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Insulin-Like Growth Factor-1 Promotes G1/S Cell Cycle
Progression through Bidirectional Regulation of Cyclins and
Cyclin-Dependent Kinase Inhibitors via the
Phosphatidylinositol 3-Kinase/Akt Pathway in Developing
Rat Cerebral Cortex
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Although survival-promoting effects of insulin-like growth factor-1 (IGF-1) during neurogenesis are well characterized, mitogenic effects
remain less well substantiated. Here, we characterize cell cycle regulators and signaling pathways underlying IGF-1 effects on embryonic
cortical precursor proliferation in vitro and in vivo. In vitro, IGF-1 stimulated cell cycle progression and increased cell number without
promoting cell survival. IGF-1 induced rapid increases in cyclin D1 and D3 protein levels at 4 h and cyclin E at 8 h. Moreover, p27 KIP1 and
p57 KIP2 expression were reduced, suggesting downregulation of negative regulators contributes to mitogenesis. Furthermore, the phos-
phatidylinositol 3-kinase (PI3K)/Akt pathway specifically underlies IGF-1 activity, because blocking this pathway, but not MEK
(mitogen-activated protein kinase kinase)/ERK (extracellular signal-regulated kinase), prevented mitogenesis. To determine whether
mechanisms defined in culture relate to corticogenesis in vivo, we performed transuterine intracerebroventricular injections. Whereas
blockade of endogenous factor with anti-IGF-1 antibody decreased DNA synthesis, IGF-1 injection stimulated DNA synthesis and in-
creased the number of S-phase cells in the ventricular zone. IGF-1 treatment increased phospho-Akt fourfold at 30 min, cyclins D1 and E
by 6 h, and decreased p27 KIP1 and p57 KIP2 expression. Moreover, blockade of the PI3K/Akt pathway in vivo decreased DNA synthesis and
cyclin E, increased p27 KIP1 and p57 KIP2 expression, and prevented IGF-1-induced cyclin E mRNA upregulation. Finally, IGF-1 injection in
embryos increased postnatal day 10 brain DNA content by 28%, suggesting a role for IGF-1 in brain growth control. These results
demonstrate a mitogenic role for IGF-1 that tightly controls both positive and negative cell cycle regulators, and indicate that the
PI3K/Akt pathway mediates IGF-1 mitogenic signaling during corticogenesis.
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Introduction
Cerebral cortex function depends on cellular networks including
excitatory glutamatergic projection neurons and inhibitory in-
terneurons. Glutamatergic neurons are generated from dividing
progenitors of the neocortical ventricular zone (Tan et al., 1998;
Rakic, 2002). Precise regulation of progenitor cell cycle exit is an
important requisite because it determines cell number and lam-
inar fate (McConnell, 1988; Caviness et al., 1995).

Extrinsic signals directly influence progression from G1 into S
phase of cortical precursors (Cunningham and Roussel, 2001).

Current models suggest that D cyclins are primary targets of mi-
togenic signals (Sherr and Roberts, 1999). On stimulation, D
cyclins bind and activate cyclin-dependent kinase (CDK) pro-
teins CDK4/6 in early G1. Cyclin E, a transcriptional target de-
pendent on cyclin D/CDK4/6 activation, in turn activates cyclin
E/CDK2 complex during late G1, and is required for S-phase
entry. CDK activity is also regulated through inhibitory interac-
tions with CDK inhibitors (CKIs) of the CIP/KIP family, includ-
ing p21 CIP1, p27 KIP1, and p57 KIP2, which represent additional
targets of extracellular cues (Nourse et al., 1994; Li and DiCicco-
Bloom, 2004). Progression into S phase is determined by the
balance between promitogenic cyclins and antimitogenic CKIs.
For example, antimitogenic PACAP (pituitary adenylate cyclase-
activating polypeptide) reduces S-phase commitment of cortical
precursors by upregulating p57 KIP2 (Carey et al., 2002), whereas
mitogenic basic fibroblastic growth factor (bFGF) stimulates cell
cycle reentry by increasing cyclins D1 and E, and downregulating
p27 KIP1 (Li and DiCicco-Bloom, 2004). Accordingly, bFGF injec-
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tion into rat embryo cerebral ventricles dramatically increases
neuron production and brain size (Vaccarino et al., 1999). There-
fore, defining how extracellular signals regulate cell cycle ma-
chinery provides insight into emergence of neocortical
cytoarchitecture.

Insulin-like growth factor-1 (IGF-1) is another signal impor-
tant for nervous system development (Carson et al., 1993). Nu-
merous studies in vitro support IGF-1 roles in proliferation
(DiCicco-Bloom and Black, 1988; D’Ercole et al., 1996; Aberg et
al., 2003), survival (Aizenman and de Vellis, 1987; Wilkins et al.,
2001), and differentiation (Hsieh et al., 2004; McCurdy et al.,
2005) of neuronal and glial progenitors. Acting through type 1
receptor (Adams et al., 2000), IGF-1 activates phosphatidylinosi-
tol 3-kinase (PI3K)/Akt and mitogen-activated protein kinase
kinase (MEK)/extracellular signal-regulated kinase (ERK) path-
ways (Clemmons and Maile, 2003), which can mediate prolifer-
ation and/or survival (Liang and Slingerland, 2003; Manning and
Cantley, 2007).

IGF-1 appears critical for controlling brain growth and cell
number (Beck et al., 1995; Cheng et al., 1998). Transgenic mice
overexpressing IGF-1 during development display increases in
cortical volume and cell number (Popken et al., 2004). Increased
neurogenesis involved reducing G1 phase and recruiting addi-
tional cells into cycle, suggesting a mitogenic role for IGF-1
(Hodge et al., 2004). However, transduction and cell cycle path-
ways mediating mitogenic stimulation and requirements for
IGF-1 during corticogenesis in vivo remain undefined. Because
compensatory mechanisms may accompany genetic manipula-
tions, we performed acute transuterine intracerebroventricular
injections into embryos in addition to culture studies. We report
that IGF-1 is a mitogen for cortical precursors during embryonic
development, acting through upregulation of G1 cyclins and
downregulation of CKIs p27 KIP1 and p57 KIP2, without altering
cell survival. Furthermore, we demonstrate that IGF-1 mitogenic
signaling is mediated by the PI3K/Akt pathway. These studies
suggest that IGF-1 signaling may influence cellular output during
corticogenesis.

Materials and Methods
Reagents. Human recombinant IGF-1 was purchased from Cell Sci-
ences. bFGF was obtained from Scios. DMEM, F12 medium, penicil-
lin, glutamine, and streptomycin were from Invitrogen. Transferrin,
PI3K inhibitor [2-(4-morpholinyl)-8-phenyl-4 H-1-benzopyran-4-
one (LY294002)], and MEK inhibitors [2-amino-3-methoxyflavone
(PD98059); 1,4-diamino-2,3-dicyano-1,4-bis(2-aminophenylthio)-
butadiene (U0126)] were obtained from Calbiochem. Putrescine, pro-
gesterone, selenium, glucose, bovine serum albumin (BSA), bromode-
oxyuridine (BrdU), propidium iodide (PI), fluorescein diacetate (FDA),
4�,6-diamidino-2-phenylindole dihydrochloride (DAPI), poly-D-lysine,
and protease inhibitors were purchased from Sigma-Aldrich. Monoclo-
nal BrdU antibody was from BD Biosciences. Phosphohistone H3
(Ser10) polyclonal antibody was from Millipore. Cleaved caspase-3 poly-
clonal antibody (Asp175), monoclonal phospho-Akt (Ser473), poly-
clonal Akt, polyclonal phospho-ERK (Thr202/Tyr204), polyclonal ERK,
polyclonal phospho-GSK-3� (Ser9), and rabbit monoclonal GSK-3� an-
tibodies were from Cell Signaling. Cyclin D1 (SC-20044), cyclin D3 (SC-
182), p27 KIP1 (SC-528), and p57 KIP2 (SC-8298) antibodies were ob-
tained from Santa Cruz. Cyclin E polyclonal antibody was from Abcam.
�-Actin monoclonal antibody was from Millipore Bioscience Research
Reagents. Alexa Fluor 488 and 594 secondary antibodies were purchased
from Invitrogen. Mouse recombinant IGF-1, monoclonal antibody spe-
cifically neutralizing the bioactivity of mouse IGF-1, and anti-mouse IgG
were obtained from R&D Systems.

Cortical precursor cell culture. Time-mated pregnant Sprague Dawley
rats were obtained from Hilltop Laboratory Animals. The day of plug was

considered as embryonic day 0.5 (E0.5) and the day of birth as postnatal
day 0 (P0). On E14.5, skin, skull, and meninges were removed from
embryos. The dorsolateral cortex was dissected and mechanically disso-
ciated using a fire-polished glass pipette. Cortical precursors were then
plated at 1750 cells/mm 2 on poly-D-lysine (5 �g/ml)-coated 60 mm
dishes (5 million cells/dish), 35 mm dishes (1.7 millions cells/dish), or
24-multiwell plates (313,000 cells/well), in defined medium, as previ-
ously described (Lu and DiCicco-Bloom, 1997). Culture medium was
composed of a 50:50 (v/v) mixture of DMEM and F12 containing peni-
cillin (50 U/ml) and streptomycin (50 �g/ml) and supplemented with
transferrin (100 �g/ml), putrescine (100 �M), progesterone (20 nM),
selenium (30 nM), glutamine (2 mM), glucose (6 mg/ml), and BSA (10
mg/ml). Cultures were maintained in an incubator at 37°C with 5% CO2.
In most experiments, human IGF-1 was added into culture medium at
plating. For the analysis of ERK and Akt phosphorylation by Western
blotting, cells were preincubated for 1 h before IGF-1 treatment. For
inhibitor experiments, cells were plated for 1 h, and then PI3K inhibitor
(LY294002) or MEK inhibitor (PD98059 or U0126) was added 30 min
before IGF-1 treatment and maintained throughout the subsequent in-
cubation period.

