
For Peer Review

 
 
 

 
 

 
 

IGF-I promotes neuronal migration and positioning in the 

olfactory bulb and the exit of neuroblasts from the 
subventricular zone 

 
 

Journal: European Journal of Neuroscience 

Manuscript ID: EJN-2009-06-15597 

Manuscript Type: Research Report 

Date Submitted by the 
Author: 

03-Jun-2009 

Complete List of Authors: Hurtado-Chong, Anahí; Cajal Institute/Instituto Cajal, Cell, Mol., 
and Dev. Neurobiol 
Yusta-Boyo, María; Centro de Investigaciones Biológicas, CSIC, Cell 
& Dev Biology 
Vergaño-Vera, Eva; Cajal Institute/Instituto Cajal, Cell, Mol., and 
Dev. Neurobiol 
Bulfone, Alessandro; Polaris Scientific Park, Bioflag 
de Pablo, Flora; Centro de Investigaciones Biológicas, CSIC, Cell & 
Dev Biology 
Vicario-Abejón, Carlos; Cajal Institute/Instituto Cajal, Cell, Mol., 
and Dev. Neurobiol 

Key Words: 
neuronal migration, IGF-1, olfactory projection neurons, 
interneurones, neurogenesis, neuronal death 

  
 
 

 

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 1(434)817-2040 ext. 167

European Journal of Neuroscience



For Peer Review

 1 

Section: Mol. and Develop. Neuroscience Associate Editor: Ferdinando Rossi 

Ms. No.: EJN-2009-02-15047; Hurtado-Chong et al. Revised 

  

 

IGF-I promotes neuronal migration and positioning in the olfactory bulb  

and the exit of neuroblasts from the subventricular zone  

 

Anahí Hurtado-Chong1, María J. Yusta-Boyo3, Eva Vergaño-Vera1,2, Alessandro Bulfone4, 

Flora de Pablo3 and Carlos Vicario-Abejón1,2* 

1Instituto Cajal, Consejo Superior de Investigaciones Científicas (CSIC), Madrid, Spain; 

2Centro de Investigación Biomédica en Red sobre Enfermedades Neurodegenerativas 

(CIBERNED, ISCIII), Madrid, Spain; 3Centro de Investigaciones Biológicas, CSIC, Madrid, 

Spain; 4Bioflag, Polaris Scientific Park, Pula, Italy. 

 

Running title: IGF-I promotes neuronal migration  

 

Keywords: Olfactory bulb, subventricular zone, IGF-I, neuronal migration and positioning, 

phosphoinositide 3-kinase (PI3K), Src family kinases (SFK)   

 

*Corresponding author: Carlos Vicario-Abejón, Instituto Cajal, CSIC, Avda Dr Arce 37, E-

28002 Madrid, Spain; Email: cvicario@cajal.csic.es; Phone: (+34) 91-585-4721; Fax: (+34) 

91-585-4754 

 

Manuscript information: 9 Figures plus 4 supplementary Figures, 247 words in the 

Abstract, 507 words in the Introduction, 1507 words in the Discussion, 9240 words in the 

main text  

 

 

 

Page 1 of 51

ScholarOne, 375 Greenbrier Drive, Charlottesville, VA, 22901 1(434)817-2040 ext. 167

European Journal of Neuroscience

mailto:cvicario@cajal.csic.es


For Peer Review

 2 

 

Abstract 

While Insulin-like growth factor-I (IGF-I) supports neuronal and glial differentiation in the 

CNS, it is largely unknown whether IGF-I also influences neuronal migration and positioning. 

We show here that the pattern of olfactory bulb (OB) layering is altered in Igf-I-/- mice. In 

these animals, Tbr1+-glutamatergic neurons are misplaced in the mitral cell layer (ML) and 

the external plexiform layer (EPL).  In addition, there are fewer interneurons in the glomerular 

layer and the EPL of the Igf-I-/- mice, and fewer newborn neurons are incorporated into the 

OB from the forebrain subventricular zone (SVZ). Indeed, neuroblasts accumulate in the 

postnatal/adult SVZ of Igf-I-/- mice. Significantly, the positioning of Tbr1+-cells in a primitive 

ML is stimulated by IGF-I in cultured embryonic OB slices, an effect that is partially repressed 

by phosphoinositide 3-kinase (PI3K) inhibitors. In OB cell cultures, IGF-I increases the 

phosphorylation of disabled1 (P-Dab1), an adaptor protein that is a target of Src family 

kinases (SFK)  in the reelin signalling pathway, whereas reduced P-Dab1 levels were found 

in Igf-I-/- mice. Neuroblast migration from the rostral migratory stream (RMS) explants of 

postnatal Igf-I-/- was similar to that from Igf-I+/+ explants. However, cell migration was 

significantly enhanced by IGF-I added to the explants, an effect that was repressed by PI3K 

and SFK inhibitors. These findings suggest that IGF-I promotes neuronal positioning in the 

OB and support a role for IGF-I in stimulating neuroblast exit from the SVZ into the RMS, 

thereby promoting the incorporation of newly formed neurons into the OB.  
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Introduction 

The establishment of neuronal layers during brain development, as well as the incorporation 

of new neurons into specific pre-existing layers in the adult brain, requires the migration of 

neuroblasts from the germinal zones to these destinations. The fine control of these 

processes is not only critical for the correct formation of the neuronal layers themselves but 

also, for the establishment of functional neuronal circuits (Del Rio et al., 1997; Ng et al., 

2005; Ayala et al., 2007). Two major biochemical pathways are involved in the regulation of 

neuronal migration and positioning, the reelin and the CDK5 mediated pathways (Keshvara 

et al., 2002; Gupta et al., 2003; Tissir & Goffinet, 2003; Ayala et al., 2007). After binding to its 

receptors, such as the ApoER2/very-low density lipoprotein receptor (VLDLR), reelin triggers 

Src family kinase (SFK) dependent phosphorylation of disabled 1 (Dab1), an adaptor protein 

that transduces signals through the phosphoinositide 3-kinase (PI3K)/Akt pathway and that 

regulates neuronal position (Howell et al., 1997a; Ballif et al., 2003; Bock & Herz, 2003; 

Jossin & Goffinet, 2007). Certain roles for PI3K and Dab1 in cortical and SVZ-RMS migration 

independent of reelin have also recently been proposed, suggesting that other 

ligands/effectors regulate neuroblast migration (Andrade et al., 2007; Jossin & Goffinet, 

2007; Blake et al., 2008) .  

IGF-I is a growth factor found in many regions of the embryonic brain although its expression 

diminishes postnatally in this tissue, indicating that its activity may be related to the formation 

of the brain. However, the OB is a region where high levels of this protein and its receptor 

(IGF-IR) exist in both postnatal and adult mice (Bondy et al., 1992; Russo et al., 2005). 

Similarly, IGF-I expression is also maintained in the postnatal SVZ (Bartlett et al., 1991). 

While IGF-I participates in neuron differentiation, maturation and survival by activating the 

PI3K/Akt signaling pathway (Cheng et al., 1998; Varela-Nieto et al., 2003; Bondy & Cheng, 

2004; Otaegi et al., 2006), very little is known about the possible role of IGF-I in neuronal 

migration and positioning in the embryonic and adult brain (Vicario-Abejón et al., 2003). Here 

we have analyzed the consequences of the genetic ablation of IGF-I on the formation of the 
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principal OB cell layers in the mouse, as well as on neuroblast migration in the SVZ-RMS. 

