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ABSTRACT

Proper development of the mammalian brain requires that
neural progenitor cells balance self-renewal and differen-
tiation under precise temporal and spatial regulation, but

the underlying mechanisms are not well understood. In
this study, we identify Ga subunit as a positive regulator

of mammalian neurogenesis, working with the regulator of
G protein signaling (RGS)-mediated ephrin-B signaling
pathway as two opposing forces to maintain a balance

between self-renewal and differentiation in the developing
mouse cerebral cortex. Multiple Gai subunits are

expressed by cortical neural progenitor cells during the
course of cortical neurogenesis. Activation of Gai signal-
ing, through in utero electroporation-mediated expression

of wild-type and constitutively active Gai subunits, coun-
teracts the function of ephrin-B in cortical neural progeni-
tors to induce differentiation. Genetic knock-in of an

RGS-insensitive G184SGai2 causes early cell cycle exit and
a reduction of cortical neural progenitor cells and leads to

a defect in the production of late born cortical neurons,
similar to what is observed in mutant mice with deficiency
in ephrin-B reverse signaling pathway. This study reveals

a role of Ga subunit in mammalian neurogenesis and
uncovers a developmental mechanism, coordinated by the

Ga and ephrin-B signaling pathways, for control of the
balance between self-renewal and differentiation in neural
progenitor cells. STEM CELLS 2010;28:1581–1589

Disclosure of potential conflicts of interest is found at the end of this article.

INTRODUCTION

In the developing mammalian cerebral cortex, neural progenitor
cells located in the germinal ventricular zone (VZ) give rise to
the majority of projection neurons. During cortical neurogenesis,
neural progenitor cells progress from proliferation to differentia-
tion with temporal and spatial precision and control of the bal-
ance between progenitor self-renewal and differentiation is
essential for ensuring that correct numbers of neural cells are
generated to make a functional brain [1–5]. A number of factors
that either promote progenitor cell fate or promote differentia-
tion have been documented, however, the mechanisms underly-
ing the coordinated action by these opposing forces in balancing
self-renewal and differentiation are not well understood [6, 7].

Genetic studies in invertebrates have implicated a central
role of Ga subunit of the heterotrimeric G protein complex in
controlling the mode of cell division during neurogenesis. In
the Drosophila and C. elegans., Ga subunit has been found to
be essential for specifying neural progenitor asymmetric ver-
sus symmetric cell divisions, mediated by a G protein-coupled
receptor-independent pathway, which involves regulator pro-
teins such as Pins/activator of G protein signaling 3 (AGS3)/

LGN, GoLoco/G protein-coupled receptor (GPR), Ric-8, and
regulator of G protein signaling (RGS) protein [8–12]. This
suggests that Ga subunit can be a critical regulator for con-
trolling the balance between neural progenitor self-renewal
and differentiation. In the mammalian nervous system, how-
ever, whether Ga subunit is involved in the regulation of self-
renewal versus differentiation during neurogenesis is unclear.

RGS proteins are a large family of modulators of the het-
erotrimeric G protein complex [13, 14]. The RGS domain
acts as GTPase-activating protein (GAP) for Ga subunits,
accelerating the Ga subunit catalytic cycle and thereby facili-
tating rapid turn off of Ga activation by extracellular signals
[13, 14]. It was suggested that the catalytic cycle of Ga subu-
nit regulated by RGS and other G protein modulators is also
critically important for the noncanonical G protein function in
cell division [8–12]. We previously found that an RGS-medi-
ated ephrin-B signaling pathway is critical for promoting neu-
ral progenitor cell fate in the developing cerebral cortex [15].
Our observation of the involvement of an RGS protein in the
maintenance of cortical neural progenitor cells suggests that
Ga subunits might function in coordination with ephrin-B in
the control of cortical neural progenitor homeostasis by pro-
moting neural progenitor differentiation.
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In this study, we have examined the function of Gai subunit
in cortical neural progenitor cells using combined embryologi-
cal and genetic approaches. We present evidence for a role of
the Gai2 subunit in promoting cortical neurogenesis, and we
further show that Ga and ephrin-B signaling pathways work as
two counteracting forces to coordinately regulate neural pro-
genitor homeostasis in the developing mammalian brain.