Anti-IGF-1 neutralizing experiments in vitro. Analysis of the neutraliz-
ing activity of anti-IGF-1 antibody to mouse IGF-1 was performed on rat
E14.5 cortical precursors in vitro in defined medium in 24-multiwell
plates. Mouse IGF-1 (3 ng/ml) was incubated with anti-IGF-1 (10 �g/ml)
or anti-IgG (10 �g/ml; negative control) under agitation in 1 ml of me-
dium for 2 h at 37°C. To determine specificity of the anti-IGF-1 antibody,
bFGF (10 ng/ml) was incubated with anti-IGF-1 or anti-IgG (10 �g/ml)
in the same conditions. After the preincubation period, the mixtures or
growth factors alone were added into cultures, and [ 3H]thymidine in-
corporation assay was performed at 24 h as described below.

Intracerebroventricular injections. Pregnant rats and pregnant mice
(C57BL/6; Hilltop Laboratory Animals) were anesthetized with a mix-
ture of ketamine (100 mg/kg body weight; Ketaset; Fort Dodge Animal
Health) and xylazine (10 mg/kg body weight; Xyla-ject; Phoenix Phar-
maceuticals). Then, the uterine horns were exposed by laparotomy and
embryos were transilluminated to visualize the cerebral cortex. All in-
jected solutions contained 0.05% fast green and were manually microin-
jected (3 �l) into the left lateral ventricle through the uterine wall using a
Hamilton syringe (33/1 inch gauge). Injection success was indicated by
spread of the dye from left to right lateral ventricle. At the indicated time,
embryos were collected and dissected in ice-cold PBS. For IGF-1 injec-
tion experiments, PBS alone (control) and PBS solution containing
IGF-1 (30 or 100 ng per embryo of the human recombinant form) were
injected into E15.5–E16.5 rat embryos. For LY294002 injection experi-
ments, control solution (DMSO vehicle) and LY294002 solution (184 ng
per embryo; 3 �l of 200 �M solution) were injected into E16.5 rat em-
bryos. For IGF-1 neutralizing experiments, anti-IgG (control) or anti-
mouse IGF-1 antibody was injected into E14.5–E16.5 mouse embryos
(0.5–2 �g per embryo, using 0.5 �g/�l antibody solution prepared in
PBS). Because the concentration of IGF-1 in embryonic CSF was un-
known, we performed neutralizing experiments with a fourfold range of
anti-IGF-1 and anti-IgG antibodies. Because there was no difference in
effects among the doses, we combined all the experiments.

[3H]Thymidine incorporation assays. Incorporation of [ 3H]thymidine
in vitro was used as a marker of DNA synthesis (Lu and DiCicco-Bloom,
1997). Cells plated in 24-well plates were incubated with 1 �Ci/ml
[ 3H]thymidine (GE Healthcare) for 2 h before culture termination. Sub-
sequently, cells were collected with a semiautomatic harvester (Skatron),
and incorporation was assessed by liquid scintillation spectroscopy.

To assess DNA synthesis in cerebral cortex of injected embryos, we
used a percentage [ 3H]thymidine incorporation assay (Tao et al., 1996;
Wagner et al., 1999; Suh et al., 2001). After removing meninges, cortices
were dissected from embryos and stored at �80°C until use. Tissues were
homogenized in 300 �l of distillated water and equal volume aliquots
were taken to determine total isotope uptake in tissue homogenate and
isotope incorporated into DNA. DNA was precipitated with 10% trichlo-
roacetic acid (TCA), sedimented by centrifugation, and washed twice
with 10% TCA. The final pellet and the aliquot of homogenate were
dissolved and counted by liquid scintillation spectroscopy. The percent-
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age incorporation is calculated as the ratio of radiolabel incorporated
into DNA to total tissue uptake.

DNA quantification. Brains were removed from P10 animals and dis-
sected from the rostral extent of the cerebral hemispheres (excluding the
olfactory bulbs) to their caudal extent (corresponding to the back of the
occipital cortex) and homogenized in ice-cold distilled water. DNA was
purified and quantified using a DNA dye-binding assay (Burton, 1956;
Cheng et al., 2001). Briefly, DNA was extracted from homogenates by
precipitation with 10% TCA and washed with ethanol. Then, the pellet
containing the DNA was treated with 1N KOH and sedimented using 5%
TCA. After solubilization in 5% TCA at 90°C, the supernatant containing
the DNA was used for the dye-binding assay. Experimental samples and
DNA standards (calf thymus DNA; Sigma-Aldrich) were mixed with
diphenylamine reagent and incubated at 37°C overnight. Optical densi-
ties were measured at 600 nm.

Immunocytochemistry. Cortical precursor cells were cultured in 35 mm
dishes. At the end of incubation, culture medium was removed, cells were
fixed in 4% paraformaldehyde (PFA) for 20 min, and then washed 5 min
twice with PBS before immunolabeling. Embryonic brains were fixed by
immersion in 4% PFA for 2 h. Cells or tissue sections were incubated
overnight at room temperature in primary antibody diluted in PBS con-
taining 0.3% Triton X-100 (PBS-T), 1% BSA, 10% dry milk, and 0.01%
sodium azide. Labeling was revealed with a secondary antibody conju-
gated to Alexa Fluor 488 or 594 (1:500) prepared in the same buffer for
1 h at room temperature (Mairet-Coello et al., 2005).

Incorporation of BrdU. Cells were plated in 35 mm dishes and BrdU (10
�M final) was added 2 h before culture termination. At the end of culture,
medium was removed, and cells were fixed and then treated with 2N HCl
for 30 min, rinsed twice with PBS, incubated with monoclonal anti-BrdU
(1:100) for 1 h, followed by anti-mouse secondary antibody. The BrdU
labeling index (LI), defined as the proportion of total cells incorporating
BrdU into the nucleus, was determined by counting BrdU-
immunolabeled cells over total cells under phase (4000 –5000 cells), us-
ing 10� objective from 10 randomly selected fields in each of three dishes
per group (Li and DiCicco-Bloom, 2004).

To determine whether cells that entered S phase were able to progress
completely through the cell cycle in vitro, a cohort of cells was marked
during a 2 h BrdU pulse at 22 h of culture, and then the absolute numbers
of BrdU-labeled cells were compared between 36 and 24 h of culture. If
cells that entered S phase during the 2 h BrdU pulse were able to divide,
then the absolute number of BrdU-labeled cells is expected to increase
from 24 to 36 h. BrdU (10 �M final) was added into culture medium at
22 h in control and IGF-1 cultures and then removed at 24 h by washing
cells twice with PBS. A first group of control and IGF-1 cultures was fixed
and processed for BrdU immunolabeling at 24 h. In a parallel group,
culture medium was replaced for the following 12 h of culture. Then, cells
were fixed at 36 h and processed for BrdU immunolabeling. The absolute
number of BrdU-labeled cells per field was determined by counting as
above.

To estimate the BrdU LI in vivo, BrdU was injected subcutaneously
into the pregnant dam (100 �g/g body weight) 1 h before the killing.
Brains from intracerebroventricularly injected embryos were removed,
fixed by immersion in 4% PFA overnight at 4°C, and then processed for
paraffin embedding. Brains were cut serially into 6 �m coronal sections
on a microtome (Leica), and then mounted on Superfrost Plus slides
(VWR). Before BrdU immunolabeling, sections were rinsed 5 min in
PBS, treated with trypsin solution (0.1% trypsin in 0.1 M Tris buffer, 0.1%
CaCl2, pH 7.5) for 20 min at 37°C, and then with 2N HCl for 30 min.
Then sections were incubated with anti-BrdU antibody (1:100 in PBS-T)
overnight at room temperature. Signal was revealed by incubating with
secondary antibody conjugated to Alexa Fluor 488 (1:500) for 1 h at room
temperature. Finally, sections were counterstained with PI. To determine
the BrdU labeling index, analysis was performed in the dorsolateral cor-
tical area on three nonadjacent coronal sections per brain. BrdU-positive
nuclei and total nuclei were scored within a 100 �m width sector based
on the ventricular surface and extending to the ventricular zone/inter-
mediate zone boundary (Suh et al., 2001).

Assessment of precursor mitosis. The relative number of cells in M phase
was estimated using phosphohistone H3 antibody (1:200) as a marker.

Phosphohistone H3-labeled cells were counted in three 1 cm rows in
three dishes per group.