Moreover, we explored the cellular and molecular mechanisms that could mediate the 

actions of this growth factor. We show that the lack of IGF-I alters the positioning of Tbr1+-

neurons in the mitral cell layer (ML) and the EPL, and that IGF-I promotes the positioning of 

Tbr1+-neurons in OB cultured slices. In addition, the lack of IGF-I provoked the depletion of 

several populations of interneurons, as well as the accumulation of neuroblasts in the 

postnatal/adult SVZ. Together, our data suggest that IGF-I participates in the regulation of 

neuronal migration, and positioning in the OB, as well as promoting the incorporation of 

newly born neurons from the SVZ into the OB. They also suggest that the observed IGF-I 

actions may require PI3K and SFK-Dab1 activity. 
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Materials and Methods 

Igf-I knock-out mice (Igf-I-/-) 

Embryos and postnatal mice were obtained by mating MF1 Igf-I+/- mice (Liu et al., 1993), and 

the day the vaginal plug was detected was considered as E0.5. Mice were also obtained 

from a second colony that was the result of backcrossing the MF1 line onto a C57Bl/6 

background 8 times. All animal care was carried out in accordance with national and 

European Union guidelines. The embryonic mice analyzed were from both the MF1 and 

C57Bl/6 Igf-I colonies, which had a similar phenotype. As reported previously (Liu et al., 

1993; Pichel et al., 2003), the postnatal survival of MF1 Igf-I-/- mice was poor and no 

homozygous mutant postnatal mice were obtained on the C57Bl/6 background (unpublished 

data). Accordingly, only postnatal mice from the MF1 Igf-I colony were analyzed. The 

genotypes were determined by PCR as described previously (Otaegi et al., 2006), and both 

the genotyping and the phenotypic analysis were perfomed in parallel on mice from the same 

litter. When there were homozygous mutant mice but no wild type mice in a litter, the 

heterozygous mice were used as controls since these mice show no major phenotypic 

changes with regards the parameters studied. In addition to the embryonic mice analyzed, a 

total of 46 postnatal or adult mice were used in this study: 20 wild type mice, 6 heterozygous 

and 20 knock-out mice. Although the Igf-I-/- mice were smaller than the wild type animals, and 

the brain and OB of the null mutant mice in particular were smaller than in the WT mice, 

there were no signs of craniofacial defects in these Igf-I-/- mice. Overall, the phenotypic 

growth characteristics of mice from our colony are similar to those previously reported (Liu et 

al., 1993; Beck et al., 1995)  

 

Immunostaining of cryostat sections 

The mice were perfused with 4% paraformaldehyde (PFA) and the animal’s heads or brains 

were postfixed, cryoprotected and then frozen. Coronal cryostat sections (14 µm) were 

immunostained with antibodies against: Tbr1 (1:2000, provided by R. Hevner or 1:1000, 

Millipore, Billerica, MA, Cat. n. AB9616); Reelin (clone 142, 1:200, provided by A. Goffinet, or 
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clone G10, 1:300, Millipore, Cat. n. MAB5364); GABA (1:1000; Sigma, St. Louis, MO, Cat. n. 

A2052); TH (1:100; Millipore, Cat. n. AB152); calbindin (1:3000; Swant, Bellinzona, 

Switzerland Cat. n. 300); calretinin (1:1500; Swant, Cat. n. 7699/4); parvalbumin (1:1000; 

Swant, Cat. n. 235); GAD (1:75); Pax6 (1:300; Covance, Berkeley, CA, Cat. n. PRB-278P); 

PSA-NCAM (1:200; AbCyS, Paris, France, Cat. n. AbC0019); doublecortin (DCX 1:3000; 

Millipore, Cat. n. AB5910); GFAP (1:1500; Dako, Glostrup, Denmark, Cat. n. Z0334); Nestin 

(1:1500-2000, provided by R. McKay); β-III-Tubulin (TuJ1; 1:2000; Covance, Cat. n. PRB-

435P); Dab1 (1:1000; Abcam, Cambridge, UK, Cat. n. ab7522); P-Histone H3 (1:1000, Cat. 

n. 06-570, Upstate, Temecula, CA); IGF-I 2 (1:25-40; IBT, Reutlingen, Germany, Cat n. 

PABCa; 1:20, R&D Systems, Minneapolis, MN, Cat. n. AF791). Sections were then 

incubated with the corresponding Alexa fluor 488- or 594-conjugated secondary antibodies 

(1:400) (Molecular Probes/Invitrogen, Eugene, OR). Sections immunostained with the anti-

IGF-I antibodies were also incubated with a biotinylated secondary antibody (1:200), followed 

by avidin-biotin-horseradish peroxidase complex (Vectastain ABC kit, Vector, Burlingame, 

CA) and developed using 3,3'-diaminobenzidine (DAB, Sigma) and H2O2. The results using 

the immunofluorescence and the DAB protocols for IGF-I immunostaining were similar. 

Some sections were stained with 4’,6-diamino-2-phenylindole (DAPI). The GAD antibody 

was developed by D.I. Gottlieb and obtained from the Developmental Studies of Hybridoma 

Bank, Dept. Biological Sciences, University of Iowa).  

Cryostat sections were also prepared from postnatal mice (P54) that were intraperitoneally 

(i.p.) injected at P49 with a single dose of 5’-bromo-2-deoxy-uridine (BrdU, 100 µg/g; Roche 

Diagnostics, Basel, Switzerland) to assess neuroblast migration from the SVZ to the OB. The 

animals were perfused 5 days later and the sections were immunostained with an antibody 

against BrdU (1:200; Abcam, Cat. n. ab6326). No labelling was observed with this anti-BrdU 

antibody in brain sections from mice that were not injected with BrdU.  
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In situ hybridization  

In situ hybridization was carried out on cryostat sections with a digoxigenin-labelled 

riboprobe (0.4 ng/ml) for Tbr1 mRNA (Bulfone et al., 1995) diluted in a solution containing: 

formamide, SSC (NaCl, Na3citrate pH 7.0), Denhardts solution (Sigma), tRNA (Roche), 

salmon sperm DNA (Roche), in RNase-free H2O. The sections were washed in TNB (0.1 M 

Tris-HCl, 0.15 M NaCl, 0.5% blocking reagent; Roche) and then incubated with a peroxidase-

conjugated anti-digoxigenin antibody. Antibody binding was visualized using the Biotin 

Tyramide Signal Amplification system (Perkin Elmer, Waltham, MA). 

 

Neural stem/progenitor cell cultures and dissociated neuronal cultures 

Olfactory bulb stem/progenitor cells (OBSC) were prepared from E13.5 CD1 mouse embryos 

(Vicario-Abejón et al., 2003) and the cells were expanded with fibroblast growth factor-2 

(FGF-2; PeproTech, Rocky Hill, NJ) and epidermal growth factor (EGF; PeproTech). For cell 

differentiation, mitogens were removed and the cells were cultured for 24 hours in 

Dulbecco’s modified Eagle medium (DMEM)/nutrient mixture F12 (F12)/N2 without insulin. 

Dissociated neuronal cultures were prepared from the OB of E17.5 CD1 mouse embryos and 

the cells were plated at 100-150,000 cells/cm2 in the aforementioned medium for 24 hours. 

Differentiating cultures were treated with 50, 100 or 200 ng/ml IGF-I (PeproTech) or with 

0.001% bovine serum albumin (BSA, control conditions) for 30 minutes.  

 

Immunoblotting  

Immunoblotting was performed on extracts from IGF-I and BSA treated cell cultures, and on 

OBs dissected out of E16.5 mouse embryos from both the MF1 and C57Bl/6 Igf-I knock-out 

colonies. The membranes were probed with primary antibodies against: P-Dab1Y220 (1: 1000; 

Cell Signalling, Danvers, MA, Cat. n. 3327), P-Dab1Y232 (1:1000; Cell Signalling, Cat. 

n.3325), Dab1 (1:5000; Abcam), β-tubulin (1:1000; Sigma, Cat. n. T4026), or P-AktSer473 

(1:1000; Cell Signalling, Cat. n. 9271). The optical density of the specific protein bands was 

measured by densitometry using Quantity One software (Bio-Rad, Madrid, Spain) to have an 
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estimation of the relative protein levels. The large majority of densitometry signals were not 

saturated and when saturation did occur, those pixels were highlighted by the detector and 

eliminated from the analysis. The levels of P-Dab1Y220 and P-Dab1Y232 were normalized to the 

total expression of Dab1, and the levels of Dab1 were normalized to the levels of β-tubulin. 

The data obtained from the IGF-I-treated cultures and Igf-I-/- mice were expressed relative to 

the data obtained from BSA-treated cultures or from Igf-I+/+ mice, respectively, considered as 

100. A two-tailed Student’s t test was used to compare the mean values of IGF-I vs BSA, and 

of Igf-I-/- vs Igf-I+/+ (GraphPad Prism 4 software). The variances of both groups were not 

significantly different when compared with the F test and the differences in the two means 

were considered significant when *P<0.05.  