MATERIALS AND METHODS

Plasmids and Antibodies

PDZ-RGS3N871D, Gai2QL, and Gai2 were expressed under
the control of elongation factor two promoter. The parental
plasmid also contains an ubiquitin promoter-enhanced green
fluorescent protein (EGFP) expression cassette for easy identi-
fication and tracing of the transfected cells.

Primary antibodies used in this study included a rabbit
polyclonal anti-ephrin-B antibody C18 (1:100, Santa Cruz Bio-
technology Inc., Santa Cruz, CA, http://www.scbt.com), goat-
anti-ephrin-B1 monoclonal antibody (1:200, Sigma), anti-Gai2
(1:100, Santa Cruz Biotech), monoclonal anti-nestin Rat-401
(1:100, Developmental Studies Hybridoma Bank, Iowa, IA,
http://dshb.biology.uiowa.edu/), anti-doublecortin (DCX) (1:50,
Santa Cruz), anti-BrdU (1:500, Sigma, St. Louis, MO, http://
www.sigmaaldrich.com), Sheep anti-Digoxigenin-AP (1:2,000,
Roche, Basel, Switzerland, http://www.roche-applied-science.
com), anti-green fluorescent protein (GFP) (1:200, Molecular
Probe Inc., Eugene, OR, http://probes.invitrogen.com), Rabbit
anti-Ki67 (1:100, Novocastra Laboratories Ltd., Newcastle
upon Tyne, U.K., http://www.novocastra.co.uk), and Rabbit
anti-phospho-Histone H3 (1:200, Millipore, Billerica, MA,
http://www.millipore.com/). All secondary antibodies were
from Jackson ImmnunoResearch (West Grove, PA, http://
www.jacksonimmuno.com/) (Rhod Red-X-AffiniPure and Cy2
AffiniPure conjugated) and were used with a dilution of 1:200.

RNA In Situ and Immunohistochemistry

RNA probes for Gai subunits were transcribed from cDNAs
of each individual molecule. RNA in situ and immunohisto-
chemistry were done essentially as described previously [15].
RNA In situ images were captured on Olympus IX81 inverted
microscope. Immunofluorescence images were taken using a
confocal microscope (Zeiss LSM 510 Upright two photon).

In Utero Electroporation Functional Analysis

In utero electroporation was performed essentially as
described previously [15]. Embryos of Swiss Webster mice or
the G184SGai2 knock-in mice were electroporated at E13.5
and brains were removed for analyses at E14.5, or later
stages. Survivals of electroporated embryos in the G184SGai2
knock-in mice were poor. This technical limitation was due to
the factor that electroporation of the entire litter of embryos
(so to cover different genotypes of embryos in a het � het
mating) often induced abortion before brains could be col-
lected for analysis, compounded by the factor that homozy-
gous (Gai2_G184S/G184S) embryos did not survive well after
electroporation.

Pictures were taken using a confocal microscope (Zeiss
LSM 510 Upright two photon). The VZ/SVZ, intermediate
zone (IZ), and cortical plate (CP) areas of the cortex were
defined by the Hoechst nuclear stain revealed cytoarchitec-
tural demarcations. Center coronal sections along the anterior-
posterior axis of the injected region in individual brains were
used for quantification. Quantification was done using Image–
Pro Plus 5.1 program (Media Cybernetics, Inc., Crofton, MD,

http://www.mediacy.com) and was shown as mean 6 SD.
Multiple brain samples (ranging from 6 to 11 brains) were
used for analyses in each individual electroporation
experiment.

Acutely Dissociated Cell Culture and
Immunocytochemistry

E15.5 cortices isolated from the electroporated embryos or
from wild-type and mutant G184SGai2 knock-in mice were
dissociated in Hank’s balanced salt solution (HBSS) and
washed twice with HBSS. Cell pellets were resuspended in
D-MEM/F12 medium supplemented with B27 (1:50 v/v), pen-
icillin (100 units/ml) and streptomycin (100 lg/ml), counted,
plated (5 � 105 cells/well) onto poly-D-lysine-coated cover-
slips placed in a 24-well plate, and cultured at 37�C. Two
hours after incubation, cells were fixed with 4% paraformal-
dehyde and processed for immunocytochemistry of cellular
markers.

