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Summary

Neurons in the developing mammalian brain are gen-
erated from progenitor cells in the proliferative ven-
tricular zone, and control of progenitor division is
essential to produce the correct number of neurons
during neurogenesis. Here we establish that Gpy
subunits of heterotrimeric G proteins are required for
proper mitotic-spindle orientation of neural progeni-
tors in the developing neocortex. Interfering with Gy
function in progenitors causes a shift in spindle ori-
entation from apical-basal divisions to planar divi-
sions. This results in hyperdifferentiation of progeni-
tors into neurons as a consequence of both daughter
cells adopting a neural fate instead of the normal
asymmetric cell fates. Silencing AGS3, a nonreceptor
activator of GBv, results in defects similar to the im-
pairment of Gfvy, providing evidence that AGS3-Gpy
signaling in progenitors regulates apical-basal divi-
sion and asymmetric cell-fate decisions. Further-
more, our observations indicate that the cell-fate de-
cision of daughter cells is coupled to mitotic-spindle
orientation in progenitors.

Introduction

In the developing mammalian neocortex, projection
neurons are primarily generated from neural progenitor
cells that occupy the proliferative ventricular zone (VZ)
of the cerebral wall. Newborn neurons then migrate
away from their birthplace toward the cortical surface
and form cortical layers. It is widely accepted that ra-
dial glial cells serve as neural progenitor cells (Noctor
et al., 2001) and can generate neurons over multiple
divisions at different times during corticogenesis.
Progenitor cells in the mammalian cerebral cortex
likely undergo both symmetric and asymmetric cell di-
visions. Prior to the onset of neurogenesis, most pro-
genitor cells undergo symmetric cell division to pro-
duce two daughters that both adopt the progenitor
fate. This symmetric division expands the pool of pro-
genitor cells that will ultimately give rise to neurons in
the nervous system. As cortical development proceeds,
progenitor cells begin to undergo asymmetric cell divi-
sion. This asymmetric division produces two distinct
daughter cells, with one differentiating into a neuron
and the other remaining a progenitor cell (Chenn and
McConnell, 1995; Takahashi et al., 1996; Miyata et al.,
2001; Noctor et al., 2001). Toward the end of cortico-
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genesis, progenitors revert back to symmetric cell divi-
sion, giving rise to two daughters that both differentiate
into neurons (Kornack and Rakic, 1995; Takahashi et
al., 1996; Miyata et al., 2001; Cai et al., 2002). Interest-
ingly, the progenitor cleavage plane changes over the
course of corticogenesis (Chenn and McConnell, 1995;
Haydar et al., 2003). Progenitors in the early stage of
corticogenesis (embryonic day 10-12 in mice) divide
with the cleavage plane perpendicular to the ventricular
surface (vertical cleavage plane). However, the fre-
quency of progenitors dividing with the cleavage plane
parallel to the ventricular surface (horizontal cleavage
plane) increases (Chenn and McConnell, 1995; Haydar
et al., 2003) as development proceeds, peaking at E14—
15 in mice. At later stages of neurogenesis, most pro-
genitor cells reorient their cleavage plane back to the
vertical axis (Haydar et al., 2003). Thus, the orientation
of the mitotic spindle of progenitors correlates with the
cell-fate decision of the two daughter cells. However,
to date, there is no evidence demonstrating that manip-
ulation of mitotic-spindle orientation can alter the fate
of daughter cells. In addition, the molecular mechanism
by which spindle orientation is regulated remains un-
solved.