 

OB slice cultures 

Vibratome slices (250 µm) were obtained from the brains of E14.5 CD1 mice embedded in 4 

or 7% agarose. The slices were transferred to inserts containing a polycarbonate culture 

membrane (Vergano-Vera et al., 2006) and they were cultured for 72 h in the presence of 

IGF-I (200 ng/ml) or BSA (control conditions) in DMEM/F12/N2 (without insulin). Some slices 

were cultured in the presence of BSA or IGF-I (200 ng/ml) plus the PI3K inhibitor, LY294002 

(50 µM, Calbiochem, San Diego, CA) or plus the SFK inhibitor PP2 (10 µM, Calbiochem) 

(Otaegi et al., 2006; Jossin & Goffinet, 2007). LY294002 and PP2 were dissolved in 

dimethylsulphoxide (DMSO) and were added for 72 h, or for the last 48 or 36 hours in culture 

to avoid any toxic effects. DMSO was also added to the slice cultures treated with IGF-I or 

with BSA alone. Subsequently, the slices were fixed with 4% PFA, embedded in 30% 

sucrose, frozen, and cryostat sections were immunostained with antibodies against Tbr1. To 

analyze the distribution of Tbr1+-cells, confocal microscopy images were taken from cryostat 

sections immunostained with an antibody raised against Tbr1. The NIH ImageJ program 

(Bethesda, MD) was then used to contour and measure the total area, as well as the central 

area of each section. This central area largely corresponded to the ventricular/subventricular 
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zone of the OB and it was defined as the area containing less than 100 Tbr1+-cells. For 

simplicity this area was termed the "Tbr1+ depleted" area. In Fig. 3, the total area and the 

Tbr1+ depleted area are those contoured with a solid/continuous line and with a dotted line, 

respectively. The ratio of the “Tbr1+ depleted area” to the total area was then calculated and 

presented as a graph. Statistical analysis was performed using two-tailed Student’s t test 

with Welch´s correction when the variances of both groups were significantly different as 

given by the F test, and the differences in the two means were considered significant when 

*P<0.05. 

 

Explant cultures 

To obtain RMS explants, brains from P5 CD1 mice or from the Igf-I knock-out colony were 

dissected and embedded in 3% agarose and serial coronal sections (200 µm) were obtained 

with a vibratome. Tissue pieces from the RMS were placed on matrigel (BD), cultured in 

DMEM/F12/N2 (insulin-free) in the presence of either BSA or IGF-I (200 µg/ml). Twenty four 

hours after plating, LY294002 (50 µM) or PP2 (10 µM) were added to some of the explants 

exposed to BSA or IGF-I. Explants were cultured for another 24 hours and then were fixed in 

4% PFA. Photographs were taken using an inverted microscope (Leica) with phase contrast 

optics and a reconstruction of the images from each explant was obtained with Adobe 

Photoshop software. The “migration area”, formed by cells that migrated away from the 

explant, and the explant area were determined using NIH Image J software, contouring and 

measuring each of these parameters. The “migration area” from each explant was compared 

to its own explant area to eliminate the difference due to the size of the explant. Statistical 

analysis, two-tailed Student’s t test was then performed.   

 

Apoptosis  

The In Situ Cell Death Detection Kit (TMR red, Roche) was used to detect apoptosis in 

explants and sections (not shown). The tissue was incubated with BGT (3 mg/ml BSA, 100 
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mM glycine, 0.25% Triton X-100) for 30 minutes and it was then incubated for 1 hour at 37ºC 

with a solution containing terminal deoxynucleotidyl transferase and fluorescent labelled 

dNTP in a 1:10 ratio. Explants were then stained with 4’,6-diamino-2-phenylindole (DAPI) 

and mounted. The number of TdT-mediated dUTP nick-end labelled (TUNEL)+ cells was 

counted among those cells that had migrated from the explant and expressed relative to the 

total number of DAPI+ cells counted in the same area. Statistical analysis, two-tailed 

Student’s t test was then performed.  

 

Cell counts in cryostat sections 

TH+-neurons located in GL were counted in every fourth serial coronal section (using a 40x 

objective) counting cells in 161 sections from three P49 Igf-I+/+ mice and in 108 sections from 

three P49 Igf-I-/- mice at matched rostro-caudal levels. Calbindin+-neurons and  calretinin+-

neurons located in the GL as well as calretinin+-neurons located in the superficial GCL were 

counted in 21-31 serial coronal sections from three-four P49 Igf-I+/+ or Igf-I+/- mice and in 26-

36 sections from three-four P49 Igf-I-/- mice. No correction factor was applied for double 

counting of split nucleoli and the numbers are given as the mean (+ s.e.m.) per section.  

BrdU+-cells located in the subependymal zone (SEZ) of the OB were counted in serial 

coronal sections: 134 sections from four P54 Igf-I+/+ or Igf-I+/- mice and 68 sections from four 

P54 Igf-I-/- mice. BrdU+-cells located in the forebrain SVZ were counted in serial coronal 

sections: 109 sections from three P54 Igf-I+/+ or Igf-I+/- mice, and 73 sections from three P54 

Igf-I-/- mice. Dab1+-cells located in the EPL were counted in serial coronal sections: 34 

sections from three P21 Igf-I+/+ mice; 31 sections from three P21 Igf-I-/- mice; 33 sections 

from three P49-P54 Igf-I+/+ mice; and 27 sections from three P49 Igf-I-/- mice. Phospho-

Histone H3+-cells located in SVZ were counted in serial coronal sections: 36 sections from 

three P49-P54 Igf-I+/+ mice; and 38 sections from three P49 Igf-I-/- mice. The number of cells 

counted per section in the Igf-I-/- mice was expressed as the percentage relative to the value 

obtained in sections from Igf-I+/+ or Igf-I+/- littermates, considered as 100. For all the 

aforementioned cell counts a two-tailed Student’s t test was used to compare the mean 
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values of Igf-I-/- vs Igf-I+/+ (GraphPad Prism 4 software). The variances of both groups were 

not significantly different when compared with the F test and the differences in the two 

means were considered significant when *P<0.05.  

 

Results 

The effect of Igf-I deletion on the positioning of Tbr1+- and reelin+-neurons in the OB  

The Tbr1 transcription factor belongs to the T-box gene family and it is almost exclusively 

expressed in mitral and tufted neurons in the OB, the glutamatergic neurons of this structure 

(Bulfone et al., 1995; Bulfone et al., 1998). In fact, no Tbr1+-cells expressed GAD, GABA, 

calbindin or TH in OB cryostat sections, and fewer than 0.5% of the cells in dissociated OB 

cultures were doubled-labelled for Tbr1+/GAD+ (data not shown). We used antibodies against 

Tbr1 (Fig. 1) and a digoxigenin labelled riboprobe to detect Tbr1 mRNA (Fig. S1) in order to 

study the effects of an Igf-I null mutation on the development of mitral and tufted neurons. 

Tbr1-positive neurons were observed in the ML of Igf-I+/+ embryos at E16.5 and E18.5 (Fig. 

1A, C, E) and at E18.5, a single cell layer of Tbr1+-cells began to form in the wild type (WT) 

embryos. Notably, the formation of this layer coincided with prominent reelin expression in 

the ML (Fig. 1G). The organization of the Igf-I+/+ OB cell layers was better established in 

postnatal day 5 (P5) pups, where the ML was surrounded by the internal and external 

plexiform layers (IPL and EPL, respectively. Fig. 1I) and these three layers lay concentric to 

the granule cell layer (GCL). While Tbr1-expressing neurons were also detected in the OB of 

mutant Igf-I-/- mice, these neurons occupied a wider and more disorganized ML layer (Fig. 

1B, D, F, J) than in the Igf-I+/+ mice. In conjunction with the abnormal positioning of Tbr1+-

cells in the ML of mutant mice, reelin expression was also altered. Thus, not only was reelin 

protein expressed diffusely but its levels appeared to be weaker in the OB of E18.5 Igf-I-/- 

mice (Fig. 1H) when compared to the strong expression in wild-type littermates suggesting a 

defect in mitral cell differentiation in the mutant mice.  
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In situ hybridization revealed a similar pattern of Tbr1 expression in the OB of E14.5 Igf-I+/+ 

and Igf-I-/- mice (Fig. S1A, B), where most cells that expressed Tbr1 were located in a broad 

mantle zone (MZ), suggesting that IGF-I is not necessary for the induction of mitral neuron 

generation. By E18.5, the cells expressing Tbr1 have formed a well-defined and packed ML 

in the Igf-I+/+ (Fig. S1C, E; arrows), while the ML was more disorganized and less densely 

packed in the Igf-I-/- OB (Fig. S1D, F). In addition, a second layer of Tbr1-positive cells was 

evident in the Igf-I+/+ OB (arrowhead), concentric to the ML, cells that probably correspond to 

the external tufted neurons. These two layers were prominent and well separated by the EPL 

in the P7 OB (Fig. S1G, I). However, the Tbr1 expressing cells were disorganized in the Igf-I-

/- and the limit between the ML and the layer of tufted neurons was barely visible at E18.5 

(Fig. S1D, F). Indeed, this separation was still not completely clear by P7 (Fig. S1H, J).  