Cell death analysis. At the indicated times, 15 �g/ml PI, a red fluores-
cent DNA marker whose uptake reveals plasma membrane damage, was
added directly to living cultures in 35 mm dishes and incubated at 37°C
for 10 min. A green fluorescent staining of living cells was obtained by
adding 15 �g/ml FDA at the same time (Vaudry et al., 2003). The per-
centage of cell death was determined by counting damaged (red) and
living (green) cells (1000 –1500 cells), using 40� objective from 10 ran-
domly selected fields in each of three dishes per group. For double stain-
ing of nuclei with PI and DAPI, cells were washed with PBS after the 10
min incubation with PI (staining damaged cells only), fixed with 4%
PFA, permeabilized with PBS-T, and DAPI (15 �g/ml) was added for 10
min to visualize nuclear morphology. The percentage of cell death was
determined by counting damaged cells (PI) over total cells (observed
under phase microscopy), using 40� objective from 10 randomly se-
lected fields in each of three dishes per group (1000 –1500 cells). Alter-
natively, percentage of cell death was assessed by visualizing morphology
of nuclei with DAPI. Nuclei were considered normal when glowing
bright and homogenously. Apoptotic nuclei were identified by the con-
densed chromatin gathering at the periphery of the nuclear envelope or a
total fragmented morphology of nuclear bodies.

Apoptosis analysis. Cells plated in 35 mm dishes were processed for
cleaved (Asp175) caspase-3 (1:200) immunocytochemistry. The apopto-
tic labeling index, defined as the proportion of total cells immunolabeled
for activated caspase-3, was determined in culture by counting cells
(1000 –1500 cells), using 40� objective from 10 randomly selected fields
in each of three dishes per group. For cleaved caspase-3 immunohisto-
chemistry of brain tissues, sections were incubated in boiling 0.01 M

citrate buffer, pH 6, for 5 min before immunohistochemical procedure.
Protein extract preparation and Western blot analysis. Cells cultured in

60 mm dishes were washed twice with PBS, pH 7.4, detached using a
rubber policeman in PBS, and then pelleted and resuspended in lysis
buffer containing 50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 10 mM EDTA,
2 mM EGTA, 1% CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-
1-propanesulfonate), 0.5% NP-40, 1% Triton X-100, and a mix of pro-
tease inhibitors consisting of 10 �g/ml leupeptin, 10 �g/ml aprotinin, 20
�g/ml trypsin inhibitor, 50 mM NaF, 1 mM PMSF, 0.5 �M microcystin,
and 1 mM o-vanadate. For in vivo experiments, both the right and left
cortices were dissected after removing the meninges, pooled, and then
were homogenized in the same lysis buffer. Lysates were sonicated twice
30 s and then centrifuged at 20,000 � g for 20 min (Carey et al., 2002).
The supernatants were assayed for protein content using the Bio-Rad
Protein Assay (Bio-Rad).

The specificity of the p57 KIP2 polyclonal antibody used for the present
study was assessed on brain homogenates obtained from E14.5 wild-type
(positive control) and p57 KIP2 gene knock-out (negative control) mouse
embryos. Mouse embryos were obtained by mating heterozygote mice
(p57 KIP2�/�; a gift from Dr. S. Elledge, Harvard Medical School, Boston,
MA) (Zhang et al., 1997), and their genotype was determined by standard
PCR.

Equal amounts of proteins (30 – 80 �g/lane) obtained from cell cul-
tures or tissues were loaded on 10 or 12% SDS-polyacrylamide gels. The
separated proteins were electrotransferred onto polyvinylidene difluo-
ride membranes (Bio-Rad). The membranes were blocked with blocking
buffer containing 5% fat-free dry milk in Tris-buffered saline solution
and Tween 20 (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.05% Tween 20)
and incubated overnight at 4°C with different primary antibodies diluted
in blocking buffer. Incubations with HRP-conjugated secondary anti-
bodies (1:1000) were performed for 1 h at room temperature and visu-
alization was performed by chemiluminescence (ECL; GE Healthcare).
Dilutions of primary antibodies were as follows: anti-phospho-Akt (1:
1000), anti-Akt (1:1000), anti-phospho-GSK-3� (1:1000), anti-GSK-3�
(1:1000), anti-phospho-ERK (1:1000), anti-ERK (1:1000), anti-cyclin
D1 (1:500), anti-cyclin D3 (1:1000), anti-p27 KIP1 (1:400), anti-p57 KIP2

(1:250), anti-cyclin E (1:400), anti-�-actin (1:5000), and anti-cleaved
caspase 3 (1:1000). Autoradiographic films were analyzed to quantify
signals using the Bio-Rad Gel Doc 2000 with Quantity One, version 4.2.1,

Mairet-Coello et al. • IGF-1 Stimulates Cortical Precursor Proliferation J. Neurosci., January 21, 2009 • 29(3):775–788 • 777



software (Bio-Rad). To control for loading, blots were stripped and re-
analyzed for �-actin.

Quantitative reverse transcription-PCR. Total RNA were extracted
from cell cultures prepared in 35 mm dishes or from tissue using the
RNeasy Mini Kit (QIAGEN). Contaminating DNA was removed by
DNase I treatment, and 2 �g of total RNA was reverse transcribed with
SuperScript II reverse transcriptase (Invitrogen). Quantitative reverse
transcription-PCR (Q-RT-PCR) was performed on cDNA using the PCR
Master Mix (Applied Biosystems), which contains buffer and preset con-
centrations of MgCl2, dNTPs, and SYBR Green, in the presence of for-
ward and reverse primers for the gene of interest (900 nM each), or
forward and reverse primers for the glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) gene (200 nM each) used as reference. Reactions
were performed using the ABI Prism 7000 Sequence Detection system
(Applied Biosystems). The relative differences between groups were cal-
culated based on the values for the gene of interest normalized over the
values of the GAPDH gene. The primers used were as follows: p27 KIP1

forward primer, 5�-CCTTCGACGCCAGACGTAAA-3�, and p27 KIP1 re-
verse primer, 5�-AGCAGTGATGTATCTAATAAACAAGGAATT-3�;
p57 KIP2 forward primer, 5�-ACCCCGCGCAAACGT-3�, and p57 KIP2 re-
verse primer, 5�-AGATGCCCAGCAAGTTCTCTCT-3�; cyclin D1 for-
ward primer, 5�-GGCCCAGCAGAACATCGAT-3�, and cyclin D1 re-
verse primer, 5�-GACCAGCTTCTTCCTCCACTTC-3�; cyclin D3
forward primer, 5�-TCTCTGCCCAGTGACCATCA-3�, and cyclin D3
reverse primer, 5�-GGGCCCAAGACGTTTGG-3�; cyclin E forward
primer, 5�-AGCCCCCTGACCATTGTG-3�, and cyclin E reverse primer,
5�-TCGTTGACGTAGGCCACTTG-3�. Primers for rodent GAPDH
were obtained from Applied Biosystems (proprietary sequences).

Acquisition and processing of microscope images. Cell cultures and tissue
sections were examined with fluorescence microscope (Axiovert 200M;
Carl Zeiss MicroImaging) coupled to an Apotome module, under con-
trol of AxioVision software (Carl Zeiss MicroImaging). Depending on
the cell culture experiments, observations and images were made under
phase or fluorescence using 10, 20, or 40 NeoFluar objectives. For the
analyses of cleaved caspase-3 immunostaining and BrdU LI on tissue
sections, acquisitions were made using 20 or 40 AxioPhot objectives with
Apotome. Figure production was made using Adobe Photoshop soft-
ware, minimally altering captured images.

Statistical analysis. Data are expressed as means or percentages � SEM.
Statistical analyses were performed using Student’s t test for two-group
comparison and ANOVA followed by Dunnett’s posttest for multiple-
group comparison, using GraphPad Instat 3.05 software (GraphPad
Software).

Results
IGF-1 stimulates proliferation of embryonic cerebral cortical
precursors in vitro
To characterize IGF-1 effects on cerebral cortical precursors, we
cultured cortical cells from E14.5 rat embryos in a serum-free
defined medium lacking insulin (Carey et al., 2002; Li and
DiCicco-Bloom, 2004). We examined cultures at early incuba-
tion times to minimize possible trophic activity that might be
elicited by the growth factor, as previously studied (Lu et al.,
1996). At 24 h of incubation, IGF-1 elicited a concentration-
dependent increase in DNA synthesis, measured by [ 3H]thymi-
dine incorporation assay (Fig. 1A). A significant increase in DNA
synthesis was observed at a minimal concentration of 0.1 ng/ml,
and a plateau twofold increase was obtained at 10 ng/ml, a con-
centration used for additional studies. At this concentration, the
factor produced an increase in DNA synthesis of 27% as early as
8 h and 82% at 24 h (data not shown) ( p � 0.05 and p � 0.01,
respectively). To further define IGF-1 mechanisms, we added
BrdU (10 �M) into culture medium 2 h before 24 h culture ter-
mination, and then performed BrdU nuclear labeling to assess
cells that entered S phase. IGF-1 treatment increased the BrdU
labeling index by twofold (Fig. 1B), indicating that increased
DNA synthesis detected by thymidine incorporation reflected

increased G1/S-phase progression. Moreover, the factor stimu-
lated mitosis, because there was a 39% increase in the number of
cells exhibiting M-phase marker phosphohistone H3 at 24 h (Fig.
1C).