G184SGai2 Knock-in Mice Analysis

G184SGai2 knock-in mice were reported previously [16]. Pro-
genitor cell cycle exit and BrdU labeling were analyzed
essentially as described previously [15]. In brief, to obtain
BrdU labeling and progenitor cell cycle exit index, pregnant
female mice were labeled with BrdU (50 mg/kg) for 30
minutes and 24 hours, respectively. For BrdU birth dating,
E12.5 and E15.5 pregnant female mice were labeled with
BrdU (100 mg/kg) and the labeled mice were sacrificed at
postnatal day 0 (P0) for analysis. Cryosections of the brains
(12–14 lm) were processed for BrdU, Ki67 Tbr2, Sox5, or
Cux1 staining, and images were taken using a confocal micro-
scope (Zeiss LSM 510 Upright two photon). For BrdU label-
ing, Pax6, and Tbr2 quantification, BrdUþ, Pax6þ, or Tbr2þ

cells were counted against the total cells stained by propidium
iodide in �40 optical view. For progenitor cell cycle exit
index, BrdUþKi67� cells (cells exiting cell cycle) were
counted against the total BrdUþ cells in �40 optical view.
For late born neuron analyses at P0, the numbers of BrdU
positive cells within the upper layer in �20 optical view were
quantified. Measurement of the thickness of Cux1 positive
cell band was quantified using comparable sections (coronal
sections at the similar locations along the anterior-posterior
axis) of G184S/G184S homozygous brains or wild-type litter-
mate brains. Quantifications were shown as mean 6 SD.

RESULTS

Ga Activation Counteracts the RGS-Mediated
Function of Ephrin-B in Neural Progenitors

We started by testing the requirement for GAP activity in the
RGS-dependent ephrin-B function [15]. Mutation of a con-
served asparagine in the RGS domain is known to result in an
RGS protein that lacks GAP activity. We made a mutant
PDZ-regulator of G-protein signaling 3 (RGS3) (PDZ-
RGS3N871D) which carries the corresponding asparagine to
aspartate mutation. We previously found that coexpression of
ephrin-B1 and PDZ-RGS3 in the cortex could prevent neural
progenitor cell differentiation resulting in the retention of
many affected progenitors in the area around the subventricu-
lar zone (SVZ) (Fig. 1B) [15]. When ephrin-B1 is coex-
pressed with PDZ-RGS3N871D, neural progenitor cells
appeared to be not affected and were mostly translocated into
the CP via outward migration (Fig. 1C), similar to control
cells expressing EGFP alone (Fig. 1A). This result indicates

1582 Ga in Neural Progenitor Cell Differentiation



that the GAP activity of PDZ-RGS3 is essential for the RGS-
dependent ephrin-B function in the cortex, suggesting that a
G protein is a likely signaling molecule working in coopera-
tion with ephrin-B. To test this possibility further, we next
coexpressed ephrin-B1 and PDZ-RGS3 with Gai2QL, a consti-
tutively active form of the Ga subunit of the heterotrimeric G
proteins. Expression of Gai2QL countered the action of eph-
rin-B1 and PDZ-RGS3, most cells were present in the CP
(Fig. 1D), indicating that active Ga can antagonize ephrin-B
function in cortical neural progenitor cells.

Multiple Ga Subunits Are Expressed by Cortical
Neural Progenitors

To determine which Ga subunits are expressed during the pe-
riod of cortical neurogenesis, we examined expression pat-
terns of the Gai subfamily of Ga subunits. The Gai subfamily
has been implicated by genetic studies in C. elegans and Dro-
sophila to play an essential role in asymmetric cell division
[8, 9], and they are known to interact with the RGS domain of
RGS3 [13, 14]. RNA in situ analyses showed that all three

Figure 1. GTPase-activating pro-
tein activity of the regulator of G
protein signaling domain is required
for the function of ephrin-B in cortical
neural progenitor cells. Combinations
of different DNA constructs of ephrin-
B, PDZ-RGS3, and Ga were electro-
porated into the cortex at E13.5. Brains
were analyzed at E17.5 to visualize the
affected cells. The graph shows the
percentage of green cells in the non-
CP area (VZ, SVZ, and IZ) among the
total green cells through the entire
thickness of the cortex. The VZ/SVZ,
IZ, and CP were outlined based on the
Hoechst stain revealed structural marks
(examples shown in Fig. 3C). Error
bars show SD. Abbreviations: CP, cort-
ical plate; EGFP, enhanced green
fluorescent protein; IRES, internal ribo-
some entry site; IZ, intermediate zone;
SVZ, subventricular zone; VZ, ventric-
ular zone.