The altered positioning of mitral neurons caused by the IGF-I null mutation was also found in 

postnatal-adult mice by immunostaining of OB sections with antibodies against reelin, a 

protein expressed by most (if not all) Tbr1+-neurons located in the ML (Fig. 2A-D). In the P5 

Igf-I+/+ OB, reelin-positive neurons were positioned in a virtually single-cell ML with their cell 

bodies oriented radially (Fig. 2A, arrowhead). By contrast, a pseudostratified band of 

disorganized mitral cells was observed in the Igf-I-/- OB (Fig. 2B). In addition, reelin+ cells in 

the KO mouse appeared to be smaller than those in the wild-type mice, and some had their 

cell bodies oriented horizontally. Tbr1 was only weakly expressed in the ML of the mouse OB 

at P21 and P49 (data not shown), therefore we used reelin as the marker to identify mitral 

cells in mice at these ages. Most reelin-positive cells were aligned in what was virtually a 

single-cell layer in the OB of P21 and P49 Igf-I+/+ mice (Fig. 2E,G). However, they were more 

disperse in the Igf-I-/- OB, with the cell bodies of some neurons orientating tangentially (Fig. 

2F,H; inset and arrows). These results show that the alterations observed in the ML of Igf-I-/- 

mouse embryos were maintained up to postnatal-adult ages. 

  

IGF-I promoted the organization of Tbr1+-neurons in a primitive mitral cell layer of the 

OB slices.  
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Since IGF-I may influence the positioning of newborn Tbr1+-neurons in the OB mitral layer, 

we directly tested this hypothesis by culturing coronal slices from the OB of E14.5 CD1 mice 

in the presence or absence of IGF-I (200 ng/ml, Fig. 3). This embryonic age was chosen due 

to the existence of active mitral cell migration and positioning in vivo (Hinds, 1972; Blanchart 

et al., 2006). Furthermore, the expression of IGF-I was yet evident in the mantle zone (MZ) of 

the E14.5 OB (Fig. S2A,B), a region mainly composed of newly formed mitral neurons (Fig. 

S1A). IGF-I appears also to be expressed in the surrounding primitive external plexiform 

layer (EPL) at this age. The expression of IGF-I is relatively abundant in the mitral cell layer 

(ML) of the E18.5 and P6 OB (Fig. S2C,D). At this latter age, IGF-I is also detected in cells 

located in the EPL. 

Sections from these slices were then immunostained and the number of Tbr1+-cells were 

counted, measuring the areas containing less than 100 cells (herein termed “Tbr1+ depleted 

area”; contoured by a dotted line in Fig. 3A, B) and the total area of the section (contoured by 

a continuous line in Fig. 3). The “Tbr1+ depleted area” largely corresponded to the central 

ventricular/subventricular zone of the OB, whereas the more densely Tbr1+ populated area 

corresponded to the differentiated field where the primitive ML will form. The addition of IGF-I 

to the slices clearly altered the distribution of Tbr1+-cells so that the depleted area increased 

4.3-fold (P<0.01) when compared to the area found in the control BSA treated slices (Fig. 3A, 

B, E). Hence, IGF-I appeared to promote the positioning of Tbr1+-immature neurons in a 

primitive ML. A small decrease in the number of Tbr1+-cells was found in IGF-I treated slices 

(Fig. 3F), that could not been accounted for by an increase in the number of TUNEL+ cells 

(data not shown). The PI3K signalling pathway mediates the effects of IGF-I on neuron 

differentiation (Otaegi et al., 2006) Thus, to explore whether PI3K activity was required for 

the effects of IGF-I on the distribution of Tbr1+-cells, OB slices treated with IGF-I were then 

exposed to LY294002, a PI3K inhibitor (Fig. 3C, E). As seen in the figure, this inhibitor 

partially blocked the effects of IGF-I so that the “Tbr1+ depleted area” in the IGF-I plus 

LY294002 treated slices decreased by 2.2-fold to that observed in IGF-I slices (P<0.05). The 

altered organization of the ML in the OB of Igf-I-/- mice (Fig. 1,2, S1) shares features of the 
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OB phenotype observed in the reeler mutant mice, where mitral neurons appear to be less 

regularly aligned than in wild type littermates (Wyss et al., 1980) Reelin triggers SFK-

dependent phosphorylation of Dab1, and it has been reported that Dab1, and Src and Fyn 

kinases are critical regulators of neuronal migration and positioning (Howell et al., 1997a; 

Ballif et al., 2003; Bock & Herz, 2003; Kuo et al., 2005; Jossin & Goffinet, 2007). To explore 

whether SFK mediate the effects of IGF-I on the distribution of Tbr1+-cells, OB slices were 

incubated with IGF-I and PP2, a Src kinase inhibitor. As seen, in the IGF-I plus PP2 treated 

slices the “Tbr1+ depleted area” was reduced by a 54% (P = 0.1556) compared to that of 

IGF-I slices  (Fig. 3D,E). The number of Tbr1+ cells was not significantly different in slices 

exposed to IGF-I in the presence or absence of LY294002 or PP2 (Fig. 3F). These inhibitors 

produced no significant changes in the distribution and number of Tbr1+-cells in slices 

exposed to BSA. The depleted area/total area values were: BSA, 4.4 + 1.4 %; BSA + 

LY294002, 5.3 + 1.4; BSA + PP2, 4.7 + 1.7. The numbers of Tbr1+-cells/section were: BSA, 

751.0 + 63.7; BSA + LY294002, 860.3 + 73.6;  BSA + PP2, 796.8 + 98.1. Thus, these 

findings suggest that IGF-I promotes positioning of Tbr1+-neurons by mechanisms mainly 

dependent on PI3K activity. 

 

Effect of IGF-I on Dab1 phosphorylation and on the number of Dab1-positive cells 

We then tested whether IGF-I stimulates Dab1 phosphorylation in OBSC and in dissociated 

neuronal cultures. Dab1 contains four tyrosine residues (Y220, Y232, Y185, Y198/200) susceptible 

to phosphorylation by SFK (Howell et al., 1997b). Addition of IGF-I for 30 min produced a 

82% relative increase in the level of P-Dab1Y220 versus that found in control cultures (Fig. 

4A,B, P<0.05) and a 73% relative increase in the levels of P-Dab1Y232 (P = 0.130; non 

significant.). The phosphorylation of other tyrosine residues in Dab1 was not determined. 

These data suggest that IGF-I stimulates Dab1 phosphorylation in OB cells.  

We analyzed whether the lack of IGF-I affected the phosphorylation of Dab1 in the OB of 

E16.5 Igf-I-/- mice. A significant reduction in the levels of P-Dab1Y232 was detected in the Igf-I-/- 

mice when compared to the levels found in Igf-I+/+ mice (25%, P<0.05, Fig. 4C, D). As 
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reported previously (Otaegi et al., 2006), a reduction in P-AktSer473 was also detected (data 

not shown). However, the absence of IGF-I produced no changes in the total amount of 

Dab1 relative to β-tubulin. These data suggest that IGF-I may be necessary to maintain the 

phosphorylation state of Dab1 in the OB.  

Although total Dab1 levels were similar in Igf-I+/+ and Igf-I-/- mice, we found differences at the 

cellular level (Fig. 4E-I). Dab1 expression was relatively abundant in specific patches of the 

E14.5-E16.5 OB in cryostat sections, probably located in processes of nestin-positive radial 

glia (data not shown) (Luque et al., 2003). However, the abundance of Dab1 in these areas 

made it impossible to count these cells. In postnatal mice, Dab1 was expressed in the ML 

(Fig. 4G) and the SEZ of the OB (not shown), and its expression was most evident in 

dispersed cells within the EPL (Fig. 4E-H). The number of these EPL cells diminished 4.5 

fold (P<0.01) in both, P21 and P49 Igf-I-/- mice (Fig. 4I). Double staining with specific 

antibodies revealed that the majority of Dab1+-cells expressed parvalbumin (data not shown) 

suggesting that they were interneurons. These data indicate that IGF-I is necessary to 

maintain the numbers of Dab1+-neurons in the OB.  

 

The effect of Igf-I deletion on the development of the glomerular layer and on the 

migration of neuroblasts in the SVZ and RMS 

The effect of IGF-I deletion on periglomerular and superficial granule cells was analyzed in 

late embryos, as well as in postnatal mice, using specific antibodies against TH, GAD, 

GABA, Pax6, calbindin, and calretinin (Fig. 5, Fig. S3). In the GL we found no TH+-neurons 

co-expressing calbindin or calretinin (data not shown). Immunostaining of E18.5 Igf-I+/+ OB 

sections revealed prominent tyrosine hydroxylase (TH) expression in the glomerular layer 

(GL) (arrow) and the presence of TH+-cells in the GCL-IPL (arrowheads; Fig. 5A). 