Recent studies in Drosophila and C. elegans have
shown that heterotrimeric guanine-nucleotide binding
regulatory proteins (G proteins) participate in asymmet-
ric cell division by regulating spindle positioning and
orientation (reviewed in Betschinger and Knoblich, 2004).
Heterotrimeric G proteins are composed of o, 3, and y
subunits and are classified based on the primary se-
quences of Ga subunits into four main families: Gas,
Goai, Gog, and Ga12. Classically, G proteins are coupled
to G protein-coupled receptors (GPCRs), and receptor
stimulation induces the exchange of GDP by GTP on
the Go subunit, resulting in the dissociation of the het-
erotrimer into GTP bound Go and free Gfy. Both the
GTP bound Go and dissociated Gy then function as
active signaling modules that regulate various down-
stream effectors (reviewed in Gilman, 1987). Impor-
tantly, in Drosophila neuroblasts and C. elegans em-
bryos, the Goi and Gy subunits are associated with
asymmetric cell division. Moreover, it is suggested that
their activation is unlikely to be mediated by GPCRs
but rather by the nonreceptor activators, GPR-1/2 in
C. elegans and Partner of Inscuteable (Pins) in Dro-
sophila (Schaefer et al., 2001; Gotta et al., 2003). These
activators are orthologs of mammalian AGS3 (activator
of G protein signaling 3), originally identified as one of
the receptor-independent activators of Gy signaling
(Cismowski et al., 1999; Takesono et al., 1999), and
mammalian Pins (Mochizuki et al., 1996). In the de-
veloping mammalian brain, Gai2 is selectively ex-
pressed in the VZ (Asano et al., 2001), and inhibition
of Gi protein signaling by pertussis toxin results in the
reduction of proliferating cells in the neocortex (Shino-
hara et al., 2004). This result raises the possibility that
Goi/GPy plays a role in the proliferation of neural pro-
genitors.

In the present study, we show that the Gy subunits
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of heterotrimeric G proteins play a key role in orienting
the mitotic spindle perpendicular to the ventricular sur-
face (along the apical-basal axis) in the developing neo-
cortex. We also demonstrate that shifting the mitotic
spindle from the apical-basal to planar axis by disrupt-
ing the GPy signaling is associated with hyperdifferenti-
ation of progenitors and overproduction of neurons. In
addition, we provide evidence that GBy is required for
asymmetric cell-fate choices of progenitors. These
findings suggest that the spindle orientation of progeni-
tor cells is coupled to daughter cell-fate choices in the
developing neocortex. Furthermore, our results indicate
that AGS3 functions as an activator of Gfy signaling in
cortical progenitors. Together with the polarized distri-
bution of GBy in the progenitor cells, this study estab-
lishes a link between AGS3-Gpy signaling and proper
spindle orientation, hence asymmetric cell-fate deter-
mination of cerebral cortical progenitor cells during
mammalian neurogenesis.

Results

Gpv Signaling Regulates Spindle Orientation

of Cortical Progenitor Cells

To determine the progenitor cleavage plane in the de-
veloping mouse neocortex, we focused on progenitor
cells in anaphase or telophase, as cortical progenitor
cells in living E15 brain slices displayed dynamic rota-
tion of the metaphase plate prior to chromosome sepa-
ration (Figure 1A; see also Movie S1 in the Supplemen-
tal Data available with this article online; Haydar et al.,
2003). Chenn and McConnell (1995) previously described
three alternative orientations of cleavage planes in rela-
tion to the ventricular surface, including vertical (60°-
90°), intermediate (30°-60°), and horizontal (0°-30°)
(Figure 1B). Vertical cleavage is correlated with sym-
metric, whereas horizontal cleavage is correlated with
asymmetric cell division of progenitor cells. When we
introduced the GFP-expressing plasmid (pCA-IRES-
GFP) into the VZ of E14 embryos by in utero electropo-
ration and analyzed the orientation of cell divisions at
E15, GFP-labeled cells displayed various angles of the
cleavage plane (Figure 1C) in the lateral aspect of the
anterior neocortex where the plasmid was introduced
(data not shown). Based on the alignment of chromo-
somes, approximately 50% of GFP-labeled dividing
cells displayed the vertical cleavage plane, 30% the in-
termediate plane, and the remaining 20% the horizontal
cleavage plane (Figures 1D and 1E). Similar distribution
of the three alternative division planes was observed in
untransfected dividing cells (Figure 1E), suggesting that
electroporation or GFP expression per se had no effect
on the cleavage plane of cortical progenitor cells.

