphere Propagation, Quantification, and Differentiation

The periventricular region of C57Blk/6 pups (P4–5) was enzymatically dissociated for 15 

minutes at 37°C using 0.25% trypsin/EDTA Invitrogen (Carlsbad, CA, 

www.invitrogen.com) and 100 units Papain Sigma (St. Louis, MO, www.sigma.com) in 

MEMHEPES with 250 µg/ml of DNase I (Sigma) and 3 mM MgSO4. The tissue was 

triturated in 0.01% trypsin inhibitor (Sigma) in Pro-N media [21]. The cells were plated into 

wells at 1 × 105 cells per milliliter in media supplemented with 20 ng/ml recombinant 

human epidermal growth factor (EGF) PeproTech (Rocky Hill, NJ, www.peprotech.com). 

Cultures were fed every 2 days by replacing half of the media with an equal volume of fresh 

media. Neurospheres were collected after 8 and 9 days in vitro (DIV) by centrifugation at 

200g for 5 minutes. They were dissociated for 5 minutes at 37°C in Acutase Millipore 

(Billerica, MA, www.millipore.com) and plated into 12-well plates at 5 × 104 cells per 

milliliter in Pro-N media either with 4.4 nM or with 4.4 µM insulin (Sigma) supplemented 

with 20 ng/ml EGF and either with human recombinant IGF-I (Millipore) or with mouse 

recombinant IGF-II R&D Systems Inc. (Minneapolis, MN, www.rndsystems.com). IMC-

A12 was provided by ImClone Systems, a wholly owned subsidiary of Eli Lilly and Co. IR 

function-blocking antibody (MA1-16812 ThermoFisher (Wilmington, DE, 

www.thermofisher.com)) was used at a final concentration of 10 nM in medium containing 1 

µM insulin.

Neurospheres were quantified as described previously [21]. Neurosphere volume was 

determined from phase-contrast images using a Zeiss Axiovision Observer.Z1 Carl Zeiss, 

Inc. (Thornwood, NY, www.zeiss.com) microscope under ×10 or ×40 magnification. 

Axiovision software was used to measure neurosphere diameters of a minimum of 50 

randomly selected neurospheres per condition.

Spheres were collected and resuspended in 2% normal calf serum in Pro-N media at a 

density of ~100–200 spheres per milliliter and plated onto 1% poly(D-lysine) and 10 mg/ml 

laminin-coated chamberslides. After sphere attachment media were replaced with 250 µl of 

0.5% normal calf serum in Pro-N and differentiated for 5–7 days. Cells were stained using 

O4 supernatant (1:3), TuJ1 (Covance, Princeton, NJ, www.covance.com; 1:500), glial 

fibrillary acidic protein (GFAP) (DAKO; 1:500), and GAM IgM 549, 488, and GAR AMCA 

(Jackson ImmunoResearch West Grove, PA, www.jacksonimunno.com; 1:200). Images were 

captured using a SenSys cooled-coupled device camera interfaced with IP Lab scientific 

imaging software (Scanalytics, Fairfax, VA, www.spectraservices.com) on an Olympus 

AX-70 microscope.
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Limiting Dilution Analysis

Secondary spheres were cultured in the assay conditions and then passaged into 96-well 

plates at 7,500, 5,000, 2,500, 1,000, 500, and 250 cells per centimeter square in 200 µl Pro-N 

with 4.4 µM insulin and EGF at 20 ng/ml. After 7 DIV, the natural log of the fraction of 

negative wells was plotted against the plating density, using the equation p = 1 − emD (p is 

probability, m is slope, and D is density). The intercept of the linear regression at y = −1 

corresponds to 37%, which is the frequency of cells capable of forming a neurosphere 

according to a Poisson distribution [22].

Transplantation Studies

Secondary neurospheres generated from a tomato red expressing mouse (The Jackson 

Laboratory Bar Harbor, ME www.jax.org strain 007576) were maintained for 6 DIV, 

dissociated into a single cell suspension, and resuspended in culture medium to a 

concentration of 20,000 cells per 0.5 µl. The cells were transplanted into P21 C57/Blk6 mice 

at +1.1 mm, 0.6 mm lateral to midline, and 2 mm below skull. Measurements are from 

bregma. Cells were allowed to differentiate in situ for 30 days, after which the mice were 

perfused, sectioned sagittally at 40 µm on a cryostat, stained, and imaged on a Nikon A1R 

laser scanning confocal microscope. A total of six hemispheres from three animals were 

analyzed for each group. All experiments on animals were carried out in accordance with 

institutional guidelines. Animal protocols were submitted and reviewed by the NJMS 

IACUC committee. The present authors further attest that all efforts were made to minimize 

the number of animals used and their suffering.

Isolation of Total RNA

The entire SVZ, cortex, and choroid plexus were dissected from various ages of c57Blk/6 

mice and processed for RNA as previously described [23]. Total RNA was isolated from 

cultured astrocytes, oligodendrocyte precursor cells, and granule neurons [24, 25]. The 

concentration of RNA was determined by optical density on the Nanodrop ND1000 

(ThermoFisher).

Quantitative Polymerase Chain Reaction

One microgram of RNA was reverse transcribed to cDNA using the Qiagen SuperScript III 

RT kit. IR-A/IR-B and IGF-IR were measured using the assay developed by Rowzee et al. 

[26]. Quantitect real-time primer assays were used for IGF-I, IGF-II, insulin, and IGF-IIR 

(QT00154469, QT00109879, QT00114289, and QT00177891). Triplicates of samples were 

amplified using Quantitect SYBR Green Supermix (Qiagen, Valencia, CA, 

www.qiagen.com) on an ABI Prism 7700 Sequence Detection System (Applied Biosystems, 

Foster City, CA, www.appliedbiosystems.com) and evaluated using the ΔΔCT method.