Accordingly, the majority of these TH+-neurons were situated in these two concentric layers 

that were well separated by the TH-negative EPL. However, this concentric distribution of 

TH+-cells was partially lost in the Igf-I-/- OB, as these cells were not distributed throughout the 

GL (arrow). In addition, there were fewer TH+-neurons in the GCL and IPL than in the Igf-I+/+ 
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OB (arrowheads; Fig. 5B). Fewer TH+- (Fig. 5C, D, I, J) and GABA+-cells (Fig. 5E, F) 

surrounded each glomerulus in postnatal P7, P21, and P49 Igf-I-/- mice than in Igf-I+/+ mice. 

Indeed, the number of TH+-neurons was 51% lower in the P49 Igf-I-/- mice than in the wild 

type (Fig. 5P, P<0.05). Similarly, the glomeruli of Igf-I-/- mice were surrounded by fewer 

Pax6+-cells than those of Igf-I+/+ mice (Fig. 5G, H), and,the level of glutamic acid 

decarboxylase (GAD) expression appeared to be lower in the EPL and GL of Igf-I-/- OB (Fig. 

5C, D, Fig S3). Furthermore, a significant 37% reduction (p<0.05) was found in the number 

of periglomerular calbindin+-cells in the Igf-I-/- mice (Fig. 5K,L,O). The number of 

periglomerular and granular calretinin+-cells were 34% (P<0.05) and 33% (P<0.05) fewer, 

respectively, in the Igf-I-/- than in Igf-I+/+ mice (Fig. 5M,N,O). However, we found no changes 

in the pattern of TUNEL staining in the OB of Igf-I-/- mice when compared to that of Igf-I+/+ 

(data not shown), suggesting that increased cell death was not the primary cause of the 

decrease in the number of PGC found in mice lacking Igf-I. 

Most postnatal PGC originate from neural stem/progenitor cells located in the forebrain SVZ-

RMS. These cells generate neuroblasts that migrate tangentially into the OB SEZ, and that 

then detach and migrate radially to reach the GL (Doetsch et al., 1999; Hack et al., 2005; 

Merkle et al., 2007). To determine whether the reduction in periglomerular neurons found in 

the Igf-I-/- mice might be due to alterations in the postnatal generation and/or migration of 

neurons, OB or SVZ sections were immunostained with antibodies against GFAP, nestin, 

PSA-NCAM, doublecortin (DCX) and TuJ1 (Figs. 6 and 7). Moreover, the cells that 

incorporated BrdU were counted in sections containing the OB and the SVZ from animals in 

which neuroblasts from the SVZ-RMS that migrate to the OB were labelled with a single dose 

of BrdU 5 days before perfusion. In the Igf-I+/+ mice, the SEZ of the OB formed a relatively 

narrow band extending in the longitudinal plane of the OB (Fig. 6A, C, E, I), contrasting with 

the wider SEZ in the Igf-I-/- OB (Fig. 6B, D, F, J). In both these phenotypes, the SEZ 

contained immature neurons that expressed PSA-NCAM and DCX, although DCX+-cells 

were rare in the GL of Igf-I-/- mice despite their relative abundance in the GL of Igf-I+/+ mice 

(Fig. 6 G, H). These deficits suggest that the radial migration of neurons within the postnatal 
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OB was impaired in mice lacking IGF-I. In addition, the number of cells that incorporated 

BrdU and that had migrated into the OB SEZ in the five day period after administering the 

BrdU pulse was reduced by half in the Igf-I-/- mice (Fig. 6I-K, P<0.01).  

 

When we examined the SVZ of Igf-I+/+ and Igf-I-/- P49 mice, the ventricle appeared to be 

smaller in most Igf-I-/- mice while there was a higher cell density in the SVZ of these KO mice 

(Fig. 7). We analysed this structure in sections double stained with antibodies against GFAP 

and TuJ1 (not shown), or against nestin (Fig. 7A, B) and TuJ1. As expected, GFAP and TuJ1 

did not co-localise, although nestin+ processes were seen in some TuJ1+ cells (not shown) 

and nestin immunostaining revealed that labelled cells accumulated in the SVZ of  

Igf-I-/- mice (Fig. 7B, arrows). In fact, all the Igf-I-/- mice studied at P49 displayed more 

neuroblasts in the SVZ that expressed PSA-NCAM+, DCX+ and TuJ1+ than in Igf-I+/+ mice 

(Fig. 7C-H). In fact, the proportion of cells that incorporated BrdU in the SVZ from animals 

that had received a single dose of BrdU 5 days before perfusion augmented by 50% in the 

Igf-I-/- mice (Fig. 7I-K, P<0.01). To analyse whether SVZ and RMS neuroblasts express 

characteristic markers of OB interneurons, coronal and sagittal sections from P21 and P49 

Igf-I+/+ and Igf-I-/- mice were immunostained with antibodies against calbindin, calretinin, 

parvalbumin, and TH. No stained cells were found with the exception of a very small number 

of calretinin+ cells in the SVZ and RMS. However, cells expressing these calcium-binding 

proteins were observed in the surrounding cerebral cortex while the striatum contained 

abundant TH+ fibres (not shown). Accordingly, we found no evidence of differentiated 

neurons among the PSA/DCX/TuJ1 cells, suggesting that the lack of IGF-I has no impact on 

the differentiation stage of the accumulated SVZ neuroblasts. We then tested whether 

deletion of Igf-I affected cell proliferation in the SVZ by immunostaining sections with an 

antibody against Phospho-Histone H3 to label mitotic cells. Deletion of Igf-I produced a 

significant decrease in the number of P-Histone H3+ cells (35%, p<0.05, Fig. 8), suggesting 

that IGF-I participates in the control of cell proliferation in the SVZ. This ruled out the 
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possibility that neuroblast accumulation in the SVZ of Igf-I-/- mice might be secondary to 

excess proliferation. TUNEL+- cells were essentially absent in the SVZ of both Igf-I+/+ and  

Igf-I-/- mice (not shown). All together, these findings suggest that the exit of neuroblasts from 

the SVZ to the RMS was impaired in mice lacking IGF-I.  

 

Role of IGF-I on cell migration from RMS explants  

As above mentioned, the accumulation of neuroblasts in the SVZ of Igf-I-/- mice suggest that 

IGF-I promotes the incorporation of SVZ cells to the RMS and/or stimulates neuroblast 

migration along the RMS. We then studied whether neuroblast migration was altered in RMS 

explant cultures from Igf-I-/- mice (Fig. 9). Little migratory activity was found in explants 

prepared from wild type and knockout RMS grown in the absence of insulin and serum (Fig. 

9A,B,D; control, BSA conditions), whereas the addition of IGF-I (200 ng/ml) to Igf-I-/-  explants 

for 48 h increased the migration area/explant area ratio (39%; P<0.05; Fig. 9 C,D). A similar 

increase was observed in cell migration from wild type explants exposed to IGF-I. In contrast, 

no statistically significant differences were observed in the percentage of TUNEL+ cells (Fig. 

9E; Fig. S4) suggesting that the IGF-I effect in promoting cell migration can not be 

attributable to a reduction in cell death. To test whether IGF-I stimulated neurogenesis, BSA- 

and IGF-I-treated explants were incubated for 4 or 20 hours in the presence of 5 µM BrdU (n 

= 4 explants per treatment in two different experiments). Dual immunostaining with 

antibodies against BrdU and β-III-tubulin (TuJ1) revealed no double stained cells, suggesting 

that no new neurons were generated in this explant culture.  