Figure 2. Multiple Gai subunits are expressed in the cortical ventricular zone. (A): RNA in situ hybridization in the mouse developing cortex.
(B): Immunohistochemistry of Gai2 at various stages of corticogenesis. The control shows staining without primary antibody. (C, D, E): Coex-
pression of Gai2 with nestin (C), Ki67 (D), and ephrin-B1 (E). The arrow indicates the apical surface of the VZ. (F): Antiephrin-B1 staining on
wild-type and ephrin-B1 null mutant cortices. Abbreviations: CP, cortical plate; VZ, ventricular zone.
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known Gai subunits (Gai1, Gai2, and Gai3) were preferentially
expressed in the cortical VZ (Fig. 2A), with Gai2 expression
most prominently detected. We further looked at protein
expression of Gai2 subunit in relation to cortical neural progeni-
tor cells, which are abundant in the VZ. Gai2 protein expression
was detected at multiple stages during corticogenesis and was
more strongly present in the VZ area of the cortex (Fig. 2B).
Gai2 was found to coexpress with neural progenitor markers,
including nestin (Fig. 2C), Ki67 (Fig. 2D) and ephrin-B
(Fig. 2E), suggesting that Gai2 is expressed in cortical neural
progenitor cells. Interestingly, Gai2 and ephrin-B were both seen
often enriched at the apical surface of the VZ (Fig. 2E), which
harbors proteins implicated in regulating apical-basal polarity
or asymmetric cell division including Par3, atypical protein ki-
nase C (aPKC), or cdc42 [17, 18]. This apical staining for eph-
rin-B1 was specific as it was absent in the ephrin-B1 null mutant
cortex (Fig. 2F). These expression patterns are consistent with a
possible role of Gai subunits in neural progenitor cells during
cortical neurogenesis.

Activation of Ga Signaling in Cortical Neural
Progenitors Causes Differentiation

To examine the function of Ga subunits, we tested the effect of
expression of Ga in the embryonic cortex. We electroporated
Gai2QL or Gai2 into the cortex at E13.5 and analyzed the trans-
fected neural progenitor cells at E14.5 and E15.5, two peak
stages of cortical neurogenesis. Expression of Gai2QL or Gai2 in
cortical neural progenitor cells caused an effect similar to the in-
hibition of ephrin-B signaling [15]. When compared with control
cells expressing EGFP, expression of Gai2QL or Gai2 induced an
outward shift of the affected cells away from the apical surface
of the VZ (Fig. 3A and 3C), an indication of neural progenitor
differentiation. At E14.5, assessment of BrdU incorporation and
expression of phospho-Histone H3 (p-H3) in the electroporated
progenitors showed that expression of Gai2QL caused a reduc-
tion in the number of progenitors, reflected in both the BrdU
labeling index (percentage of BrdUþ S-phase cells, labeled with
a short pulse of BrdU, out of the total number of green cells; Fig.
3A) and the mitotic index (percentage of p-H3þ apically local-
ized mitotic cells out of the total number of green cells; Fig. 3B),
suggesting that Gai signaling negatively regulates the number of
neural progenitors. At E15.5, more cells expressing Gai2QL or
Gai2 were found leaving the VZ and entering the IZ and the CP,
compared with control cells expressing EGFP (Fig. 3C). Gai2QL
expressing cells that had reached the CP were positive for dou-
blecortin and bIII-tubulin (Fig. 3D), suggesting that the earlier
appearance of these cells in the CP was a result of differentiation
and subsequent outward migration rather than a premature
migration of the affected neural progenitors. Consistent with the
observed cell distribution, quantification of acutely dissociated
cells derived from electroporated cortices showed an increase of
doublecortin positive cells in Gai2QL-expressing cells (Fig. 3D).
Together, these results suggest that activation of Gai signaling in
the cortical neural progenitor cells promotes cell cycle exit and
neuronal differentiation, counteracting the function of ephrin-B.
The fact that both Gai2 and Gai2QL have the same effect implies,
respectively, that there is ongoing G protein activation by a
receptor or a nonreceptor guanine nucleotide exchange factor
and that the primary mediator is the Ga subunit and not Gbc.