To determine whether cells that entered S phase after IGF-1
exposure were able to progress completely through the cell cycle,
precursors were labeled with BrdU during a 2 h pulse at 22 h of
culture, and then the number of BrdU-positive cells was counted
at 24 and 36 h. At 24 h, the absolute number of BrdU-labeled cells
was twofold higher in the IGF-1-exposed group compared with
control (Fig. 1D), paralleling the increased BrdU LI (Fig. 1B). At
36 h, the number of BrdU-positive cells increased in both the
control and IGF-1 groups, by 66 and 51%, respectively, with
twice as many labeled precursors in the IGF-1 group. These re-
sults suggest that (1) IGF-1 increased the number of cells entering
S phase at 24 h and (2) these cells completed cell cycle progression
and divided over the following 12 h. Finally, we counted total cell
number over the 36 h incubation period to detect evidence of
proliferation. Whereas no change was observed between 2 and
24 h in the IGF-1 group, a 19% increase in cell number was
detected at 36 h (Fig. 1E). In contrast, there was no change in cell
number in the control group over the same period. Together,
these results suggest that IGF-1 primarily serves as a mitogen of
cortical precursors in this culture model.

We next determined whether IGF-1 effects on DNA synthesis
were attributable to a possible increase in precursor survival. Be-
cause IGF-1 treatment did not alter total cell number at 2 and 24 h
(Fig. 1E), it is not likely that the factor promoted survival in our
model, although cell production balanced by cell death cannot be
excluded. To assess this possibility, we analyzed cell survival at 2,
8, and 24 h, using PI/FDA staining (Fig. 2A) to discriminate dead
and living cells. There were no differences in cell survival among
groups at these times. In addition, we estimated apoptosis at 8
and 24 h using immunolabeling for activated caspase-3 (Fig. 2B).
No differences in apoptotic cell numbers were observed among
groups at each of these times. Together, these data suggest that
IGF-1 exhibits no trophic activity during this culture incubation
period, but rather stimulates DNA synthesis of cortical precur-
sors by increasing entry into the mitotic cycle and cell division,
resulting in cell proliferation.

IGF-1 rapidly increases the expression of G1 cyclins in vitro
To identify mechanisms involved in G1/S progression after IGF-1
treatment, we analyzed positive cyclin regulators of the cell cycle
by Western blotting. D cyclins are known to be induced in re-
sponse to mitogenic signals, and according to current models, D
cyclin upregulation precedes that of cyclin E. We therefore ana-
lyzed D cyclins at an early time point: cyclin D1 protein levels
were increased by 30% (Fig. 3A) and cyclin D3 by 45% (Fig. 3B),
as early as 4 h of culture, indicating that IGF-1 rapidly regulates
two different D cyclins, results consistent with traditional cell
cycle models (Sherr and Roberts, 1999). We also measured cyclin
D1 and D3 transcript levels using Q-RT-PCR, because cyclin D
expression can be regulated at the transcriptional and/or post-
translational level (Liang and Slingerland, 2003). We found no
changes in either cyclin mRNA level at 4 h (Fig. 3A,B), suggesting
that posttranslational mechanisms are probably involved in early
increases of cyclin D1 and D3 protein levels after IGF-1
treatment.

Next, we measured the level of cyclin E at 8 h because DNA
synthesis was already increased at this time. IGF-1 treatment in-
duced a 49% increase in cyclin E protein levels (Fig. 3C), suggest-
ing that enhanced S-phase entry depends on this positive regula-
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tor. We also analyzed cyclin E gene expression by Q-RT-PCR
because it is known to be transcriptionally regulated as a conse-
quence of increased D cyclin-dependent kinase activation (Sherr
and Roberts, 1999): cyclin E mRNA levels were increased by 25%
at 8 and 24 h after IGF-1 treatment (Fig. 3C), indicating that
expression of the cyclin E gene is positively regulated by the
growth factor.

p27 KIP1 and p57 KIP2 are downregulated
in response to IGF-1 treatment in vitro
Cell cycle progression is also subject to
negative regulation by CKIs of the CIP/
KIP family that bind and inhibit cyclin
E/CDK2 complexes, thereby preventing
commitment to S phase. We first focused
our analyses on cell cycle inhibitor
p27 KIP1, because it is apparently the most
widespread and abundant CIP/KIP family
member expressed in cortex during em-
bryonic development (van Lookeren
Campagne and Gill, 1998; Nguyen et al.,
2006). IGF-1 treatment decreased p27 KIP1

protein levels by 25% at 8 h and by 70% at
12 h (Fig. 4A). The inhibitory protein lev-
els remained reduced even at 24 h of incu-
bation, exhibiting a 40% decrease. p27 KIP1

is known to be downregulated by post-
translational mechanisms involving the
proteosomal pathway (Liang and Slinger-
land, 2003). However, recent evidence
suggests that p27 KIP1 is also regulated at
the transcriptional level (Chassot et al.,
2007; Itoh et al., 2007). Using Q-RT-PCR
in our model, we measured p27 KIP1

mRNA levels at 12 and 24 h and detected a
20% reduction after IGF-1 treatment at
both times (Fig. 4A), suggesting that tran-
scriptional regulation is also involved.

We next analyzed the expression of
p57 KIP2 gene. Previous studies suggested
that p57 KIP2 protein is expressed in a small
subset of cortical neurons during embry-
onic development (Nguyen et al., 2006),
and more recent work from our laboratory
suggests that the protein is expressed
throughout the embryonic brain (Ye et al.,
2007, 2008). In the present study, detec-
tion of p57 KIP2 protein by Western blot-
ting from cortical precursor cultures was
difficult because most commercially avail-
able antibodies revealed nonspecific sig-
nals. To overcome this issue, protein ex-
tracts from cultures were analyzed
together with brain homogenates from
E14.5 wild-type (positive control) and
p57KIP2�/� (negative control) mouse em-
bryos. The specificity of the p57KIP2 signal
from rat cultures was determined by
comparing band sizes to positive and
negative mouse controls. IGF-1 treat-
ment produced a small decrease in
p57 KIP2 protein levels (from 8 to 17%) at
8, 12, and 24 h (data not shown), but
only the decrease at 12 h (17%) was sta-

tistically significant (Fig. 4 B). We also used Q-RT-PCR to
analyze changes in p57 KIP2 expression and found that IGF-1
treatment elicited a 20% decrease in p57 KIP2 mRNA levels at
12 and 24 h (Fig. 4 B). In aggregate, these results suggest that,
in addition to stimulating promitogenic cyclins, IGF-1 also
induces downregulation of cell cycle inhibitors, p27 KIP1 and
p57 KIP2, to promote S-phase entry of cortical precursors.

Figure 1. Effects of IGF-1 on DNA synthesis, cell cycle progression, and cortical precursor cell number in vitro. A, DNA synthesis
was measured in E14.5 rat cortical precursors using [ 3H]thymidine incorporation assay. Addition of IGF-1 (0.03–20 ng/ml) to
media elicited a dose-dependent increase in DNA synthesis at 24 h. Data are representative of one of three experiments, four wells
per group. Statistical analysis was performed with ANOVA followed by Dunnett’s posttest. cpm, Absolute counts per minute per
well. B, BrdU (10 �M) was added 2 h before culture termination at 24 h. BrdU-labeled cells and total cells (observed under phase
microscopy) were counted in 10 randomly selected fields. IGF-1 (10 ng/ml) increased the BrdU labeling index by twofold, indi-
cating the factor stimulated G1/S progression. Data are representative of three experiments, three dishes per group per experi-
ment. C, IGF-1 also increased the number of cells labeled for the M-phase marker phosphohistone H3 by 39%. Phosphohistone
H3-labeled cells were counted in three 1 cm rows in three dishes per group. D, Proliferating cells were labeled during a 2 h BrdU (10
�M) pulse at 22 h, and the absolute number of BrdU-labeled cells was counted at 24 and 36 h. At 24 h, the number of BrdU-positive
cells increased by twofold after IGF-1 exposure. At 36 h, the number of BrdU-labeled cells increased in both groups with twice as
many in the IGF-1 group, indicating that cells that entered S phase between 22 and 24 h progressed through the cell cycle and
divided in both groups. E, Quantification of cell number at 2, 24, and 36 h in control and IGF-1-treated cultures. The y-axis
corresponds to the mean number of cells counted in 10 different fields per 35 mm dish. Whereas no difference in cell number
among groups was observed between 2 and 24 h, a 19% increase was detected in IGF-1-treated cultures at 36 h. Note that no
change in cell number was detected in control group at any time analyzed. Data are from three experiments. Values shown
represent the mean � SEM. *p � 0.05; **p � 0.01; ***p � 0.001.
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IGF-1 activates the PI3K/Akt and MEK/ERK signaling
pathways in vitro
IGF-1 biological actions are usually mediated by the PI3K/Akt
and/or MEK/ERK signaling pathways. Although both pathways
are known to enhance G1/S progression in several cellular mod-
els, their role in IGF-1 mitogenic effects on cortical precursors has
not been defined. To address this issue, cortical precursors were
preincubated in defined medium for 1 h, stimulated with IGF-1
for different times, and then phosphorylation of Akt and ERKs
was detected by Western blotting. As expected, IGF-1 provoked a
robust increase in Akt and ERK phosphorylation at 30 and 10
min, respectively (Fig. 5A,B). ERK2 (p42) was preferentially
phosphorylated by IGF-1 treatment, whereas levels of phospho-
ERK1 (p44) were barely detectable in either group (Fig. 5B). We
also analyzed phosphorylation of GSK-3�, the downstream tar-
get of phospho-Akt, because it is involved in cyclin D1 stabiliza-
tion (Diehl et al., 1998). IGF-1 induced a marked increase in
GSK-3� phosphorylation by 30 min (Fig. 5C). These results in-
dicate that both the PI3K/Akt and MEK/ERK pathways are acti-
vated after IGF-1 treatment and that they are both potentially
involved in IGF-1 mitogenic effects on cortical precursors.