Laser Microdissection

P5 mouse brains were frozen in isopentane at −30°C. A Zeiss PALM Microbeam was used 

to collect samples from 15 bilateral medial and lateral SVZ regions. The tissue was collected 

into Zeiss laser capture caps and the RNA isolated using Arcturus PicoPure (Applied 

Biosystems).
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Western Blotting

Neurospheres were collected, protein extracted, separated, and transferred to nitrocellulose. 

The blots were probed with anti-caspase 3 (Cell Signaling, Danvers MA, 

www.cellsignal.com, 9662; 1:1,000) followed by donkey anti mouse horseradish peroxidase 

(DAM-HRP) (1:5,000; JacksonImmuno Research) [21].

Retroviral siRNA to the IGF-1R

The RNAi-Ready pSiren-RetroQ-ZsGreen vector from BD Biosciences, San Jose, CA, 

www.bdbiosciences.com was used to generate a retrovirus to silence IGF-1R gene 

expression. Oligonucleotides containing a 21-mer RNAi target sequence for the IGF-1R, 

hairpin loop, terminator sequence, and BamHI/EcoRI restriction sites were synthesized. 

Sense and antisense oligonucleotides were mixed at a 1:1 ratio, annealed, and then ligated 

into the vector using T4 DNA ligase. One Shot Top10 chemically competent cells 

(Invitrogen) were transformed using the ligation mixture. Colonies were collected from 

carbenicillin plates and screened by restriction digest followed by DNA sequencing.

Nucleofection

Nucleofections were carried out using the Mouse NSC Kit (Cat no. VPG-1004; Lonza 

Group Ltd., Basel Switzerland, www.lonza.com). Briefly, 5 × 106 tertiary neural progenitor 

(NP) cells were mixed with 5 µg of purified plasmid DNA, or 5 µg construct and 0.5 µg 

reporter plasmid cDNA, together with 10 µl of Mouse NSC Nucleofector solution and 

electroporated using program A-33 in a Nucleofector Amaxa machine.

Immunohistochemistry

Cryostat brain sections of second intron nestin-green fluorescent protein (GFP) mice were 

collected from p5 animals. Sections were stained using: goat anti-IGF-II (Santa Cruz 

Biotechnology, Santa Cruz, CA, www.scbt.com; sc-7435 1:200), chicken anti-GFP (Aves 

Labs Inc. Tigard, OR, www.aveslab.com; GFP-1020, 1:250), and rabbit anti-S100b (DAKO, 

Carpinteria, CA, www.dako.com; Z0311, 1:250) with 549-DAG, 488-DACh, and Cy5-DAR 

(Jackson ImmunoResearch). Exposure times for capturing negative controls were identical 

to the exposure times for the images. Images were assembled into montages using 

Photoshop CS2.

ESC Culture

Rosa 26 WT ESCs were grown on 0.1% gelatin-coated 10 cm plates on a feeder layer of 

mitomycin-C treated, mouse embryonic fibroblasts (Millipore). ESCs were cultured in 

knockout (Invitrogen) media containing 20% ES fetal bovine serum (FBS), 1% Pen-Strep, 

1% nucleosides, 0.1 mM 2-mercaptoethanol, and 1,000 units per milliliter ESGRO 

(Millipore). Media were changed daily and cells were passaged with 0.25% trypsin/EDTA at 

a 1:5 ratio every 2–3 days. The ESCs were switched to serum-free media (SFM) containing 

1,000 units per milliliter of ESGRO and para-amino benzoic acid (0.25 µg/ml), 

ethanolamine (10 µM), 2-mercaptoethanol (10 µM), sodium selinite (20 nM), fatty acid-free 

bovine serum albumin (BSA) (9.4 µg/ml), and Apotransferrin (5 µg/ml) in Dulbecco’s 

modified Eagle’s medium-F12 [27]. After one passage, the cells were grown on six-well 
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0.1% gelatin-coated plates without a feeder layer in SFM at 10,000 cells per well. Cells were 

grown in one of five SFM variants—two titrated levels of insulin (12.5 µg/ml, 12.5 ng/ml), 

no insulin or IGF-II (30 nM) or IGF-I + IGF-II. Alkaline phosphatase assays were 

performed using the Cell BioLabs StemTAG cell staining kit.

Statistical Analysis

Data were analyzed using one-way ANOVA followed by Tukey’s post hoc test or Student’s t 
test to detect significant differences between the means with p < .05. Analyses were 

performed using Stat View. Statistical significance was set at p values of <.05.

Results

Insulin Level Mediates Neurosphere Growth

Standard media for neurospheres contain micromolar insulin sufficient to activate the 

IGF-1R as well as the IR. Thus, to evaluate whether IGF-1R signaling might be involved in 

neurosphere growth, insulin was reduced from 4.4 µM (25 µg/ml) to 4.4 nM (25 ng/ml), a 

level that stimulates the IR but not the IGF-1R [28]. In the presence of physiological levels 

of insulin (4.4 nM), both neurosphere size (7.47 × 104 ± 0.67 µm [3]) and number (1,250 

± 73.5) were greatly reduced compared to the control conditions (4.4 µM insulin; 326.8 × 

104 ± 18.5 µm3 and 2,875 ± 72.2 spheres) (Fig. 1A, 1B). Cell diameters across various 

conditions did not vary. Upon dissociating and replating the cells at the original density in 

media containing 4.4 µM insulin, there was no difference in sphere size. However, sphere 

number increased after passaging neurospheres from 4.4 nM to 4.4 µM insulin, while sphere 

number decreased after passaging neurospheres generated in 4.4 µM insulin to the same 

high-insulin media (Fig. 1B, tertiary).