Knock-in of an RGS Insensitive Gai2 Subunit
Causes Early Cell Cycle Exit and Neuronal
Differentiation

We next looked at a strain of RGS-insensitive G184SGai2
knock-in mice [16] to examine the effect of a genetic mutation

of Ga signaling in mice. The G184S mutation prevents RGS
binding to the Ga subunit and GAP activity. The mutation does
not affect other functions of the Ga subunit, such as the intrinsic
GTPase activity of the G protein or its coupling to Gbc subu-
nits, receptors, or effectors (adenylyl cyclase) [19]. We rea-
soned that in the knock-in mice, the RGS-insensitive
G184SGai2 mutant would elicit a gain-of-function (GOF) effect
of Gai2 and would prevent the ephrin-B/RGS-mediated mainte-
nance of the neural progenitor state resulting in progenitor cell
differentiation. Analysis of the cytoarchitecture in E15.5 brains
of the G184SGai2 knock-in mice revealed thinning of the corti-
cal radial dimension in the Gai2_G184S/G184S homozygous
brains, compared with their wild-type or heterozygous litter-
mates (data not shown), suggesting a defect in neurogenesis.

To look at neural progenitor cells more directly, we exam-
ined BrdU incorporation in the cortex of the G184SGai2
knock-in mice. We first examined a short pulse of BrdU
incorporation (30-minutes BrdU labeling). The Gai2_G184S/
G184S homozygous brains showed a decrease in the number
of BrdUþ cells when labeled with BrdU for a short period
(Fig. 4A). Immunohistochemistry on Pax6 and Tbr2, markers
of radial glia and basal progenitor [20], also showed a reduc-
tion in the number of Pax6þ and Tbr2þ progenitor cells (Fig.
4A). The loss of basal progenitor cells might be due to the
loss of radial glial cells, as Tbr2 was regulated by Pax6 [21].
Anticleaved caspase three staining did not show obvious dif-
ference between brains of Gai2_G184S/G184S homozygote
and wild-type littermate (data not shown), suggesting that the
loss of neural progenitors was not likely a result of cell death.

We further performed an analysis of cell cycle exit and re-
entry [22], as this would be expected to more readily reveal any
possible defect in the balance between self-renewal and differen-
tiation in development, that is, an increase or a decrease in the
cell cycle exit index suggests induced or reduced differentiation,
respectively. Pregnant mice were labeled with BrdU for 24
hours. Cell cycle exit and re-entry were analyzed by measuring
the fraction of BrdUþKi67� cells (cells that have exited cell
cycle) of total BrdUþ cells in �40 optical view. We found that
in the homozygous (Gai2_G184S/G184S) brains, more
BrdUþKi67� cells (green cells) were present (e.g., in the area of
the SVZ and the IZ where newly differentiated cells are migrat-
ing out of the VZ) compared with their wild-type littermates
(Fig. 4B), indicating there were more cells exiting the cell cycle
in the homozygous mutant cortices. The BrdUþ cells in the
region of IZ were positive for doublecortin (Fig. 4C), suggesting
neuronal differentiation in the cells having exited cell cycle. This
was also supported by quantification of acutely dissociated cells
derived from the wild-type and homozygous brains, which
showed that more BrdUþ cells in the homozygous brain were
positive for doublecortin (Fig. 4C). We next wanted to look at
the effect of genetic GOF of Gai2 on the ephrin-B/RGS pathway.
This was tried by coexpression of ephrin-B1 and PDZ-RGS3 in
the G184SGai2 knock-in mice via in utero electroporation at
E13.5 and analyses of injected brains at E17.5. The recovery of
electroporated embryos were poor in this test (discussed in
‘‘Materials and Methods’’), however, in one surviving litter that
we were able to obtain for analysis, the result showed that
genetic GOF of Gai2 could also counteract the function of eph-
rin-B. As shown in Figure 4D, coexpression of ephrin-B1 and
PDZ-RGS3 resulted in more affected cells to stay outside the CP
in the wild-type embryos, but this effect of ephrin-B was inhib-
ited in the homozygous embryo, consistent with the electropora-
tion result shown in Figure 1. These genetic data thus indicate
that GOF of Gai2 signaling causes early cell cycle exit thereby
reducing the pool of self-renewing progenitor cells, a phenotype
similar to what was observed in ephrin-B1 knockout mice [15]
and PDZ-RGS3 knockout mice (Qiu et al., unpublished data).
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Knock-in of G184SGai2 Subunit Causes a Defect in
the Generation of Late Born Cortical Neurons