Inhibition of the PI3K/Akt but not MEK/ERK pathway
abrogates IGF-1 mitogenic effects
To determine whether the PI3K/Akt and/or the MEK/ERK trans-
duction pathways are required for IGF-1 mitogenic action, we
used the PI3K inhibitor LY294002 or the MEK inhibitors
PD98059 and U0126, and assessed DNA synthesis. Cortical pre-
cursors were preincubated for 1 h in defined medium, and then
pretreated with inhibitors for 30 min before IGF-1 exposure. We

assayed [ 3H]thymidine incorporation at an early incubation
time, 12 h, because prolonged exposure to metabolic inhibitors
could result in increased cell death. In the absence of inhibitor,
IGF-1 elicited a twofold increase in [ 3H]thymidine incorpora-
tion (Fig. 6A). In contrast, in the presence of PI3K inhibitor,
IGF-1 stimulation was markedly reduced (Fig. 6A), suggesting
that this pathway contributes to mitogenic stimulation. The in-
hibitor alone had no effect on ongoing DNA synthesis. To assess
the effectiveness of the PI3K/Akt inhibitor, we examined Akt

Figure 2. Effects of IGF-1 on cortical precursor cell survival and apoptosis. Cells incubated in
35 mm dishes were counted in 10 randomly selected fields, in three dishes per group. A, PI (red
signal) and FDA (green signal) were used to distinguish dead cells (arrows) and living cells at 2,
8, and 24 h. Percentage cell survival was determined as the ratio of FDA-stained cells over total
cells stained for FDA and PI. This value was then normalized to the value of the control group at
2 h, which was set at 100%. No significant difference was observed at each time among groups.
Data are expressed as percentage � SEM of 2 h control value ( p � 0.05). B, Apoptotic cells
immunolabeled for activated caspase-3 were counted and are expressed as percentage of total
cell number observed under phase microscopy. Whereas the percentage of activated caspase-
3-labeled cells increased from 5% at 8 h to 13% at 24 h among groups, no difference between
IGF-1 and control groups was observed at each time analyzed ( p � 0.05). Data are from three
experiments, three dishes per group per experiment. Values shown represent the mean�SEM.

Figure 3. Effects of IGF-1 on positive regulators of the cell cycle. A, Western blot showing
that IGF-1 increased cyclin D1 protein levels by 30% as early as 4 h. Data are from five experi-
ments. However, no changes in cyclin D1 mRNA levels, measured by Q-RT-PCR, were observed
at 4 h. Data are representative of three experiments, three dishes per group. B, IGF-1 also
increased cyclin D3 protein levels, by 45% at 4 h (4 experiments), but no changes in cyclin D3
mRNA levels were detected (data are representative of 3 experiments). C, Cyclin E protein levels
increased by 49% at 8 h of culture, after IGF-1 exposure. Data are from six experiments. In
addition, IGF-1 increased cyclin E mRNA levels by 25% at 8 and 24 h. Data are representative of
three experiments. Autoradiographic signals were quantified by densitometric analysis. Levels
of protein of interest were normalized to �-actin. Levels of cyclin mRNA were normalized to
GAPDH. Values shown represent the mean � SEM. *p � 0.05; **p � 0.01.
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phosphorylation at 30 min and found major pathway blockade
(Fig. 6B). Because the decrease in [ 3H]thymidine incorporation
may potentially reflect an increase in cell death, we analyzed cell
survival in the same experimental conditions by counting living
cells and dead cells based on phase microscopy combined with PI,
or nuclear morphology using DAPI staining (Fig. 6C). Neither
IGF-1 or LY294002 alone, nor IGF-1 plus LY294002, altered cell
survival, indicating that the PI3K inhibitor indeed prevented
IGF-1 stimulatory effects through cell cycle mechanisms.

In contrast to PI3K/Akt inhibition, addition of MEK inhibitor
PD98059 up to 50 �M had no effect on IGF-1 stimulation of
[3H]thymidine incorporation at 12 h (Fig. 6D), whereas stimulation
of ERK2 phosphorylation was blocked (Fig. 6E). At 70 and 100 �M,
the drug induced a dose-dependent decrease in [3H]thymidine in-
corporation of the same magnitude in both control and IGF-1-
treated groups, suggesting that it induced cell death. Increased cell
death at these concentrations was indeed apparent when observing
cells under phase microscopy (data not shown). Similar results were

obtained using another MEK inhibitor,
U0126 (Fig. 6F). Together, these data sug-
gest that the PI3K/Akt pathway, but not the
MEK/ERK pathway, is likely involved in
rapid IGF-1 mitogenic action on embryonic
cortical precursors.

Effects of intracerebroventricular IGF-1
microinjections on cortical precursor
DNA synthesis, S-phase entry, and
survival in vivo
Although the foregoing studies define roles
of IGF-1 and the PI3K/Akt pathway in corti-
cal precursor cell cycle in culture, their rele-
vance to normal development in vivo re-
mains unexplored. To determine whether
IGF-1 stimulates cortical precursor prolifer-
ation in the developing embryo, we admin-
istered IGF-1 by transuterine intracerebro-
ventricular injection into E16.5 rat brains, as
performed previously (Suh et al., 2001), and
analyzed effects on second messengers and
cell cycle regulators in dorsolateral cerebral
cortex tissue. We first assessed DNA synthe-
sis after IGF-1 injection (30 ng per embryo)
using the percentage [3H]thymidine incor-
poration assay (Suh et al., 2001) using four to
five pregnant dams per time point. IGF-1 in-
jection resulted in a 12% increase in
[3H]thymidine incorporation at 6 h and a
26% increase at 12 h (Fig. 7A).

To determine whether increased DNA
synthesis was possibly attributable to en-
hanced survival elicited by IGF-1, we ana-
lyzed activation of caspase-3 at 12 h. Very
few cleaved caspase-3-immunolabeled cells
were detected in either control and IGF-1-
injected animals (Fig. 7B). Labeled cells were
sparsely distributed in the ventricular zone
(VZ) and postmitotic compartments of the
developing cerebral cortex, and were notable
at the injection site. Because cleaved caspase-
3-immunolabeled cells were very rare in
both groups, we assessed activated caspase-3
protein levels in the entire cerebral cortex by

Western blotting. No changes were observed between control and
IGF-1-injected embryos (Fig. 7C), indicating that IGF-1 treatment
did not alter survival at 12 h.

To identify and quantify cells responsive to IGF-1 treatment,
we assessed the number of cells in S phase in the cortical VZ of
injected animals using BrdU immunohistochemistry at 12 h.
IGF-1 injection elicited a 26% increase in the proportion of
BrdU-labeled cells that increased from 38% in control to 48% in
IGF-1-treated embryos (Fig. 7D), a result that is identical with the
change in percentage thymidine incorporation (Fig. 7A). Collec-
tively, these results suggest that IGF-1 rapidly elicited G1/S pro-
gression of cortical precursors in vivo and parallels the direct
mitogenic action of the factor defined in precursor cultures.

DNA synthesis in cortical precursors is inhibited by
neutralizing antibody to IGF-1 in vitro and in vivo
Although exogenous IGF-1 stimulates precursor mitosis, the role
of endogenous IGF-1 in cortical proliferation in vivo remains

Figure 4. Effects of IGF-1 on negative regulators of the cell cycle. p27 KIP1 and p57 KIP2 protein levels were analyzed by Western
blotting, and mRNA levels by Q-RT-PCR, at different times of culture. A, p27 KIP1 protein levels were decreased by 25% at 8 h, 70%
at 12 h, and 40% at 24 h in IGF-1-treated cultures. Data are from three to four experiments. A 20% reduction in p27 KIP1 mRNA
levels was measured at 12 and 24 h after IGF-1 treatment. Data are representative of three experiments. B, IGF-1 treatment
elicited a 17% decrease in p57 KIP2 protein levels at 12 h (3 experiments), and a 20% decrease in mRNA levels at 12 and 24 h (data
are representative of 3 experiments). p57 KIP2-specific signal (arrows) was determined by comparison to signal obtained from
brain homogenates of E14.5 wild-type (p57 �/�; positive control) and p57 KIP2 gene knock-out (p57 �/�; negative control)
mouse embryos. Values shown represent the mean � SEM. *p � 0.05; **p � 0.01.
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unexplored. To address this question, we
injected mice with a specific monoclonal
antibody that neutralizes mouse IGF-1 bi-
ological activities, because neutralizing an-
tibodies against rat IGF-1 were not avail-
able. The effects of anti-IGF-1 were
compared with a monoclonal anti-IgG an-
tibody (control) exhibiting the same iso-
type. Before examining the effects of the
antibodies in vivo, their biological activi-
ties were first defined in vitro at 24 h on
E14.5 rat cortical precursor cultures, using
the [ 3H]thymidine incorporation assay to
assess DNA synthesis. Whereas mouse
IGF-1 elicited a 70% increase in DNA syn-
thesis, the effect was completely blocked in
the presence of anti-IGF-1 but not with
anti-IgG antibody (Fig. 8A), indicating
that anti-IGF-1 antibody effectively neu-
tralizes IGF-1 activity. Furthermore, to ex-
amine specificity of neutralizing activity,
cortical cultures were exposed to bFGF.
bFGF increased DNA synthesis by fourfold
as previously described (Li and DiCicco-
Bloom, 2004), an effect that was not al-
tered by either anti-IGF-1 or anti-IgG an-
tibody (Fig. 8A), indicating that the
neutralizing activity of anti-IGF-1 anti-
body is specific for IGF-1.