To determine whether the difference in size and number of neurospheres could be attributed 

to slowed growth, neurospheres were cultured for 18 days in 4.4 nM insulin containing 

media. Over time, the volume of the spheres grown in 4.4 nM increased slightly but the 

growth plateaued. Sphere volume peaked at 13 DIV and remained unchanged thereafter 

(Fig. 1C). Comparing sphere volumes at 18 DIV, the volume of 4.4 nM insulin spheres was 

significantly smaller than standard 4.4 µM insulin-cultured spheres (Fig. 1D).

To assess whether NSPs were dividing and dying resulting in smaller spheres, neurospheres 

were cultured in 4.4 nM and standard insulin with EGF for 3 DIV. The spheres were 

collected and examined by Western blot for active-caspase 3 (Fig. 1E). No cleaved caspase 3 

was found, even in neurospheres cultured in no insulin with no growth factors for 3 DIV as 

compared with a positive control where progenitors were stimulated with 500 µM glutamate 

(Fig. 1E). To confirm that the reduced insulin was not compromising cell viability, we tested 

whether growth resumed if spheres in low insulin were transferred back to the standard 

media. In fact, neurospheres cultured in 4.4 nM insulin resumed growth when transferred to 

media with 4.4 µM insulin, producing spheres of normal size and appearance (Fig. 1F). 

Altogether, these studies show that insulin at superphysiological levels promotes growth and 

proliferation of NSPs but does not affect survival.
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IGF System Ligands Differentially Affect NSP Growth

Micromolar levels of insulin can stimulate the IGF-1R (and IGF-1R/IR hybrid receptors) 

that suggests that either IGF-I or IGF-II will promote the growth of NSPs in 4.4 nM insulin 

containing media [28]. If this is true, then either IGF-I or IGF-II or a combination of the two 

factors should mimic the growth as observed when spheres are cultured in standard media. 

Indeed combining IGF-II and IGF-I together at the maximal doses produced neurospheres 

that were indistinguishable from control spheres in size (Fig. 2A) and number. To determine 

the effect of IGF ligands on sphere potentiality, we differentiated spheres grown in the IGF-

supplemented media. All conditions produced tripotential spheres, although tripotential 

spheres were very rare in IGF-I-supplemented medium (Fig. 2A). By contrast, the 

percentage of tripotential neurospheres was greatest in IGF-II-supplemented medium (57% 

± 3% tripotential in IGF-II and 43% ± 4% tripotential in IGF-I and IGF-II vs. 19% ± 4% 

tripotential in 4.4 µM insulin) (Fig. 2A).

To determine whether IGF-II promoted self-renewal of the NSPs, a limiting dilution analysis 

(LDA) was performed (Fig. 2B). Spheres were grown in the test conditions, dissociated, and 

then plated at varying densities in standard media as described previously [29]. After 6 DIV, 

individual wells for each group were examined for the presence of spheres (n = 6 wells per 

experiment, with a minimum of three experiments). These LDA experiments showed that the 

highest proportion of sphere-forming cells was obtained in 4.4 nM insulin and 4.4 nM 

insulin plus IGF-II (one in 4,200 and one in 4,200 cells per centimetre square, respectively) 

as compared to control or 4.4 µM insulin (one in 6,100 cells per centimetre square). Growth 

in 4.4 nM insulin with IGF-I and IGF-II (one in 10,000 cells per centimetre square) resulted 

in lower probabilities of sphere formation. Higher probabilities of sphere formation correlate 

with higher percentages of tripotential spheres. Since 4.4 nM insulin and 4.4 nM insulin plus 

IGF-II had higher percentages of tripotential spheres and better probabilities for sphere 

formation, we evaluated them over multiple passages after initial growth and compared 

growth to the control, 4.4 µM insulin (Fig. 2C, 2D). Sphere number per well for 4.4 nM 

insulin with IGF-II increased across passages and remained elevated as compared to 4.4 nM 

insulin and 4.4 µM insulin (Fig. 2C). Additionally, the absolute number of spheres obtained 

continued to expand by a factor of 2.5 per passage for cells maintained in 4.4 nM insulin 

with IGF-II, whereas sphere number for 4.4 µM insulin remained nearly constant and the 4.4 

nM insulin decreased slightly (Fig. 2D).

We evaluated expression of several stem cell genes, ABCg, FABP7, and Sox1, by Q-PCR 

using RNA isolated from spheres grown for 6 DIV in the test conditions (Supporting 

Information Table S1). ABCg, FABP7, and Sox1 were higher for NSPs grown in 4.4 nM 

insulin with IGF-II versus control (greater than 1.7-fold). IGF-I did not produce any 

significant changes from the control for these stem cell genes. Prior to the extensive 

evaluation of the effects of IGF-I and IGF-II on the NSPs, we preformed dose-effect 

response curves to find the maximal doses of IGF-I and IGF-II on the neurospheres. Dose-

effect curves were generated by supplementing IGF-I and IGF-II at 1× (2 nM, 3.8 nM) and 

8× (15 nM, 30 nM), the KD of the either IGF-I or IGF-II for IGF-1R in the presence of 20 

ng/ml EGF into the medium (Supporting Information Fig. S1). After 6 days of growth, 

neurosphere size and number had increased slightly with the IGF-I addition compared with 
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the 4.4 nM insulin condition, but IGF-I did not restore growth to the same level as 4.4 µM 

control (Supporting Information Fig. S1A, S1B). When 4.4 nM insulin media were 

supplemented with either IGF-II at 1× (3.8 nM) or 8× (30 nM), its KD for IGF-1R, 

neurosphere number increased as the concentration of IGF-II increased. Addition of 30 nM 

IGF-II restored the number of neurospheres observed in the control condition (Supporting 

Information Fig. S1D). Over the 6 days, neurosphere size increased slightly but was 65% 

smaller in the presence of IGF-II than in controls. As 30 nM IGF-II restored neurosphere 

number to that observed in control conditions, this concentration of IGF-II was used for all 

IGF-II experiments.