To determine whether G proteins are involved in this
process, we took advantage of the finding that overex-
pression of the carboxy-terminal region of 3-adrenergic
receptor kinase (BARK-ct) blocks Gfy-dependent signal-
ing events by sequestering free Gy without affecting Go.
signaling (Koch et al., 1994). When BARK-ct-expressing
plasmid (pCA-BARK-ct-IRES-GFP) was introduced into
the VZ, a larger population (approximately 72%) of cells
divided with the vertical cleavage plane, and only 28%
displayed either the intermediate or the horizontal cleav-

age plane (Figure 1E). The significant effect of BARK-ct
on altering the cleavage plane suggests that active Gy
contributes to proper mitotic-spindle orientation in cor-
tical progenitor cells. To further verify the role of Gy
signaling, we expressed wild-type Gai, which is known
to sequester free Gfy and thereby inhibit Gfy signaling
(Federman et al., 1992; Crespo et al., 1994). Similar to the
overexpression of BARK-ct, overexpression of Gai3 al-
tered the orientation of the cleavage plane (Figures 1D
and 1E). To exclude the possibility that the alteration of
the cleavage plane observed upon overexpression of wild-
type Goi is due to spontaneous GDP-GTP exchange and
activation of introduced Goi, we transfected Goi3(Q204L),
a GTPase-deficient constitutively active form of Gai3. Ex-
pression of Gai3(Q204L) had no effect on spindle orien-
tation (Figure 1E), suggesting that the alteration of spin-
dle orientation induced by overexpression of Gai3 is
due to the sequestration of Gfy.

We also examined the mitotic spindles using an o-tubulin
antibody. As shown in Figures 1F and 1G, the relative
frequencies of vertical, intermediate, and horizontal
cleavage planes after overexpression of PARK-ct were
similar to those analyzed according to the chromosome
orientation (Figures 1D and 1E). BARK-ct expression
did not seem to affect the microtubule network. Taken
together, these observations suggest that Gfy signaling
controls the spindle orientation of dividing progenitor
cells and participates in progenitor division along the
apical-basal axis in the developing neocortex.

Impaired G~y Signaling Promotes Neurogenesis

in the Neocortex

The altered orientation of cleavage planes in GPy-
impaired progenitors suggests that potential changes
in cell fate might occur in the daughter cells. To test
this hypothesis, we electroporated embryonic brains at
E13 and analyzed the identities of GFP-labeled cells
at E14 (Figure 2A) using neuronal (Tuj1) and progenitor
(Nestin) markers after the cortical cells were dispersed.
When the control GFP-expressing plasmid was intro-
duced, approximately 20% of GFP-labeled cells were
Tuj1 positive (differentiated neurons), and 80% of GFP-
labeled cells remained Nestin-positive progenitors (Fig-
ures 2B and 2C). By contrast, when BARK-ct or Gai3
was introduced, GFP and Tuj1 double-positive cells in-
creased to approximately 50%, which was accompa-
nied by a significant reduction of Nestin-positive pro-
genitors. Thus, these results suggest an important role
for GPy in regulating neurogenesis in the developing
neocortex.

Neuronal Differentiation Is Promoted by Impairment
of GBvy Signaling in Progenitors

To assess whether increased neuron production in-
duced by impaired GPy is due to hyperdifferentiation of
neural progenitor cells, we examined a potential reduc-
tion of the mitotic-cell fraction in BARK-ct/Ga.i3-trans-
fected progenitors by immunohistochemistry using the
phosphohistone H3 (P-H3) antibody, a marker for mi-
totic cells. Twenty-four hours after electroporation of
the control GFP construct, the majority of GFP-positive
cells were located in the VZ, and P-H3-positive cells
were arrayed along the ventricular surface where pro-
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Figure 1. Impairment of Gfy Signaling Results in an Increase in Progenitor-Cell Division along the Planar Axis

(A) Time-lapse video sequences represent the typical mode of cell division in the VZ of E15 cortical slices labeled with a vital nucleic-acid
binding dye, Syto-11. Metaphase plate rotates prior to cleavage (35-65 min). Time is denoted in the bottom right corner.