Due to the low survival of postnatal knock-out mice, explants from CD1 mice were cultured to 

analyze the effects of PI3K and SFK inhibitors on the IGF-I effect promoting neuroblast 

migration. The addition of IGF-I resulted in nearly a 2-fold increase in the migration 

area/explant area ratio (90.6%; P<0.001, Fig. 9F,G,J). Addition of LY294002 (50 µM) 

significantly diminished cell migration from the explants (34%, P<0.05, Fig. H, J), and 

addition of PP2 (10 µM) abolished the capacity of IGF-I to promote cell migration (P<0.001, 
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Fig. I, J). These inhibitors produced no significant changes in cell migration from BSA-treated 

explants. The migration area/explant area ratios were: BSA, 2.57 + 0.62; BSA + LY294002, 

3.01 + 0.94; BSA + PP2, 1.79 + 0.12. Under all conditions, the migrating cells expressed β-

III-tubulin (not shown). Together these results suggest that IGF-I  may influence neuroblast 

migration through PI3K- and SFK-dependent mechanisms. 
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Discussion 

IGF-I promotes neuronal positioning in the olfactory bulb 

IGF-I is a trophic factor that supports neuronal survival, differentiation and maturation in 

different regions of the CNS (Varela-Nieto et al., 2003; Bateman & McNeill, 2006; Otaegi et 

al., 2006). However, very little is known about the possible role of IGF-I in neuronal migration 

and positioning in the embryonic or adult brain (Vicario-Abejón et al., 2003; Russo et al., 

2005). Here we have analysed the OB and SVZ of Igf-I-/- and Igf-I+/+ mice, and we have 

studied the effects of IGF-I in embryonic OB slice and postnatal RMS explant cultures. The 

data obtained support a role for IGF-I in promoting neuronal migration and positioning in the 

OB, as well as in stimulating neuroblast exit from the SVZ into the RMS. These effects 

appear to be independent of IGF-I actions on cell proliferation. Our results suggest that IGF-I 

is a key regulator of the incorporation of newly born neurons from the SVZ into the OB. 

Mitral neurons express Tbr1 during development and are thought to be born in germinal 

zones located in the embryonic rostral and dorsal telencephalon (Hinds, 1968; Bulfone et al., 

1995; Nomura & Osumi, 2004). These cells then migrate into the deepest portion of the 

intermediate layer and re-orientate their cell bodies to acquire a tangential orientation before 

finally adopting a radial orientation after reaching the primitive ML (Hinds, 1972). However, in 

the absence of IGF-I, Tbr1+-neurons are misplaced in the ML and the EPL, such as they form 

a more disorganized, pseudostratified and more extensive cell layer than that found in the 

wild-type OB. In addition, a number of mitral cells failed to radially re-orient their cell bodies, 

maintaining a relatively tangential orientation in the adult-postnatal ML of Igf-I-/- mice. This 

phenotype was observed from around E16.5 and was maintained up to P49-P54 (the oldest 

ages analyzed), indicating that the alterations in Igf-I-/- mouse embryos were not 

compensated for at postnatal ages and stressing the dependence of the OB mitral layer 

structure on IGF-I. Furthermore, the differentiation and/or positioning of tufted neurons (cells 

that together with the mitral neurons form the glutamatergic circuit of the OB)  was also 

affected by the lack of IGF-I. 
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In addition to this effect on neuronal positioning in vivo, the effects of IGF-I on E14.5 OB 

slices suggest that this factor promotes the organization of Tbr1+-cells in the ML through 

mechanisms that involve PI3K. Indeed, an inhibitor for PI3K partially abolish the action of 

IGF-I whereas the inhibitor for SFK produced a modest effect in this experimental model. It is 

well known that IGF-I stimulates Akt phosphorylation via PI3K and that this activity is needed 

for IGF-I to support of neuronal differentiation (Otaegi et al., 2006). Here we show that PI3K 

is a central component of the observed effect of IGF-I in stimulating neuronal positioning. 

PI3K and SFK are kinases that participate in the reelin signalling pathway that is active 

during neuronal positioning (Bock et al., 2003; Ayala et al., 2007). Nonetheless, activation of 

PI3K also stimulates radial migration of cortical neurons independent of reelin, suggesting 

that other effectors regulate neuroblast migration (Jossin & Goffinet, 2007). Dab1 contains 

four tyrosine residues (Y220, Y232, Y185, Y198/200) susceptible to phosphorylation (Howell et al., 

1997b). These tyrosine residues are critical for the correct activity of Dab1, as mice 

engineered to express a Dab1 construct mutated at all each of these four sites displays 

aberrant neuronal positioning in the cortex similar to that found in the Dab1 KO (Howell et al., 

2000). We show that Dab1 phosphorylation increases in response to IGF-I suggesting that 

Dab1 is a target of the growth factor, probably through SFK since PP2 blocks the migratory 

effects caused by IGF-I in explant cultures. Supporting this concept, a recent study has 

reported that IGF-I may activate Src kinases in cortical neurons (Delcourt et al., 2007). Here 

we measured the relative changes in Dab1Y220 and Dab1Y232 and found that the levels 

Dab1Y232 were reduced in the embryonic OB in mice lacking IGF-I. This as well as the 

diminished P-AktSer473 levels found in the OB of Igf-I-/- mice (Otaegi et al., 2006) could affect 

the proper positioning of Tbr1+-cells.  

Overall, our results suggest that IGF-I is necessary for the correct organization of Tbr1+ mitral 

neurons to form the ML, through mechanisms involving PI3K, and possibly Dab1 

phosphorylation. As above mentioned, these molecules are also targets of reelin, a protein 

strongly expressed by the mitral neurons (Alcantara et al., 1998; Martinez-Cerdeno et al., 

2003), and indeed mitral neurons appear to be less regularly aligned than in wild type 
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littermates in the reeler mutant mice (Wyss et al., 1980). Accordingly, both IGF-I and reelin 

could act independently in these processes or alternatively, there may be some cross-talk 

between the reelin and the IGF-I activated signalling pathways, controlling the molecular and 

cellular events involved in the formation of neuronal layers.  

 

IGF-I regulates neuroblast exit from the ZSV and the number of interneurons 

incorporated in the OB 

Interneurons are first found in the mouse OB as early at E13.5 (Vergano-Vera et al., 2006). 

Subsequently, there is a marked increase in the number of these neurons from E17.5-E18.5 

that peaks around P5 (Hinds, 1968). Interneurons are continuously supplied to the postnatal-

adult OB and they are mostly generated from neural stem cells located in the forebrain SVZ-

RMS that reach the OB by migrating tangentially along the RMS (Lois & Alvarez-Buylla, 

1994; Doetsch et al., 1999). 

Our data suggest that the correct migration and differentiation of periglomerular cells, is 

partially controlled by IGF-I. Likewise, IGF-I may ultimately control the formation of the 

glomeruli. In particular, mice lacking IGF-I have statistically significant reduced numbers of 

TH+-neurons, a phenotype that can be observed as early as E17.5-E18.5. Significant 

reductions in cells that express calbindin and calretinin were also found in the GL, as well as 

in the superficial GCL. Moreover, a marked reduction in Dab1/parvalbumin+ cells was 

observed in the EPL. Whether the quantitative differences induced by the lack of IGF-I on 

interneuron subtypes reflect the specific requirement for IGF-I of the distinct progenitors 

located in the SVZ  (Merkle et al., 2007; Young et al., 2007; Yang, 2008) will require further 

study. IGF-I is expressed in the postnatal SVZ-RMS (Bartlett et al., 1991) and our findings 

indicate that this factor is necessary for the exit of neuroblasts out of the SVZ into the RMS 

thus avoiding neuroblast accumulation in the SVZ. Indeed, there is a marked reduction in the 

numbers of cells that incorporated BrdU in the OB SEZ and the accumulation of PSA-

NCAM+, DCX+, and TuJ1+-neuroblasts as well as BrdU+-cells in the forebrain SVZ. Hence, in 

the Igf-I-/- mice there appear to be fewer migratory cells that reach the OB and thus, fewer 
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DCX+-cells will be found in the EPL and the GL of these mice. The widening of the OB SEZ 

in the Igf-I-/- mice also indicates that the reduced number of neuroblasts that reach the OB 

through the RMS accumulate in the SEZ, suggesting that IGF-I is also necessary for 

migration within the postnatal OB. Although we did not observe significant changes in cell 

migration from RMS explants of Igf-I-/- mice, it can not be ruled out that IGF-I expressed (data 

not shown) and released by the choroid plexus of the lateral ventricle could stimulate 

neuroblast migration in the RMS in vivo.  

The rapid effect of IGF-I in stimulating neuroblast migration from Igf-I-/- RMS explants, 

indicates that the alterations to the SVZ of Igf-I-/- mice are not secondary to the 

disorganization of the OB. Furthermore, the fact that cell migration from Igf-I-/- RMS explants 

was not significantly impaired when compared to that from Igf-I+/+ explants, rules out the 

possibility that the disruption seen in the SVZ and OB is secondary to altered metabolic 

function and growth. By contrast, our data suggest specific influences of IGF-I on the 

incorporation of interneurons into the OB.  