To more fully assess the developmental potentials of neural precursors propagated in IGF-I 

versus IGF-II, NSPs were generated in medium containing either 4.4 µM insulin, 30 nM 

IGF-II, or 15 nM IGF-I for 6 DIV. They were then transplanted into the neocortices of p21 

mouse brains and their fate assessed after 1 month in vivo (Fig. 2E, 2I). NSPs propagated in 

IGF-II-supplemented medium upon differentiation in the neocortex formed astrocytes, 

oligodendrocytes, and neurons (Fig. 2F) similar to control-treated cells (data not shown). In 

addition, a subset of cells propagated in IGF-II-supplemented medium migrated to 

periventricular locations. These cells were Sox-2+ and they extended processes to blood 

vessels (Fig. 2G, arrow) as well as GFAP+ processes that contacted the lateral ventricle (Fig. 

2H). These periventricular cells were only found in the recipients of IGF-II-treated cells. 

Astrocytes (Fig. 2J) and oligodendrocytes, but no neurons, were observed in the brains that 

received IGF-I-treated cells. Cells maintained in growth medium supplemented with IGF-I 

did not colonize periventricular domains. Instead, they populated the white matter tracts. 

Consistent with an oligodendroglial identity, these cells were immunostained for glutamine 

S-transferase (GST)-π and possessed long, thin processes that ran parallel to and adjacent to 

subcortical axons (Fig. 2K′).

Multiple IGF-II Signaling Receptors Are Expressed in NSPs

Our data suggested that IGF-II was more potent than IGF-I due to the ability of IGF-II to 

sustain neurosphere number across passages, to sustain the tripotentiality of the spheres, and 

its ability to increase the expression of three stem cell genes, while IGF-I supplementation 

resulted in the lowest percent tripotentiality, low sphere-forming frequency in the LDA 

assay, and no change in stem cell genes. One difference between IGF-II and IGF-I that could 

explain this unique action of IGF-II is that IGF-II binds the IR-A with high affinity. A 

prediction from this hypothesis is that primitive neural precursors would express higher 

levels of IR versus IGF-1R as compared to other more lineage restricted cell types. To 

measure levels of IR-A, IR-B, and the IGF-1R, we used a Q-PCR assay recently developed 

for relative mRNA quantification for these receptors [26].

IR-A was the most highly expressed receptor in NSPs (Fig. 3A). Additionally, the high 

expression level of IR-A was unique to the NSPs and was found at successively lower levels 

in developmentally more restricted neural cells, with neurons expressing the lowest levels of 

IR-A. When the level of IR-A was expressed as a ratio to IR-B or IGF-1R, IR-A was 5.8 

times more abundant than IR-B and six times more abundant than IGF-1R in neurospheres, 

Ziegler et al. Page 8

Stem Cells. Author manuscript; available in PMC 2017 September 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



whereas astrocytes and oligodendrocytes displayed almost equal expression of both IR-A 

and IR-B (Fig. 3B). An unexpected finding was the lack of IR-B in neurons.

We also evaluated the expression of IGF-2R (Fig. 3A, inset). Q-PCR demonstrated that 

IGF-2R is expressed by all cell types at equivalent levels. The availability of IGFs to bind to 

cells is further regulated by the IGFBPs. As our previous dose-effect curves required higher 

levels of the growth factors than would be expected based on the binding affinities of the 

ligands for their receptors, we hypothesized that NSPs produce IGFBPs. Consistent with this 

hypothesis, we found that neurospheres express IGFBP2, and to a lesser extent, IGFBP3 

(Fig. 3C).

The choroid plexus produces and secretes IGF-II throughout the lifespan [30]. It is also 

known that the NSCs extend processes through the ependymal layer to contact the CSF [9]. 

Immunohistochemistry for IGF-II in situ showed that IGF-II is highly expressed in the 

choroid plexus and that there appears to be a gradient of IGF-II within the SVZ where the 

highest levels are in regions adjacent to the ventricles (Fig. 3D, left). Analyses of transgenic 

mice expressing GFP from the second intron of the nestin promoter (to label NSCs) revealed 

GFP+ cells along the wall of the lateral ventricle, surrounded by punctate IGF-II staining 

(Fig. 3D, top right). Since IGF-II is highly abundant in vivo, it was of interest to compare 

levels of IGF-II with the other receptors and ligands in the system. The levels of IR-A, IR-B, 

and IGF-1R in subregions of the SVZ were examined by laser capture and Q-PCR from 

samples obtained from coronal brain sections. Confirming the nature of the cells within the 

samples collected, the most medial region of the SVZ contained high Sox1 and lacked Olig1 

expression, whereas the lateral SVZ had 50% reduced expression of Sox1 and high 

expression of Olig1 (data not shown). IR-A was elevated in the medial SVZ, whereas 

IGF-1R was reduced (Fig. 3E, 3F). The lateral SVZ had equal levels of the receptors 

reflecting the in vitro data. Unexpectedly, both regions lacked IR-B expression. In parallel 

studies, the levels of IGF-II, insulin, and IGF-I mRNA in both P5 and 2-month-old adult 

choroid plexus and SVZ tissue were measured by Q-PCR. High levels of both IGF-II and 

insulin mRNA and very low levels of IGF-I (not shown) were present in the tissue (Fig. 3G). 