We next looked at cortical lamination and neuron generation
in G184SGai2 knock-in mice at birth, when embryonic corti-
cal neurogenesis approached an end. To examine cortical lam-
ination, we labeled littermates with BrdU at E12.5 or E15.5
and looked at the distribution of BrdU positive cells in the
cortices at P0. As shown in Figure 5A, E12.5- and E15.5-la-

beled BrdU positive cells were concentrated in the deep layers
VI and V, and the upper layers II–IV, respectively, suggesting
that cortical lamination in mutant cortices were comparable to
wild-type littermates. However, in the homozygous mutant
cortices, there were fewer BrdU-labeled neurons in the upper
layers, suggesting a defect in the generation of late born neu-
rons. To confirm that this was not simply due to a variation
in BrdU labeling efficiency among different littermates, we
further examined the deep and upper layer neurons that were

Figure 3. Activation of Ga signaling in the cortex leads to neural progenitor cell differentiation. (A, B): DNA construct of Gai2QL or EGFP
was electroporated into the cortex at E13.5. Brains were analyzed at E14.5 and immunostained for BrdU (pulse-labeled for 2 hours) or phospho-
Histone H3 (p-H3). The percentage of BrdUþ or apical p-H3þ cells (indicated by arrows) in the total number of green cells was determined. (C):
DNA construct of Gai2QL or Gai2 was electroporated into the cortex at E13.5. Brains were analyzed at E15.5 to visualize the affected cells. The
distributions of green cells in VZ/SVZ, IZ, and CP were determined and shown in the graph. The VZ/SVZ, IZ, and CP areas of the cortex were
defined by the Hoechst revealed cytoarchitectural demarcations. (D): Immunohistochemistry of doublecortin and bIII-tubulin on electroporated
brain sections (upper panels) or acutely dissociated cortical cells derived from electroporated cortices (bottom panels). Quantification from acutely
dissociated cells shows more doublecortin positive cells in Gai2QL-expressing cells. Error bars show SD. Abbreviations: BrdU, bromodeoxyuri-
dine; CP, cortical plate; EGFP, enhanced green fluorescent protein; EGFP-PDZ-RGS3, enhanced green fluorescent protein-PDZ-regulator of G-
protein signaling 3; IRES, internal ribosome entry site; IZ, intermediate zone; SVZ, subventricular zone; VZ, ventricular zone.
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Figure 4. Genetic gain-of-function of Ga signaling leads to cell cycle exit and neuronal differentiation in cortical neural progenitors. Images
show brain sections from littermates. (A): BrdU (30-minutes labeling), Pax6, and Tbr2 staining in the cortex. Quantification shows the percentage
of BrdUþ, Pax6þ, or Tbr2þ cells in the total number of cells/�40 optical view. (B): Cell cycle exit analysis—fraction of progenitor cells exiting
cell cycle (BrdUþKi67� cells, indicated by arrows) in the population of BrdUþ cells in brains labeled with BrdU for 24 hours. (C): BrdU and
doublecortin costaining on E15.5 mutant cortex (labeled with BrdU for 24 hours; upper panels), and quantification of doublecortin positive BrdU-
labeled cells in acutely dissociated cultures (bottom panels). (D): Coexpression of ephrin-B1 and PDZ-RGS3 in wild-type embryos results in
more cells to stay outside the cortical plate, but this effect is inhibited in the G184S/G184S homozygous littermate embryo. Error bars show SD.
Abbreviations: BrdU, bromodeoxyuridine; CP, cortical plate; DCX, doublecortin; EGFP-PDZ-RGS3, enhanced green fluorescent protein-PDZ-reg-
ulator of G-protein signaling 3; IRES, internal ribosome entry site; IZ, intermediate zone; Pax6, paired box 6; SVZ, subventricular zone; Tbr2, t
box brain 2; VZ, ventricular zone.