It has been reported that reelin induces the detachment of SVZ neuroblasts and of migratory 

cells in the postnatal RMS promoting their radial migration within the OB (Hack et al., 2002; 

Simo et al., 2007). Indeed, neuroblasts accumulate in the SVZ-RMS of the reeler mutant 

mice, in the ApoER2/VLDLR KO and in the Dab1 KO mice (Hack et al., 2002; Andrade et al., 

2007), although it has been suggested that the role of Dab1 in cell migration in the SVZ-RMS 

may also depend on ligands other than reelin. The accumulation of neuroblasts in the SVZ of 

Igf-I-/- mice as well as the positive effects of IGF-I in promoting cell migration from RMS 

explants suggest that, as reelin, IGF-I is a critical regulator of neuroblast exit from the SVZ. 

Furthermore, the IGF-I actions appear to require PI3K and SFK-Dab1 activity since inhibitors 

for these kinases markedly reduce and abolish, respectively, the effects of this growth factor.  

Together, these findings suggest new roles for IGF-I during embryonic and adult 

neurogenesis, including its involvement in regulating radial neuronal migration and 

positioning within the OB, as well as in the incorporation of newly formed neurons from the 

SVZ  into the OB.   
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IGF-I, Insulin-like growth factor-I 

PI3K, phosphoinositide 3-kinase  

SFK, Src family kinases 

Dab1, disabled1 

OB, olfactory bulb 

GCL, granule cell layer 

GL, glomerular layer 

IPL, internal plexiform layer 

EPL, external plexiform layer 

ML, mitral layer 

SVZ, subventricular zone 
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Figure Legends 

Fig. 1: The position of Tbr1+-neurons and the expression of reelin is altered in the 

mitral layer of the OB in Igf-I-/- mice 

Immunostaining of coronal OB sections highlighting the mitral cell layer. Antibodies against 

the following proteins were used on tissue from mice at the ages indicated: Tbr1 at E16.5 (A, 

B), E18.5 (C-F), and P5 (I, J); Reelin at E18.5 (G, H). The disorganization of the Tbr1+ cells 

in the ML of the Igf-I-/- mouse was evident at all the ages analyzed. Reelin expression was 

weaker in the OB of E18.5 Igf-I-/- mice when compared to that in wild-type littermates. The 

same observations were made in 2-4 embryos per genotype. The insets in G-J show the 

areas of the ML at higher magnification. The arrows show the position of Tbr1+-neurons. 

Scale bar (shown in J): A-D, 200 µm; E-F, 50 µm; G-H, 47 µm; Insets in G-H, 24 µm; I-J, 223 

µm; Insets in I-J, 45 µm. ML, mitral cell layer; GCL, granule cell layer; IPL, internal plexiform 

layer; EPL, external plexiform layer. 

 

 

Fig 2: The disorganization of the mitral cell layer persists during the postnatal-adult 

period in the Igf-I-/- mouse 

Dual or single immunohistochemistry of OB sections showing the organization of the mitral 

layer in postnatal mice: Reelin/Tbr1 at P5 (A-D); Reelin at P21 (E-F) and at P49 (G-H). In 

contrast to the WT, mitral cells in the Igf-I-/- mice were not aligned as a monolayer but rather 

they formed a pseudostratified layer. The cell bodies were radially oriented towards the 

ventricle in the WT (arrowheads), but they could be found tangentially oriented in the Igf-I-/- 

mice (arrows). The same observation was made in 2-3 mice per genotype. Scale bar (shown 

in H): 70 µm; Insets, 44.4 µm 

 

Fig 3: IGF-I promoted the organization of Tbr1+-cells in OB slices.   

Tbr1 immunostaining of cryostat sections from E14.5 OB slices cultured in the presence of 

BSA (A), IGF-I (B), IGF-I + LY294002 (C), or IGF-I + PP2 (D), and in the absence of insulin. 
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Quantification (E) of the central area containing <100 cells ("Tbr1 depleted area") expressed 

as the percentage of the total area (solid line). Mean number of Tbr1+ cells per section (F). 

Note that the Tbr1+ cells in IGF-I treated slices form a concentrated ring towards the primitive 

mitral layer and leave a wide "Tbr1 depleted area" in the centre of the slice (dotted line). 

Addition of LY294002 (50 µM) and PP2 (10 µM) to the slices growing in the presence of  

IGF-I (200 ng/ml) resulted in a 2.2-fold (P<0.05) and a 54% (P = 0.1556) reduction in the 

“Tbr1+ depleted area”, respectively. A small decrease (P<0.05) in the number of Tbr1+-cells 

was found in IGF-I treated slices versus control slices (F). Nonetheless, the inhibitors 

produced no significant change in the number of Tbr1+ cells when compared with those in the 

IGF-I treated slices. The results are the mean (+ s.e.m.) of 16-17 sections from 5 different 

slices per condition. Scale bar (shown in D), 170 µm.  

 

Fig. 4: Effect of IGF-I signalling on Dab1 phosphorylation and on the number of Dab1+-

cells  

Western blotting to detect Dab1 and its phosphorylated P-DabY220 and P-DabY232 isoforms in 

protein extracts obtained from cell cultures and E16.5 OB. A, B) Addition of 50-200 ng/ml 

IGF-I for 30 min produced a 82% increase in the level of P-Dab1Y220 when compared to that 

found in control cultures (P<0.05; n = 5 experiments). IGF-I caused a 73% increase in the 

levels of P-Dab1Y232 (P = 0.130, n.s.). C, D) Densitometry revealed a 25% decrease (p<0.05; 

n = 6 mice per genotype) in the relative amount of P-Dab1Y232 in the Igf-I-/- versus the Igf-I WT 

mice). The results are expressed as the ratio of either P-Dab1Y232 or P-Dab1Y220 relative to 

Dab1, and of Dab1 relative to β-tubulin. The data obtained in the IGF-I treated cultures and 

Igf-I-/- mice are expressed relative to the data obtained in BSA treated cultures and WT mice, 

respectively, considered to be 100. E-I) Immunohistochemistry showing Dab1+-neurons in 

the EPL of P21 and P49 mice. The graph shows the mean number of cells in the EPL (+ 

s.e.m.) per section expressed as the relative percentage in the Igf-I-/- with respect to their  
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Igf-I+/+ littermates (100%, n=3 mice per age and genotype; **P<0.01 Student t test). The 

majority of Dab1+-cells were neurons that also expressed parvalbumin (data not shown). 

Scale bar (shown in H), 93 µm. 

 

Fig 5: Reduction in the number of periglomerular cells in the OB of Igf-I-/- mice 

Immunohistochemistry of coronal OB sections showing the position and differentiation of the 

periglomerular cells during development. The photographs show the distribution of TH at 

E18.5 (A, B) and at P49 (I, J), TH/GAD at P7 (C, D), GABA at P21 (E, F), PAX6 at P21 (G, 

H), calbindin at P49 (K, L), and calretinin at P49 (M, N). In the absence of IGF-I, the number 

of TH+-cells decreased and this reduction began during prenatal development and continued 

into adult life. Counting TH+ cells in P49 animals (P) revealed a significant 51% reduction in 

the Igf-I-/- mice (P<0.05 Student t test; n = 3 mice per genotype). Counting calbindin+ cells 

revealed a significant 37% reduction in the Igf-I-/- mice (P<0.05; n = 3 mice per genotype) 

whereas the quantitative analysis showed a 34% decrease (P<0.05) and 33% decrease 

(P<0.05) in the number of calretinin+ cells in the GL and superficial GCL, respectively (n = 4 

mice per genotype) (O). Arrows show TH+-neurons in the glomerular layer (GL); arrowheads 

show TH+-neurons in the GCL-IPL. Scale bar (shown in N): A, B 300 µm; C, D, 241 µm; E, F, 

96 µm; G, H, 190 µm; I, J, 193 µm, K-N, 170 µm. 

 

Fig 6: Lack of IGF-I alters the postnatal localization and number of migratory neurons 

in the OB and RMS 

Staining of immature neurons in the subependymal zone (SEZ) and glomerular layer of OB 

sections from postnatal mice. Nissl staining at P21 (A, B) and immunohistochemistry for 

PSA-NCAM at P49 (C, D), Doublecortin (DCX) at P49 (E-H), and BrdU at P54 (I, J) 

highlighting the OB SEZ (A-F, I, J) and glomerular layer (G, H, and insets in A, B) of Igf-I+/+ 

and Igf-I-/- mice. Nissl staining shows the reduction in cell density within the glomeruli (A, B). 