We also evaluated these mRNAs in the various cell types differentiated in vitro (Fig. 3H). 

Neurospheres produced low to almost negligible levels of all ligands (IGF-I 0.16, IGF-II 

0.016, and insulin 0.13). However, IGF-I and insulin mRNA were present in astrocytes (1.1 

and 0.95, respectively), and oligodendrocytes had extremely high levels of IGF-I mRNA 

(7.6). One interesting note was the presence of IGF-II mRNA in the granule neurons.

IGF-II Promotes NSP Self-Renewal Independent of IGF-1R

As IR-A was most abundant in comparison to either IGF-1R or IR-B in NSPs and in the 

SVZ, we hypothesized that IGF-II acting via the IR-A might uniquely regulate NSC self-

renewal. Therefore, we decreased IGF-1R by shRNA knock-down and a specific blocking 

antibody that causes the internalization and degradation of the IGF-1R and IMC-A12 [31]. 

Both approaches produced similar results, although the blocking antibody was more 

effective (Fig. 4) and produced neurospheres that were smaller in size (less than 1/10 the 

size of control spheres) reminiscent of the growth deficiency observed when spheres were 
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maintained in 4.4 nM insulin (Fig. 4A–4C); however, sphere number was unaffected (Fig. 

4D, 4E).

Since manipulating the IGF-1R only partially modeled the effect of reduced insulin or IGF-

II, we examined the roles of the other receptors of the IGF system. We hypothesized that the 

IGF-1R was dispensable for the effects of IGF-II on NSP self-renewal. To test this 

hypothesis, we grew NSPs in IGF-II-supplemented media in the presence of IMC-A12 

antibody to block IGF-1R. This experiment was performed in 4.4 nM insulin so that the 

effects of IGF-II could be readily observed. Supporting the hypothesis that IGF-1R does not 

effect self-renewal, sphere number was unaffected by the addition of IMC-A12 (Fig. 5B).

IR Mediates NSC Self-Renewal

To more directly assess the role of IR on neurosphere growth, we manipulated IR levels 

using an shRNA for the IR [32]. The IR difference between IR isoform A and B is 12 amino 

acids and results from the deletion of exon 11 from isoform A. Because of the small 

difference between the isoforms, no reagents exist to distinguish the isoforms at the protein 

level, and there is no way to selectively knockdown the individual isoforms. Since IGF-II 

has selective affinity for IR-A and NSPs express more IR-A than IR-B, we tested whether 

knocking down the IR abrogated the IGF-II effects on NSPs. Confirming our predictions, 

fewer spheres formed in the presence of the IR shRNA and some cells that labeled for IR 

(GFP+) remained as single cells and did not form spheres (Fig. 6A, 6B). Analogously, 

growing NSPs over multiple passages in the presence of an IR function-blocking antibody 

reduced neurosphere number upon passaging the cells (Fig. 6C). Moreover, the IR blocking 

antibody inhibited tripotential colony formation upon cell differentiation. When cells were 

cultured in medium devoid of insulin, a few tiny spheres formed but most cells remained as 

single cells. Interestingly, cells cultured without insulin but with the addition of IGF-II, or 

IGF-I plus IGF-II, formed spheres indistinguishable from control spheres in terms of size 

and number (Fig. 6D).

Superphysiological Insulin Is Not Important for Murine ESC Culture

To determine whether our observations carried over to other stem cell cultures, we examined 

the role of micromolar insulin in murine ESC cultures. As all of the commercially available 

ESC media contain at least 10 µM insulin, we adapted a medium described by Furue et al. 

[27]. Medium supplemented with LIF with either no insulin 12.5 nM or the standard 12.5 

µM insulin was used to culture mouse ESCs (mESCs). Pluripotency gene expression was 

evaluated by Q-PCR. Contrary to our expectations, mESCs could be maintained over 

multiple passages in medium lacking insulin and appeared similar to cells grown with feeder 

cells in standard ESC medium (Fig. 7A). Q-PCR analysis for Oct4, Sox2, and Nanog 

showed no differences in expression from early to late passage in any of the conditions 

compared to control ESCs cultured with a feeder layer (Fig. 7B). Alkaline phosphatase 

showed no differences between the cultures (Fig. 7C).
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Conclusion

The results of our studies indicate that IGF system activation is necessary for neural stem/

progenitor cell growth. Both IGF-II and one of its receptors, IR-A, are abundant within the 

NSC niche in vivo. In vitro, IGF-I and II cooperate to maintain NSC numbers and the NSC’s 

ability to self-renew. IGF-I maintains NSC numbers by promoting cell division (via the IGF-

I receptor), whereas IGF-II promotes the expression of proteins essential for NSC self-

renewal and ‘stemness’ (via the insulin receptor).

Discussion

Our studies demonstrate that IGF-I and IGF-II exert distinct effects on SVZ neural 

precursors, with IGF-II acting via IR to maintain NSCs and IGF-I acting through IGF-1R to 

stimulate progenitor cell proliferation. We found that: (a) IGF system activation is necessary 

for neural progenitor proliferation but not survival, (b) neural progenitors express high 

amounts of IR-A in comparison to other cell types, (c) a gradient of IGF-II is present in the 

NSC niche in vivo, (d) IGF-II maintains NSC number via IR-A, (e) IGF-I via IGF-1R 

stimulates progenitor cell proliferation, and (f) mESCs do not require IGF system activation 

for maintenance or proliferation.