1586 Ga in Neural Progenitor Cell Differentiation



marked by the expression of Sox5 and Cux1, respectively.
We found that in homozygous mutant cortices, there was a
consistent reduction in the thickness of the Cux1þ cell band
compared with the wild-type littermate brains (Fig. 5B), while
the difference in the Sox5þ cell band was more subtle. These
results suggest that the production of late born cortical neu-
rons were affected due to activation of Gai2 signaling.

DISCUSSION

Taken together, our results from electroporation and genetic
analyses reveal a critical role of Ga subunits in mammalian
neurogenesis. On the basis of the data obtained here and our
study of the ephrin-B signaling pathway, we propose a
working model for how Ga and ephrin-B signaling pathways
function in coordination in neural progenitor cells (Fig. 6):
The balance between self-renewal and differentiation is
expected to be determined by equilibriums of molecular
interactions within neural progenitor cells. Our data suggest
this can be achieved, at least in part, by the balance of two
intricately linked and opposing signaling pathways [23]. The
ephrin-B signaling pathway, mediated by PDZ-RGS3 [15]
and zinc fingers and homeoboxes 2 (ZHX2) [28], promotes
neural progenitor maintenance, the Ga signaling pathway
encourages differentiation, and the two are linked by the
RGS. As both ephrin-B/RGS and Gai subunits are specifi-
cally enriched in the cortical VZ, the antagonistic effect of
the two pathways on self-renewal and differentiation suggest
that they likely act directly as a switch mechanism. This
raises an interesting question as how Gai subunits, after ini-
tiating differentiation, keep driving neural progenitors to
move further along the differentiation path. We speculate
that Gai subunits may continue in some way to function in
maintaining the differentiation state, either by acting directly
in newborn neurons (RNA in situ or immunohistochemistry
we performed here might not sensitive enough to detect

Figure 5. Defect in the production of late born neurons in G184S/G184S homozygous mutant cortices. (A): Cortical lamination in homozygous
mutant mice appeared normal based on BrdU birth dating observed at P0, but production of late born neurons (revealed by BrdU labeling at
E15.5) was reduced compared with the wild-type littermates. (B): Fewer late born neurons (Cux1þ) were present in the mutant cortices, as
reflected in the reduction of the thickness of the upper cortical layers (II–IV). Abbreviations: BrdU, bromodeoxyuridine; WM, white matter;
Sox5, SRY (sex determining region Y)-box 5; Cux1, cut-like homeobox 1.

Figure 6. A model of ephrin-B and Ga pathways in balancing
self-renewal and differentiation. (A): A molecular pathway of
ephrin-B and Ga interaction: PDZ-RGS3 binds to the cytoplasmic
domain of ephrin-B and links ephrin-B to the modulation of Ga
subunit [23]. (B): Our results from ephrin-B and Ga suggest that
the balance between these two signaling pathways helps maintain
a balance between self-renewal and differentiation and regulates
the developmental progression of neural progenitor cells from
self-renewal to neurogenesis in the developing cerebral cortex.
The cartoon of radial glia cell (RGC) symmetric and asymmetric
cell divisions was modified from Fishell and Kriegstein [24]. Neu-
rogenesis of RGCs takes both a direct (neuron generation) and an
indirect (basal progenitor generation) route [25–27]. Whether eph-
rin-B and Gai signaling pathways can act through both neurogene-
sis schemes requires further study. Abbreviations: EphB, l l l;
GDP, guanosine diphosphate; RGS, regulator of G protein signal-
ing; PDZ-RGS3, PDZ-regulator of G-protein signaling 3.
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continued expression in neurons), or by activating certain
signaling programs or gene expressions that are responsible
for the maintenance of differentiation. Another question is
when the interaction between ephrin-B/RGS and Gai pathways
come into play in balancing self-renewal and differentiation, as
ephrin-B/RGS and Gai subunits were found to be expressed in
the cortical VZ at the start of neurogenesis (E10-E11). In a
separate study (Qiu et al., Stem Cells, 2010) [29], we found
that knockout of PDZ-RGS3, which was expected to uniformly
block RGS-mediated ephrin-B function, caused significant
increase in the production of neurons at E11.5, suggesting that
the action of ephrin-B/RGS and Ga pathways may coincide
with the progression of cortical neurogenesis. In ephrin-B1
knockout mice and G184SGai2 knock-in mice, precocious dif-
ferentiation at E11.5 was much subtler than observed in PDZ-
RGS3 knockout mice, likely due to a compensatory effect in
ephrin-B1 knockout mice (multiple ephrin-Bs are expressed in
neural progenitor cells) or due to the level of expression of
G184SGai2 (relative to other Gai subunits) in G184SGai2
knock-in mice. Although more studies are required to define
the precise mechanisms of ephrin-B and Ga subunit in self-
renewal versus differentiation, it is conceivable, based on the
data from Drosophila and C. elegans [8–12], that the two
pathways exert their functions via regulating neural progenitor
symmetric and asymmetric cell division. In this regard, it is
interesting to note that the mammalian Gai protein can be sub-
cellularly localized to structures critical for cell division, such
as centrosomes and midbody [30].