After control experiments in vitro, an-
tibodies (0.5–2 �g using a 0.5 �g/�l solu-
tion) were injected intracerebroventricu-
larly into four different litters consisting of
E14.5–E16.5 mouse embryos, and DNA
synthesis was examined in the cortices at
4 h using the percentage [ 3H]thymidine
incorporation assay. Administration of
IGF-1-neutralizing antibody reduced
DNA synthesis by 28% compared with
control conditions (Fig. 8B). These exper-
iments reveal a stimulatory role for endog-
enous IGF-1 in cortical cell proliferation
during embryonic development in vivo.

IGF-1 activates the PI3K/Akt and MEK/
ERK pathways in vivo
Based on our in vitro studies, we next de-
fined the effects of IGF-1 on the PI3K/Akt
and MEK/ERK pathways in vivo. Injection
of IGF-1 induced a marked fourfold in-
crease in Akt phosphorylation (Fig. 9A) at
30 min, indicating that the growth factor
activated the pathway. The downstream
target of activated Akt, GSK-3�, was also
inhibited by 30 min, as indicated by the
twofold increase in GSK-3� phosphoryla-
tion (Fig. 9B), results that also paralleled
those obtained in culture. GSK-3� inhibi-
tion by IGF-1 was transient, because no
changes in phosphorylation levels were detected 3 h after the
injection (data not shown). Furthermore, the MEK/ERK path-
way was also activated, because we detected a 40% increase in
phospho-ERKs by 10 min (Fig. 9C), an effect that was smaller

than that observed in vitro. The small change in ERK phosphor-
ylation levels may have resulted from additional time needed for
cortical dissection (�10 min). ERK activation was also transient
as observed in vitro, because no differences were observed at 30

Figure 5. IGF-1 activates the PI3K/Akt and MEK/ERK signaling pathways. A, B, IGF-1 increases the phosphorylation of Akt at 30
min (A) and ERK at 10 min (B). IGF-1 treatment preferentially induced phosphorylation of ERK2 (p42), whereas phospho-ERK1
(p44) signal was barely detectable. C, IGF-1 treatment increased the phosphorylation of GSK-3� at 30 min. Data are from three
experiments. Values shown represent the mean � SEM. *p � 0.001.

Figure 6. Blockade of PI3K/Akt signaling, but not the MEK/ERK pathway, inhibits IGF-1 stimulatory effects on DNA synthesis of
cortical precursors. A, Cells were preincubated with PI3K inhibitor LY294002 (LY) for 30 min before IGF-1 addition, and DNA
synthesis was assayed at 12 h. IGF-1 stimulation of DNA synthesis was markedly reduced by 10 �M LY294002. Data are represen-
tative of three experiments. B, Western blot showing that IGF-1-induced Akt phosphorylation was blocked by the PI3K inhibitor
LY294002 (10 �M), at 30 min of incubation. C, Cell survival at 12 h was estimated by counting living and dead cells in 10 randomly
selected fields using phase microscopy combined with PI (staining dead cells), or using DAPI staining to assess living and dead cells
based on nuclear morphology. No differences were observed among groups ( p � 0.05). Data are from three experiments. D–F,
Cortical precursors were preincubated with different concentrations of MEK inhibitor PD98059 (D) or U0126 (F ) for 30 min before
the addition of IGF-1 for 12 h. Blockade of the MEK/ERK pathway with either drug resulted in an inhibitor dose-dependent
decrease in DNA synthesis in both control and IGF-1-treated groups. Data are representative of three experiments. The Western
blot in E shows that IGF-1-induced ERK phosphorylation is blocked by MEK inhibitor PD98059 (PD) (50 �M), at 10 min of culture.
Values shown represent the mean � SEM. *p � 0.05; **p � 0.01.
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min (data not shown). These results indicate that pathways de-
fined in cortical precursors in vitro are similarly activated by
IGF-1 in the developing embryo, suggesting a major role for
PI3K/Akt signaling.

IGF-1 rapidly increases the expression of G1 cyclins and
downregulates p27 KIP1 and p57 KIP2 expression in vivo
Because inhibition of GSK-3� through its phosphorylation
would be expected to lead to an increase in cyclin D1 levels, we
investigated changes in positive and negative cell cycle regulators
in vivo. IGF-1 injection elicited a 56% increase in cyclin D1 pro-
tein levels at 6 h (Fig. 10A), consistent with its role as a sensor of
extracellular mitogens and as defined in vitro. Similar to culture
studies (Fig. 3A), no change in cyclin D1 mRNA levels was de-
tected, suggesting the involvement of posttranslational regula-
tory mechanisms (Fig. 10A). Furthermore, we detected a twofold
increase in cyclin E protein levels at 6 h, and a 60% increase in
cyclin E mRNA levels 6 and 12 h after IGF-1 treatment (Fig. 10B),
consistent with enhanced cell entry into S phase. However, we
failed to detect any changes in p27 KIP1 protein levels 6, 12, or 20 h
after IGF-1 injection (data not shown). To further address this

issue, we also examined mRNA levels:
whereas IGF-1 stimulated cyclin E expres-
sion, the factor negatively regulated
p27 KIP1 and p57 KIP2 transcript levels by
20 –25% (Fig. 10C). Together, these results
suggest that IGF-1 promotes S-phase com-
mitment of cortical precursors in vivo by
regulating positive and negative compo-
nents of the cell cycle machinery in oppos-
ing manner through mechanisms involv-
ing the PI3K/Akt signaling pathway.

Role of the PI3K/Akt pathway in cortical
precursor mitosis in vivo
The foregoing data indicating robust
IGF-1 stimulation of Akt phosphorylation
in vivo (Fig. 9A) suggest that the pathway
may be involved in mitogenic regulation.
To begin exploring the role of PI3K/Akt in
mitogenic extracellular signals in vivo, in-
cluding IGF-1, we performed transuterine
intracerebroventricular injections of the
PI3K inhibitor LY294002 and assessed
DNA synthesis and levels of cyclin E,
p27 KIP1, and p57 KIP2 mRNA in the corti-
ces at 6 h. We defined the effective dose of
inhibitor in vivo by assessing the effects of
different doses on Akt phosphorylation 30
min after injection. We found that 184 ng
(3 �l of 200 �M solution) of LY294002 ef-
ficiently reduced ongoing phosphoryla-
tion of Akt (Fig. 11A). At this dose, the
drug decreased DNA synthesis by 13%
(Fig. 11B) and elicited a 23% decrease in
cyclin E mRNA at 6 h (Fig. 11C), suggest-
ing that active PI3K/Akt signaling plays a
stimulatory role in cell cycle progression
during cortical development. Conversely,
inhibition of the PI3K/Akt pathway elic-
ited a 36 and 27% increase in p27 KIP1 and
p57 KIP2 mRNA levels, respectively (Fig.
11D), 6 h after injection, suggesting that

the PI3K/Akt pathway negatively regulates these CKIs to promote
proliferation during cortical development.

To assess the role of the PI3K/Akt pathway directly in IGF-1
mitogenic stimulation, we performed sequential transuterine in-
tracerebroventricular treatments consisting of an injection of the
PI3K inhibitor LY294002 (184 ng per embryo; or vehicle) fol-
lowed 20 –30 min by an injection of IGF-1 (30 ng; or vehicle) into
the same lateral ventricle. We first defined the efficiency of the
inhibitor on Akt phosphorylation by Western blotting at 30 min:
whereas injection of inhibitor alone decreased ongoing levels of
phospho-Akt, LY294002 reduced IGF-1-induced Akt phosphor-
ylation to levels comparable with controls (Fig. 11E). As an index
of cell cycle progression, we measured cyclin E mRNA levels by
Q-RT-PCR from cortical tissues 6 h after IGF-1 injection.
Whereas IGF-1 elicited a 30% increase in cyclin E mRNA levels in
the absence of the inhibitor, the stimulatory effect of the growth
factor was abrogated when the inhibitor was injected beforehand
(Fig. 11F). Also, cyclin E mRNA level decreased when the inhib-
itor was injected alone (Fig. 11C,F), consistent with the activity of
endogenous IGF-1 in vivo as shown above (Fig. 8B). Together,
these results demonstrate that the PI3K/Akt pathway participates