SVZ NSCs Require IGF System Activation

Stem cells in various organisms depend on insulin and insulin-like peptides for their growth 

and maintenance. In Drosophila, insulin affects neurogenesis [33], and Drosophila insulin-

like peptides (DILPs) act directly on germline stem cells along with factors in their niche to 

enable their proliferation [34]. DILPs also control germline stem cell maintenance by 

controlling cap cell number via Notch and E-cadherin [35]. Zebrafish also depend on insulin 

for stem cell and NSC maintenance. Zebrafish have two functional IR genes, insra and insrb, 

which are functional homologs of human IR. Knocking down insra in zebrafish causes 

developmental defects in the central nervous system (CNS). The midbrain is smaller, 

boundaries within the hindbrain are disrupted, the forebrain is smaller, and the retina is 

disorganized and undifferentiated [36]. Similarly, disrupting Steppke, the down-stream 

signal for insulin in Drosophila, reduces organism size [37]. Our studies demonstrate that 

mammalian NSCs depend upon insulin and IR-A signaling for neurogenesis and CNS 

development. Thus, IGF system activation appears to be a conserved mechanism for stem 

cell maintenance.

Stem Cell Populations Differentially Respond to the IGF System Ligands

IGF-I and IGF-II uniquely affect the growth, proliferation, and maintenance of the NSP cell 

population. IGF-I promotes progenitor cell proliferation, whereas IGF-II promotes NSP 

maintenance (Fig. 2). IGF-I achieves its actions through IGF-1R while IGF-II acts through 

IR-A. When IGF-1R is blocked or knocked down, sphere size but not number is reduced 

(Fig. 4). The volume of a sphere is a reflection of the accumulation of cells as a result of cell 

divisions. Since manipulating IGF-I and IGF-1R affected sphere size, IGF-1R activation 

appears to increase neural progenitor proliferation. While both IGF-I and IGF-II bind 

IGF-1R with high affinity, IGF-II was not able to restore sphere volume as IGF-I did but 
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IGF-II was able to restore sphere number. The same effect could be achieved by knocking 

down the IR (Fig. 6). Additionally, when IGF-II was forced to act via IR-A, it exerted the 

same effects as when it could act freely on the cell (Fig. 5). Since IR-A expression is higher 

in the NSC niche and in NSPs compared to lineage restricted cells, and since IGF-II 

promotes NSP expansion, IGF-II and IR most likely exert their effects on the stem cells 

rather than the progenitors. Confirming this prediction, NSPs propagated in IGF-II-

supplemented medium migrated to and colonized periventricular loci where they possessed 

both the morphology and markers of bona fide adult NSCs. By contrast, NSPs maintained in 

IGF-I, instead of migrating to periventricular sites, predominantly colonized white matter 

tracts where they produced oligodendrocytes and astrocytes. These results indicate that cell 

culture conditions can be tailored to promote NSCs versus glial progenitors for regenerative 

medicine applications.

NSPs grow in 4.4 µM insulin, but the number of NSPs obtained is greater in IGF-II-

supplemented media; therefore, IR stimulation is necessary for NSP growth; however, NSC 

self-renewal is more effectively obtained when IGF-II rather than insulin activates the IR. 

This is most likely the consequence of differential signaling by insulin and IGF-II through 

IR-A. Consistent with this conclusion, IGF-II was a more potent mitogen than insulin in a 

study comparing the effects of insulin and IGF-II on murine fibroblasts that only expressed 

IR-A, and the gene expression profiles of the two ligands differed [38]. IGF-II more potently 

activated p70S6K and persistent ERK1/2 phosphorylation, whereas insulin via IR-A resulted 

in longer Akt activation [39]. These data support the view that IGF-II and insulin activate 

IR-A distinctly.

The difference in IGF-I and IGF-II function is consistent with their endogenous expression 

and prior studies on IGF-I function. IGF-II is highly expressed in the niche predominantly 

from choroid plexus, whereas IGF-I is expressed at low levels in the niche. However, IGF-I 

is expressed by astrocytes and oligodendrocytes. Previous research has postulated a role for 

IGF-I as a differentiation inducing agent during gliogenesis due to its lack of presence in the 

ependymal lining and choroid plexus and sparse labeling around the SVZ [40]. This 

parallels our finding that IGF-I only stimulated neurosphere volume in the presence of IGF-

II, reduced the number of tripotential spheres, and produced a low sphere-forming 

frequency. In a study that appeared while our manuscript was under review, the IGF-1R was 

shown to be involved in fetal neural progenitor cell proliferation [41]. These investigators 

also showed binding of IGF-II to cells surrounding the lateral ventricle (LV) and concluded 

that IGF-II binding to the IGF-1R was necessary for neural progenitor cell proliferation. Our 

data provide empirical data to support their conclusions, but more importantly extend their 

observations by establishing that IGF-II binds to IR-A to promote NSC self-renewal. A 

study by Chen et al. showed that IGF-II enhanced memory formation [42]. However, the 

possibility that IGF-II was acting through the IR-A was not investigated.

IGF-II Is Required for Adult but Not ESCs

IGF-II has been implicated in human ESC (hESC) self-renewal, maintenance, and growth. 

IGF-II is produced by hESC-derived fibroblast-like cells, whereupon it has been suggested 

to activate IGF-1R in hESC to promote their survival and self-renewal [43]. However, a 
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more recent study has shown that hESCs can be maintained in conditioned media from 

mesenchymal stem cells that lacks IGF-II. Furthermore, neutralizing IGF-II had no effect on 

proliferation, growth, overall morphology, or gene expression [44]. In our experiments, IGF-

II was a potent stimulator of NSPs, a tissue specific stem cell, but we failed to establish a 

requirement for IGF-II, IGF-I, or even insulin for the growth of murine ESCs (Fig. 7). 