The decision of cortical neural progenitor cells to either
self-renew or differentiate is known to be influenced by multi-
ple signaling pathways, such as growth factor pathways [epi-
dermal growth factor (EGF), fibroblast growth factor (FGF),
and platelet-derived growth factor (PDGF)], Notch and Wnt
pathways, and their downstream transcription factors. Here,
we identify the ephrin-B and Ga subunit pathways as an im-
portant axis in the control of neural progenitor cell homeosta-
sis during cortical neurogenesis. The list of pathways is
expected to keep going up with new factors important either
for self-renewal or for differentiation being identified in future
studies. An important question then is how these multiple
pathways coordinately guide neural progenitor cells during
development through the progression from progenitor expan-
sion to neurogenesis and move further to switch to gliogene-
sis. Redundancy of multiple pathways in controlling self-
renewal and differentiation may be critical for keeping neural
progenitor/stem cells in check, as dysregulation of this pro-
cess is expected to lead to abnormal brain development or
perhaps even tumorigenesis. On the other hand, crosstalk
among different pathways may be able to impose positive or
negative feedback regulations to better respond to the envi-
ronmental cues or provide a level of plasticity in regulation.
In this regard, it is interesting to note the interaction between
the Wnt and FGF pathways and the ephrin-B pathway in sev-
eral progenitor/stem cell systems. In small intestine stem
cells, the canonical Wnt signaling pathway-mediated tran-
scriptional regulation controls the expression of ephrin-B1

[31]. In xenopus eye field, disheveled can mediate ephrinB1
signaling in the progenitors through the planar cell polarity
pathway [32] while the interaction between FGF and ephrin-B
signaling pathways are important for the proper formation of
the eye field [33]. It will be interesting to further investigate
how such crosstalk between multiple signaling pathways can
impact on the homeostasis of neural progenitor cells in the
context of cortical development.

A previous study [34] showed that overexpression of
Gai3, but not Gai3QL, could cause changes in mitotic spindle
orientations, indicating that activation of Ga signaling was not
involved in the regulation of self-renewal versus differentiation.
In our study, we consistently observed that both Gai2 and
Gai2QL could cause differentiation and subsequent outward
migration of the affected neural progenitor cells. One possible
explanation for this discrepancy might be that two different Gai
subtypes were used in the electroporation-mediated analyses.
Gai3 (in the previous study) and Gai2 (in this study) could have
distinct functions making them behave differently in the cortex.
An alternative explanation for the contradictory results would be
that changes of mitotic spindle orientation, which were scored
in the previous study, may not serve as a reliable functional cri-
terion for predicting the status of neural progenitor cell fate.
Several recent studies [35–38] have found that the predominant
mitotic spindle orientations in cortical neural progenitors are
planar divisions throughout the entire period of cortical neuro-
genesis, suggesting that mitotic spindle orientation is not tightly
linked to cell fate choice in the mammalian brain.

CONCLUSION

In conclusion, our data identify Gai subunits and ephrin-B
signaling pathways as an important axis in neural progenitor
cells for balancing self-renewal and differentiation during
brain development.
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