Note the reduction in the number of DCX+ cells in the GL of the Igf-I-/- mice when compared 
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to the WT (arrows). Immunohistochemistry revealing BrdU incorporation into migratory 

neuroblasts 5-days after the administration of a single pulse at P49, and represented as the 

percentage of BrdU+ cells found in the SEZ (K). In this graph the mean number of cells (+ 

s.e.m.) per section are expressed as the percentage in the Igf-I-/- mice with respect to their 

Igf-I+/+ littermates (100%, n=4 mice per genotype; P<0.01 Student "t" Test). The insets show 

higher magnification images of the GL (A, B) and SEZ (I, J). Scale bar (shown in J): A, B, 

415 µm; C, D, 185 µm; E, F, 93 µm; G, H, 60 µm; I, J, 377 µm; Insets in A, B, 173 µm; Insets 

in I, J, 165 µm.  

 

Fig. 7: Neuroblast accumulation in the SVZ of the lateral ventricle of Igf-I-/- mice 

Representative images of Nestin (A, B), PSA-NCAM (C, D), DCX (E, F) and TuJ1 (G, H) in 

coronal sections of P49-P54 mice. An accumulation of PSA-NCAM+, DCX+, and TuJ1+ 

neuroblasts was observed in the SVZ of Igf-I-/- mice. (C-H) At higher magnifications (see 

insets), the neuroblasts in the Igf-I-/- mice appeared to be more densely packed than in the 

Igf-I+/+ mice. In general, the lumen of the lateral ventricles in the Igf-I-/- mice was smaller and 

in some sections, this lumen was practically obliterated (D,F,H). Immunohistochemistry 

revealing BrdU incorporation into SVZ cells 5-days after the administration of a single pulse 

at P49 (I, J) and represented as the percentage of BrdU+ cells found in the SVZ (K). In this 

graph the mean number of cells (+ s.e.m.) per section are expressed as the percentage in 

the Igf-I-/- mice with respect to their Igf-I+/+ littermates (100%, n=3 mice per genotype; P<0.01 

Student "t" Test). The arrow in G shows the specific staining for TuJ1. Scale bar (shown in J), 

A, B, 183 µm; C-H, 91 µm; I, J, 30 µm; Insets, 40 µm.  
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Fig. 8: Reduced cell proliferation in the SVZ of the lateral ventricle in Igf-I-/- mice 

Representative images of Phospho-Histone H3 (PHis H3) in coronal sections of P49 mice 

demonstrating the 35% reduction in PHis H3+ cells in the SVZ of Igf-I-/- mice. In the graph the 

mean number of cells (+ s.e.m.) per section are expressed as the percentage of those in  

Igf-I-/- mice with respect to their Igf-I+/+ littermates (100%, n=3 mice per genotype; P<0.05 

Student "t" test). Scale bar (shown in B): 111 µm; Insets: 48 µm.  

 

Fig. 9: The effect of IGF-I on cell migration from RMS explants  

Explants from the RMS of P5 Igf-I+/+ and Igf-I-/- mice (A-D) were placed on matrigel and 

cultured in DMEM/F12/N2 (without insulin) in the presence of BSA (A, B) or 200 ng/ml IGF-I 

(C). No differences in cell migration were found in knock-out compared with wild type 

explants whereas IGF-I promoted migration from Igf-I-/- (39%, P<0.05) and Igf-I+/+ (45%, 

P<0.05) explants. The results are the mean (+ s.e.m.) of 10-19 explants from 4 Igf-I+/+ or  

Igf-I+/- and from 2 Igf-I-/- mice. E) The percentage of TUNEL+ cells was below 5% and was not 

statistically different in IGF-I and BSA-treated explants  (n=4 explants per condition of three 

different experiments). F-J) Explants from the RMS of P5 CD1 mice were plated and the 

influence of IGF-I and of PI3K and SFK inhibitors analyzed. BSA (F), IGF-I (G), 200 ng/ml 

IGF-I + LY294002 (H), or IGF-I + PP2 (I). IGF-I promoted a near 2-fold increase in neuroblast 

migration from the explants when compared to that observed in BSA-treated explants, 

reflected by the migration area/explant area ratio (90.6%; P<0.001) (J). Addition of LY294002 

(50 µM) significantly diminished cell migration from the explants (34%, P<0.05), and addition 

of PP2 (10 µM) abolished the IGF-I promoting effect on cell migration (P<0.001). Under all 

conditions, migratory cells expressed β-III tubulin (not shown). The results are the mean (+ 

s.e.m.) of 7-10 explants from 3 experiments. Scale bar (shown in H), A-C, 390µm ; E-H, 315 

µm.  
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Fig. S1: Lack of IGF-I does not alter the generation of Tbr1+-cells but its correct 

positioning in the OB mitral layer and the external plexiform layer  

In situ hybridization for Tbr1 in OB sections from mice at E14.5 (A, B), E18.5 (C-F) and P7 

(G-J). No noticeable effect of the lack of Igf-I in the E14.5 OB was observed. The lack of IGF-

I altered the position of cells in the ML and possibly of tufted neurons in their corresponding 

layer. Changes in the positioning of Tbr1+-cells in the ML and the EPL were evident from 

E18.5 to P7. The same observations were made in 2 embryos of each genotype. The arrows 

show the position of Tbr1+-neurons. The arrowheads show a layer of Tbr1+-cells that 

probably correspond to external tufted neurons. Scale bar (shown in J): A, B, E, F, I, J, 105 

µm; C, D, G, H, 210 µm. MZ, mantle zone. 

 

Fig S2: IGF-I expression in the embryonic and early postnatal OB 

Immunostaining of coronal OB sections with antibodies against IGF-I on tissue from CD1 

mice at the ages indicated. In the E14.5 OB, the expression of IGF-I was yet evident in the 

mantle zone (MZ) of the OB, a region mainly composed of newly formed mitral neurons. IGF-

I appears also to be expressed in the surrounding primitive external plexiform layer (EPL) at 

this age. The expression of IGF-I is relatively abundant in the mitral cell layer (ML) of the 

E18.5 and P6 OB. At this latter age, IGF-I is also detected in cells located in the EPL. Scale 

bar (shown in D): A,B: 90 µm; C: 128 µm; D: 88 µm. 

 

Fig S3: GAD immunostaining in the GL and EPL of Igf-I+/+ and Igf-I-/- mice 

Immunostaining for GAD is shown in coronal OB sections at P7. As shown in Fig. 5, GAD 

staining apparently diminished in the GL and EPL in the absence of IGF-I. Scale bar (shown 

in B), 45 µm. GL, glomerular layer; EPL, external plexiform layer. 
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Fig S4: Detection of apoptotic cell death in RMS explant cultures 

Explants from the RMS of P5 CD1 mice were incubated with BSA (A, B) or with 200 ng/ml 

IGF-I (C, D), and they were then fixed and stained by TUNEL, with DAPI counterstaining, to 

detect apoptotic nuclei (arrows). Exposure to IGF-I did not produce a significant difference in 

the percentage of TUNEL+ cells in the explants (see Fig. 9E). Scale bar (shown in D): 37µm.  
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Fig. 1: The position of Tbr1+-neurons and the expression of reelin is altered in the mitral layer of 
the OB in Igf-I-/- mice  
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Fig 2: The disorganization of the mitral cell layer persists during the postnatal-adult period in the 
Igf-I-/- mouse  
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Fig 3: IGF-I promoted the organization of Tbr1+-cells in OB slices.    
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Fig. 4: Effect of IGF-I signalling on Dab1 phosphorylation and on the number of Dab1+-cells  
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Fig 5: Reduction in the number of periglomerular cells in the OB of Igf-I-/- mice  
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Fig 6: Lack of IGF-I alters the postnatal localization and number of migratory neurons in the OB and 
RMS  
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Fig. 7: Neuroblast accumulation in the SVZ of the lateral ventricle of Igf-I-/- mice  
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Fig. 8: Reduced cell proliferation in the SVZ of the lateral ventricle in Igf-I-/- mice  
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Fig. 9: The effect of IGF-I on cell migration from RMS explants  
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Fig. S1: Lack of IGF-I does not alter the generation of Tbr1+-cells but its correct positioning in the 
OB mitral layer and the external plexiform layer  
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Fig S2: IGF-I expression in the embryonic and early postnatal OB  
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Fig S3: GAD immunostaining in the GL and EPL of Igf-I+/+ and Igf-I-/- mice  
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Fig S4: Detection of apoptotic cell death in RMS explant cultures  
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Please, note: this figure is a supporting document included in the response to the reviewer´s 
comments  
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Please, note: this figures is a supporting document included in the response to the reviewer´s 
comments  
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