Therefore, it appears that ESCs and tissue-specific NSCs have different requirements for 

IGF system activation. Data from IGF system null mutant mice support the conclusion that 

IGF-II is not required for early embryogenesis, but it is required for organ and body growth 

beginning at day E9/10, resulting in pups ~60% of normal size at birth [45, 46]. Additional 

studies in IR gene disrupted mice point to a role for the growth-mediating effects of IGF-II 

[46–49]. IR null mutant mice display growth defects in late embryogenesis, and IGF-1R/

IGF-II and IGF-1R/IR null double mutants are phenotypically indistinguishable [49]. 

Furthermore, studies of paternal IGF-II null mice suggest that IGF-II levels at E9/10 

determine organism size [45]. Taken together, these data suggest the blastocyst forms 

properly; however, there are developmental issues when IGF-II is perturbed.

The possible difference between embryonic and adult stem cells and the requirement for IGF 

system activation warrants further study. We have shown that murine NSPs require IGF-II 

stimulation of IR-A for stem cell maintenance. Insulin alone enables limited cell 

proliferation, but it does not maintain stem cell homeostasis. Our studies also highlight IGF-

II as an important factor in the niche. IGF-II is highly abundant in the choroid plexus and is 

secreted into the CSF, which must be considered as a component of the NSC niche.
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Figure 1. 
Lowering insulin supplementation to physiological levels dramatically reduces neurosphere 

growth. (A, B): Secondary neurospheres were dissociated and grown in medium containing 

4.4 µM insulin (the standard concentration referred to as control) or 4.4 nM insulin (a 

physiological concentration). Epidermal growth factor was present at 20 ng/ml. Cells were 

cultured for 6 DIV to enable sphere formation. Sphere volume (A) and number (B) were 

quantified with results expressed as means ±SEM. Neurospheres were passaged and replated 

to evaluate selfrenewal (B). (C): To determine whether the smaller sphere size was simply a 

matter of growth rate, spheres were grown for up to 23 DIV. Inset depicts spheres grown in 

4.4 nM insulin versus 4.4 µM insulin over 6 days. (D): Spheres volumes at 6 or 18 DIV in 

physiological and superphysiological insulin. (E): Neural stem/progenitor cells (NSPs) were 

cultured for 3 DIV in 4.4 µM insulin and then transferred to either no insulin or 4.4 nM 

insulin ± growth factors for 3 DIV prior to protein collection and Western blot analysis for 

active casapase 3. (F): NSPs were cultured for 6 DIV in 4.4 nM insulin and then transferred 
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to 4.4 µM insulin, and compared to NSPs cultured in 4.4 µM for 6 DIV.*, p < .05; ^, p < .01 

by ANOVA or Student’s t test. Abbreviations: ANOVA, analysis of variance; DIV, days in 

vitro; IGF, insulin-like growth factor; N.S., not significant.
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Figure 2. 
IGF-II increases tripotential neurospheres and sphere formation. (A): Medium was 

supplemented with 15 nm IGF-I, 30 nM IGF-II, and 20 ng/ml epidermal growth factor 

(EGF) in physiological insulin. Representative spheres taken at ×10 magnification and 

grown as indicated (scale bar = 50 µM), first row. Spheres were differentiated in control 

medium with serum and no growth factors for 6 days in vitro (DIV), second row. 

Immunohistochemistry (IHC) for oligodendrocytes (O4, red), astrocytes (GFAP, blue), and 

neurons (TuJ1, green) was performed to identify the potentiality of the sphere (scale bar = 

50 µM), and the types of spheres were quantified and expressed as a percentage of total 
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(table). Potentiality of the spheres was scored according to the number of cell types formed 

from a single sphere after differentiation, with unipotent, bipotent, and tripotent referring to 

one, two, or three cell types, respectively. (B): Limiting dilution analysis was performed on 

spheres passaged from the conditions in A. Cells were plated at the various dilutions in 96-

well plates, and the fraction of negative wells was scored. A linear fit was plotted for each 

condition, 4.4 µM (blue), 4.4 nM insulin (green), or 4.4 nM insulin with 30 nM IGF-II (red), 

4.4 nM insulin with 15 nM IGF-I (yellow), and 4.4 nM insulin with IGF-I and IGF-II (black) 

all with EGF at 20 ng/ml, error bars are SEM, all intercepts were found significantly 

different by linear regression analysis. (C): Cells in 4.4 µM (blue) or 4.4 nM insulin (green) 

or 4.4 nM insulin with 30 nM IGF-II (red) all with EGF at 20 ng/ml were passaged and 

maintained in the same media over four passages at 30,000 cells per well. Number of cells 

per well across passages is graphed (n = 3 independent experiments). (D): Absolute number 

of cells for a representative experiment across passages is graphed. (E): IGF-II-treated cells 

(TR2) 1 month after transplantation (E–H). (F): TR2/Nissl neurons (arrows). (G): Sox2, 

TR2, and Dapi cells adjacent to the V and BV. (H″): TR2/GFAP cell with process 

contacting V (H; GFAP) (H′; TR2). (H, I): IGF-I-treated cells (TR1) 1 month after 

transplantation (I–K). (J): TR1/GFAP cell in cortex (arrow). (K′): TR1/GST-π cells bodies 

(GST-π; K). Abbreviations: BV, blood vessel; GFAP, glial fibrillary acidic protein; IGF, 

insulin-like growth factor; V, ventricle.
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Figure 3. 
IR-A is predominantly expressed by NSPs in comparison to more differentiated cell types. 

mRNA was isolated from neurospheres, astrocytes, oligodendrocytes, and granular neurons 

in order to examine the receptor and ligand expression. (A, B): IR-A, IR-B, IGF-1R, and 

IGF-2R expressions in the various cell types were measured using a Q-PCR assay. Relative 

quantity (RQ) of IR-A for the various cell types and IGF-2R (inset) (A) shows elevated level 

of IR-A. A ratio comparing the IR-A to either IR-B or IGF-1R in each of the cell types gives 

a representation of receptor profile for the varying cell types by showing the abundance of 

IR-A to the other receptors (B). (C): Q-PCR showing the RQ of the insulin-like growth 
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factor binding proteins in neurospheres. (D): Immunohistochemistry of the lateral ventral 

and CP for S100β (purple), IGF-II (red) and Dapi (blue) (left panel), and GFP-Nestin 

(green) (right top panel) of SVZ shows punctate IGF-II staining in the CP and into the SVZ. 