Figure 7. Effects of IGF-1 intracerebroventricular injections on DNA synthesis, S-phase entry, and apoptosis in the cerebral
cortex of developing embryos. IGF-1 (30 ng) was injected into the lateral ventricles of E16.5 rat embryos. A, DNA synthesis was
assessed in the cerebral cortex at 6 and 12 h after IGF-1 injection, using percentage [ 3H]thymidine incorporation assay. [ 3H]Thy-
midine was injected subcutaneously into pregnant dams 1 h before the killing. IGF-1 elicited a 12% increase in [ 3H]thymidine
incorporation at 6 h (PBS-treated animals, n 	 29; IGF-1-treated animals, n 	 30; 5 pregnant dams) and 26% increase at 12 h
(PBS-treated animals, n 	 20; IGF-1-treated animals, n 	 17; 4 pregnant dams) compared with the control group. B, C, Analysis
of apoptosis 12 h after injection using activated caspase-3 as a marker. B, Rare cleaved caspase-3-labeled cells (arrows), exhibiting
cytoplasmic signal, were revealed in the proliferating and postmitotic cortical zones of both PBS- and IGF-1-injected embryos. C,
Western blotting analyses performed on the cortices of injected embryos revealed two bands (17 and 19 kDa) corresponding to the
large fragments of activated caspase-3. No difference in protein levels assessed by densitometry was observed between control
and IGF-1 treated animals ( p � 0.05). Data are representative of three experiments, four animals per group. D, Analysis of cells
in S-phase using BrdU immunohistochemistry. BrdU was injected into pregnant dams 1 h before the killing. BrdU-labeled cells
were counted over total cells in the VZ of the dorsolateral cortex. IGF-1 intracerebroventricular injection elicited a 26% increase in
the BrdU LI at 12 h. Data are from four animals per group. LV, Lateral ventricle. Values shown represent the mean � SEM. *p �
0.01; **p � 0.001.
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in mediating IGF-1 stimulatory effects on the G1/S transition of
cortical precursors during forebrain development.

Effects of intracerebroventricular IGF-1 microinjections on
brain growth in vivo
Although our foregoing studies characterize the mitogenic role of
IGF-1 in embryonic cortical precursors, the relationship to brain
growth remains unknown. To begin addressing the effects of
IGF-1 mitogenic activity on forebrain development in vivo, we
injected the growth factor (100 ng) into the lateral ventricles of
E15.5 rat brains and analyzed overall brain growth at P10. Gross
examination of the brains of IGF-1-injected animals did not re-
veal any particular morphological features compared with con-
trols (data not shown). To evaluate possible differences in total
cell number, we assessed total DNA content, a marker for total
cell number (Burton, 1956; Cheng et al., 2001), in the forebrain
(PBS-treated animals, n 	 15; IGF-1-treated animals, n 	 25; two
pregnant dams per group). Interestingly, the forebrains of IGF-
1-injected animals exhibited a marked 28% increase in total DNA
content (PBS-treated animals, 559 � 19 �g; IGF-1-treated ani-
mals, 715 � 31 �g; p 	 0.0009). These data indicate that a single
injection of IGF-1 into cerebral ventricles during embryonic de-
velopment may increase the total number of cells in the brain
after birth, suggesting the factor stimulates precursor prolifera-
tion in the CNS, potentially through mitogenic and/or trophic
mechanisms of action.

Discussion
Our observations indicate that IGF-1 has a direct mitogenic
rather than a trophic effect, in cortical precursors in vitro and in
vivo, and thus serves a proliferative role during corticogenesis.

IGF-1 mitogenic stimulation involves rapid, sequential, and op-
posite regulation of positive and negative cell cycle regulators,
which occurs through transcriptional and posttranslational
mechanisms. Furthermore, the PI3K/Akt pathway, but not the
MEK/ERK cascade, mediates IGF-1 mitogenic signaling to down-
stream cell cycle regulators.

IGF-1 stimulates mitosis of embryonic cortical precursors
We report that IGF-1 serves primarily as a mitogen for cortical
precursors, as indicated by stimulation of cell cycle machinery
and proliferation in vitro. IGF-1 increased DNA synthesis as early
as 8 h, the number of precursors in S and M phases at 24 h and the
absolute number of cells at 36 h. This effect may reflect either a
reduction of cell cycle length and/or promotion of cycle reentry,
causing precursors to undergo additional rounds of division (Ta-
rui et al., 2005). A mitogenic role for IGF-1 has been reported
only rarely in culture models, including embryonic sympathetic
neuroblasts (DiCicco-Bloom and Black, 1988) and adult hip-
pocampal progenitors (Aberg et al., 2003). IGF-1 is better known
to act in association with other mitogens to enhance proliferation

Figure 8. Effects of anti-IGF-1 antibody on [ 3H]thymidine incorporation in rat cortical pre-
cursor cultures and in mouse embryonic cortex in vivo. A, The neutralizing activity of anti-IGF-1
antibody on IGF-1-induced mitosis was defined in E14.5 rat cortical precursor cultures. Mouse
IGF-1 (3 ng/ml) or bFGF (10 ng/ml) were preincubated alone or in the presence of anti-IGF-1 (10
�g/ml) or anti-IgG (10 �g/ml) antibody under agitation for 2 h in 1 ml of culture medium.
Then, growth factors or mixtures were applied to cultures, and [ 3H]thymidine incorporation
was measured at 24 h. Mouse IGF-1 increased DNA synthesis by 70%, an effect that was abol-
ished when the growth factor was preincubated with anti-IGF-1, but not with anti-IgG anti-
body. In the presence of bFGF, [ 3H]thymidine incorporation increased by fourfold, and the
effect was not altered when preincubated with either anti-IGF-1 or anti-IgG antibody. Antibod-
ies alone had no effects on [ 3H]thymidine incorporation in vitro. B, After intracerebroventricular
injection of antibodies into E14.5–E16.5 mouse embryos, [ 3H]thymidine incorporation was
assayed in the cortices at 4 h. IGF-1 neutralizing antibody (anti-IGF-1; 0.5, 1, or 2 �g using a 0.5
�g/�l solution) reduced DNA synthesis by 28% in the cortex of E14.5–E16.5 mice, compared
with control (anti-IgG) (anti-IgG-treated animals, n 	 17; anti-IGF-1-treated animals, n 	 13;
4 pregnant dams; the data from the different doses were combined because effects were over-
lapping). Values shown represent the mean � SEM. *p � 0.05; **p � 0.01; ***p � 0.001.

Figure 9. Effects of IGF-1 intracerebroventricular injections on the PI3K/Akt and MEK/ERK
pathways. A, IGF-1 injections into the lateral ventricles of E16.5 rat embryos (30 ng per embryo)
resulted in a fourfold increase in the phosphorylation of Akt by 30 min, revealed by Western
blotting. B, The phosphorylation of GSK-3� increased by twofold at 30 min. C, IGF-1 injection
induced a 40% increase in ERK phosphorylation by 10 min. Densitometric values of phospho-
proteins were normalized to values of respective total proteins. Data are representative of three
experiments, three to four animals per group. Values shown represent the mean � SEM.
*p � 0.01.
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(Arsenijevic et al., 2001; Jiang et al., 2001). These observations
suggest proliferative effects of IGF-1 are cell type specific.

Paralleling culture results, IGF-1 injections into embryos rap-
idly stimulated G1/S transition of precursors, increasing DNA
synthesis and BrdU labeling. Conversely, neutralizing endoge-
nous IGF-1 activity reduced DNA synthesis, demonstrating the
mitogenic role of IGF-1 during normal corticogenesis. Impor-
tantly, a single injection of IGF-1 into embryos increased DNA
content in P10 brain, supporting a role in cell production
through regulation of precursor proliferation. These findings
mirror genetic models. Mice overexpressing IGF-1 exhibited in-
creased brain size and neuron/glia numbers in adult cortex be-

cause of reduced G1-phase length and increased precursor cell
cycle reentry (Hodge et al., 2004). Conversely, IGF-1 gene disrup-
tion led to reduced brain size and cell number (Beck et al., 1995).
Similar to IGF-1, bFGF dramatically stimulates cortical prolifer-
ation after embryonic injection, increasing either glia or neuron
numbers in adult cortex as a function of embryo age. However,
contrary to IGF-1 (Hodge et al., 2004), bFGF did not affect pre-
cursor cell cycle kinetics but rather increased the pool of prolif-
erating precursors (Vaccarino et al., 1999). Consistent with mi-
togenic activity, mice lacking bFGF gene or expressing dominant-
negative receptors displayed fewer cortical neurons and glia
(Vaccarino et al., 1999; Shin et al., 2004). These observations

Figure 10. Effects of IGF-1 intracerebroventricular injections on the expression of cyclins D1
and E, and the CKIs p27 KIP1 and p57 KIP2. A, IGF-1 injection (30 ng per embryo) produced a 56%
increase in cyclin D1 protein level at 6 h. Values represent the mean of seven embryos per group
obtained from two pregnant dams. However, no changes in mRNA levels were observed using
Q-RT-PCR. B, Injection of IGF-1 elicited a twofold increase in cyclin E protein levels at 6 h, and a
60% increase in cyclin E transcript at 6 and 12 h. C, IGF-1 injection decreased p27 KIP1 and
p57 KIP2 mRNA levels by 25 and 22%, respectively, in the same samples at 6 h. Data are repre-
sentative of three experiments, four to five animals per group. Values shown represent the
mean � SEM. *p � 0.05; **p � 0.01; ***p � 0.001.