Negative control (bottom right panel). (E): Laser capture microdissection of the medial and 

lateral SVZ. (F): The RQ values for IR-A, IR-B (undetectable), and IGF-1R were graphed. 

(G): The RQ values for IGF-II and insulin in P5 and adult tissues. (H): mRNA for IGF-I, 

IGF-II, and insulin was also examined in the cell types. Abbreviations: CP, choroid plexus; 

GFP, green fluorescent protein; IGF, insulin-like growth factor; IR, insulin receptor; NPC, 

neural progenitor cell; SVZ, subventricular zone.
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Figure 4. 
IGF-1R effects neurosphere volume not number. IGF-1R was manipulated with either an 

shRNA to reduce IGF-1R expression (A, B, D) or a blocking antibody, IMC-A12, to block 

IGF-1R (C, E). Neurospheres were dissociated and single cells were transfected with a 

plasmid containing both a zs green reporter and an shRNA against IGF-1R. Cells were 

cultured in control medium for 6 days in vitro (DIV) to enable sphere formation. Green 

spheres were examined, and sphere volume (B) and number (D) were quantified with results 

expressed as means ± SEM. (A, C, E): Additionally, the action of IGF-1R was blocked by 

IMC-A12. Representative spheres from both knockdown and blocking of IGF-1R (A). The 

action of insulin via IGF-1R was blocked by use of IMC-A12. Secondary neurospheres 

dissociated and grown in medium containing control insulin with IMC-A12 and compared to 

physiological and control insulin conditions. Cells were cultured for 6 DIV to enable sphere 

formation, and volume (C) and number (E) were assessed. Knockdown and blocking of 

IGF-1R results in reduced volume similar to neurospheres cultured in 4.4 nM insulin but 
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does not affect number. ANOVA with Tukey’s post hoc, a, b, and c denote groups with p < .

05. Abbreviations: N.S., not significant; IGF, insulin-like growth factor.
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Figure 5. 
Insulin-like growth factor (IGF)-II actions are independent of IGF-1R and IGF-2R. (A, B): 
Secondary neurospheres were dissociated and grown in media with varying insulin and IGF-

II. IMC-A12 was added to block actions of IGF-II via IGF-1R. After 6 days in vitro, sphere 

volume (A) and number (B) were analyzed with results expressed as means ± SEM, a, b, c, 

and d denote groups as determined by ANOVA with Tukey’s post hoc p < .05. (C): 
Representative ×10 magnification fields from CTL, 4.4 nM, IGF-II, CTL insulin with IMC-

A12, and IGF-II + IMC-A12 (left to right, respectively). Note the increase in number and 

how it is maintained when IGF-1R binding and IGF-2R are blocked, while the number 

remains elevated and unaffected.
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Figure 6. 
IR effects neurosphere number. (A, B): A plasmid containing an shRNA to IR and a plasmid 

containing a zs green reporter were cotransfected into dissociated neurospheres and allowed 

to grow in control media for 6 days in vitro (DIV) to enable sphere formation. Neurosphere 

number (A) of green spheres was analyzed. Representative spheres after transfection are 

shown (B). (C): Secondary neurospheres were dissociated, and cells were cultured in no 

insulin, or no insulin with IGF-II or IGF-I and IGF-II all with 20 ng/ml EGF for 6 DIV to 

enable sphere formation. (D): Numbers of secondary and tertiary spheres obtained with IR 

blocking antibody addition or with only IGF-1R stimulation (no insulin + IGF-I). Sphere 

number (C, D) was quantified with results expressed as means ±SEM. Significant 

differences were determined by Student’s t test (A) p < .05, or ANOVA followed by Tukey’s 

post hoc p < .05 a, b (C) and p < .001 a–e (D) letters denote groups. Abbreviations: IGF, 

insulin-like growth factor; IgG, immunoglobulin G; IR, insulin receptor.
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Figure 7. 
Mouse embryonic stem cells (mESCs) do not require IGF system activation for growth. 

mESCs were cultured in chemically defined media with 12.5 µM or 12.5 nM insulin, no 

insulin or no insulin with IGF-II or IGF-I and IGF-II. (A): Representative ×10 magnification 

images showing round morphology of pluripotent cultures in various media conditions. (B): 
Semiquantitative real-time PCR for Oct3/4 and Nanog for mESCs grown in various media 

conditions. Top, graph depicts levels normalized to GAPDH. Bottom, image of 

representative gel used to determine relative levels. 1. Murine embryonic feeder cells 

(negative control). 2. Rosa26 cells (positive control). Lanes 8–12 passage 5 (P5). 8. No 

insulin. 9. 12.5 nM insulin. 10. No insulin with IGF-II. 11. No insulin with IGF-I and IGF-

II. 12. 12.5 µM insulin. GAPDH was run as a housekeeping gene and reaction stopped at 22 

cycles while Oct3/4 and Nanog were stopped at 28 cycles. (C): Representative images 

showing alkaline phosphatase staining of colonies in various media conditions. 

Abbreviations: GAPDH, glyceraldehyde 3-phosphate dehydrogenase; IGF, insulin-like 

growth factor.
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