Figure 11. Effects of blocking PI3K/Akt signaling on DNA synthesis, expression of cell cycle
regulators, and IGF-1 mitogenesis in the cortex of developing embryos. A, Injection of the
PI3K/Akt inhibitor LY294002 (LY) (184 ng per embryo; 3 �l of 200 �M solution) into E16.5 rat
embryos efficiently decreased ongoing Akt phosphorylation at 30 min. B, C, Intracerebroven-
tricular injection of LY294002 elicited a 13% decrease in DNA synthesis at 6 h (data are repre-
sentative of 3 experiments, 4 animals per group) (B), and 23% reduction in cyclin E mRNA levels
at 6 h (data are from 3 experiments, 4 animals per group) (C). D, Conversely, injection of
LY294002 increased p27 KIP1 and p57 KIP2 mRNA levels by 36 and 27%, respectively, at 6 h. Data
are from three experiments, four animals per group. E, Western blot showing that intracerebro-
ventricular injection of LY294002 30 min before IGF-1 injection blocked IGF-1-induced phos-
phorylation of Akt at 30 min. F, Whereas IGF-1 injection increased cyclin E mRNA levels by 30%
at 6 h, preinjection of LY294002 prevented IGF-1 stimulatory effect on cyclin E expression (Con
group, n 	 4; IGF group, n 	 3; LY294002 group, n 	 4; LY294002 plus IGF-1 group, n 	 4;
data are from 3 experiments). Values shown represent the mean � SEM. *p � 0.05; **p �
0.01.
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suggest that growth factors, by acting on precursor proliferation,
affect cellular output and consequently modify the composition
of adult cerebral cortex.

Although IGF-1 also promotes survival of proliferating pre-
cursors from E10 mouse forebrain and midbrain (Drago et al.,
1991), we found no evidence of trophic activity in E14.5 rat cor-
tical precursors, a discrepancy likely attributable to both precur-
sor stage and species, and our use of high cell density that en-
hances survival. Without factors, Drago et al. reported mostly
nonviable cells at 24 h, contrasting with sustained survival in our
model.

IGF-1 promotes sequential activation of G1 cyclins
Current cell cycle models describe sequential activation of G1

regulators, leading to increased cyclin E/CDK2 activity, which is
indispensable for G1/S transition (Sherr and Roberts, 1999), a
model supported by our studies. In vitro, IGF-1 produced early
and sequential increases in G1 cyclins, including cyclin D1/D3
proteins (but not mRNAs) at 4 h, followed by cyclin E mRNA and
protein at 8 h. Cyclin increases at 8 h were associated with a 27%
increase in DNA synthesis, which peaked approximately twofold
by 24 h. Similar rapid activations occurred in vivo, with cyclin D1
and E increases already present at 6 h. In contrast, although we
previously found a similar cyclin sequence after bFGF, the tem-
poral schedule was significantly delayed: cyclin D1 (but not D3)
increased only at 8 h, whereas cyclin E required 20 h (Li and
DiCicco-Bloom, 2004).

The existence of different growth factor temporal profiles im-
plies they activate distinct signaling cascades. For example, cyclin
D1 can be regulated transcriptionally, as defined in cortical pre-
cursors after bFGF (Li and DiCicco-Bloom, 2004), likely involv-
ing MEK/ERK signaling and cyclin D1 promoter activation
(Lavoie et al., 1996). Alternatively, cyclin D1 can be regulated by
promoting nuclear accumulation and stabilization through Akt
phosphorylation-induced inhibition of GSK-3� (Diehl et al.,
1998). In our study, IGF-1 indeed increased GSK-3� phosphor-
ylation and cyclin D1 protein levels without changes in mRNA,
suggesting IGF-1 activates G1 progression by stabilizing cyclin D1
through the PI3K/Akt/GSK-3� pathway, as shown in oligoden-
drocyte progenitors (Frederick et al., 2007).

Although IGF-1 and bFGF are both cortical mitogens, it is
unknown whether they act on the same or different subpopula-
tions. Whereas we find the combined factors exhibit additive
effects on precursor proliferation (our unpublished observa-
tions), others demonstrate synergistic activity (Arsenijevic et al.,
2001; Frederick and Wood, 2004). The current and previous
studies (Li and DiCicco-Bloom, 2004) suggest IGF-1 and bFGF
stimulate cortical proliferation through different signaling cas-
cades, PI3K/Akt and MEK/ERK, respectively. The two mitogens
may thus regulate distinct precursor populations that may pro-
duce different cell types in developing cerebral cortex.

p27 KIP1 and p57 KIP2 are downregulated by IGF-1
mitogenic signaling
Although IGF-1 sequential activation of cyclins may underlie
G1/S progression, the small changes in cyclin protein levels sug-
gested other mechanisms may contribute, such as negative regu-
lation of cyclin/CDK by CKIs (Sherr and Roberts, 1999). We
found that p27 KIP1 and p57 KIP2 both contribute to IGF-1 regula-
tion of G1/S, although limited p57 KIP2 protein changes suggest a
minor role. By decreasing CKI expression, IGF-1 likely relieves
inhibitory constraint on cyclin E/CDK2 activity. Mitogen down-
regulation of CKIs has been reported previously in cortical (Li

and DiCicco-Bloom, 2004; Itoh et al., 2007) and oligodendrocyte
progenitors (Frederick and Wood, 2004).

The decrease in p27 KIP1 protein levels coincided with in-
creases in cyclin E, suggesting downregulation may depend on
cyclin E/CDK2 activity. Negative regulation of CKI expression
involves the ubiquitin-dependent proteasome pathway, which
requires cyclin E/CDK2 phosphorylation of the CKIs (Kamura et
al., 2003; Leibovitch et al., 2003). In this pathway, the PI3K/Akt
cascade regulates p27 KIP1 degradation by upregulating Skp2, a
key component of the SCF SKP2 ubiquitin ligase complex (Liang
and Slingerland, 2003). Mitogens also negatively regulate CKI
expression through transcription, as reported in cortical precur-
sors (Itoh et al., 2007). Our results support this mechanism be-
cause IGF-1 reduced p27 KIP1 and p57 KIP2 mRNA levels rapidly in
culture, and in vivo. IGF-1 downregulation of p27 KIP1 promoter
activity may involve phosphorylation-induced inhibition of
Forkhead transcription factor FoxO1 by PI3K/Akt signaling, as
shown in muscle (Machida et al., 2003). Thus, IGF-1 may control
the G1/S transition via posttranslational mechanisms that depend
on cell cycle machinery (cyclin/CDK complexes) as well as via
second messenger-regulated transcriptional pathways that are in-
dependent of cycle machinery.

The PI3K/Akt pathway mediates IGF-1 mitogenic signaling to
downstream cell cycle regulators
We show that IGF-1 activates PI3K/Akt signaling in cortical pre-
cursors, and suggest that the pathway directly regulates expres-
sion of positive and negative cell cycle regulators. PI3K/Akt acti-
vation by IGF-1 increased cyclin E and decreased p27 KIP1 and
p57 KIP2 expression. Conversely, pharmacological inhibition re-
versed effects on regulator expression, suggesting the pathway
contributes to the dynamic system controlling the cell cycle in
cortical precursors. Although PI3K/Akt signaling is best known
for mediating cell survival, accumulating evidence supports ad-
ditional roles in regulating G1/S progression (Liang and Slinger-
land, 2003; Manning and Cantley, 2007), stem cell self-renewal,
and brain cell number and composition (Easton et al., 2005;
Tschopp et al., 2005). In vivo, we found that, at E16.5, (1) endog-
enous levels of Akt phosphorylation are relatively low, and (2)
inhibition of PI3K/Akt decreased DNA synthesis by 12%. These
observations indicate PI3K/Akt signaling may play a minor role
in proliferation or, alternatively, stimulates a subset of cortical
progenitors. Interestingly, recent studies suggest important roles
for PI3K/Akt in an embryonic stem cell subset that exhibits en-
hanced Akt levels and displays pleiotropic responses to growth
factor activation in survival, proliferation, and self-renewal
(Sinor and Lillien, 2004). Furthermore, we show that PI3K/Akt
signaling mediates IGF-1 mitogenic stimulation in cortical pre-
cursors, whereas MEK/ERK has a minimal role, at least in vitro.
These results contrast with IGF-1-induced proliferation of adult
hippocampal stem cells, which requires both PI3K/Akt and
MEK/ERK pathways in vitro (Aberg et al., 2003), suggesting
IGF-1 differential activation of mitogenic signaling pathways is
cell type or stage dependent.

In conclusion, IGF-1 signaling influences precursor prolifer-
ation during corticogenesis, an effect mediated by the PI3K/Akt
pathway and driven by rapid activation of G1 cyclins and down-
regulation of CKIs. These studies, based on acute regulation of
IGF-1 and signaling pathways in utero, directly address mecha-
nistic concerns raised by using mutant mice regarding cell selec-
tion and molecular compensation that can accompany genetic
manipulations present since conception. As observed for bFGF,
IGF-1 may play a role in controlling the output from the prolif-
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erative population. Additional experiments will need to address
whether different growth factors, IGF-1 and bFGF, (1) differen-
tially regulate the production of layer-specific neuronal cell types,
(2) bias cortical precursors to a neuronal versus glial fate, and (3)
affect cellular differentiation during corticogenesis in vivo.
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