(B) Dividing progenitor cells are classified into three groups according to the orientation of cleavage plane to the ventricular surface: vertical
(60°-90°), intermediate (30°-60°), and horizontal (0°-30°). Cells with vertical and horizontal cleavage have the mitotic spindle parallel to and
perpendicular to the VZ, respectively.

(C) pCA-IRES-GFP plasmid was introduced into embryos at E14, and brains were fixed at E15. Brain sections were then stained with antibod-
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Figure 2. Impaired GBy Signaling Induces
Overproduction of Neurons

(A) The diagram illustrates the procedure for
examining identities of electroporated cere-
bral cortical cells. Plasmids encoding GFP
together with various genes were introduced
into embryos at E13. Twenty-four hours later,
the anterior neocortex was dissected out
and dispersed, followed by fixation and
staining of cells with either anti-GFP/Tuj1 an-
tibodies or anti-GFP/Nestin antibodies.

(B) Examples of cortical cells electroporated
with the pCA-IRES-GFP plasmid. Images de-
rived from double staining with either anti-
GFP/Tuj1 antibodies (left panel) or anti-GFP/
Nestin antibodies (right panel) are shown.
Phase-contrast images are also shown. Yel-
low arrowheads represent double-positive
cells. White arrowheads represent GFP-pos-
itive but Tuj1/Nestin-negative cells.

(C) Percentage of neurons (GFP+ and Tuj1+)
to total GFP+ cells and percentage of pro-
genitors (GFP+ and Nestin+) to total GFP+
cells were quantified and plotted as the
mean = SEM (n = 3-4), with the introduced
plasmid indicated. *p < 0.05, **p < 0.01, ***p <
0.001 (one-way ANOVA).
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genitor cells undergo mitosis in E15 embryos (Figure
3A). Under this condition, 4.9% * 1.6% (n = 5 embryos)
of GFP-labeled cells were positive for P-H3 (72 P-H3- and
GFP-positive cells/1475 GFP-positive cells located in
the VZ) (Figures 3A and 3C). However, when Goi3-
expressing plasmid was introduced, only 2.0% =* 0.4%
(n = 4 embryos) of GFP-labeled cells were positive for
P-H3 (9 P-H3- and GFP-positive cells/528 GFP-positive
cells located in the VZ). A similar significant reduction
of the mitotic-cell population was observed in BARK-
ct-transfected cells (2.6% = 0.2%, n = 3 embryos, 13
P-H3- and GFP-positive cells/480 GFP-positive cells lo-
cated in the VZ) (Figures 3A and 3C).

We next sought to determine whether the decrease
in mitotic cells in GBy-impaired progenitors is due to

100

the promoted cell-cycle exit of dividing progenitor cells.
To this end, embryos were electroporated with the GFP
construct at E13, pulse labeled by BrdU at E14, and
analyzed at E15 by immunostaining with antibodies to
GFP, BrdU, and Ki67 (a marker for cells in the S, G2,
and M phases). As indicated by the arrowheads in Fig-
ure 3B, GFP-, BrdU-, and Ki67-positive cells represent
electroporated cells that were in S phase at E14 and
remained in the cell cycle at E15. In contrast, GFP-posi-
tive, BrdU-positive, and Ki67-negative cells (arrows in
Figure 3B) represent electroporated cells that were in S
phase at E14 and exited the cell cycle at E15. We esti-
mated the cell-cycle-exit index of GFP-labeled cells as
the ratio of GFP+/BrdU+/Ki67- cells to GFP+/BrdU+
cells (Chenn and Walsh, 2002). When either the Gai3 or

ies against GFP (green) and the progenitor marker Nestin (red). Nuclei were stained with Hoechst 33258 (blue). Representative images of
dividing progenitor cells with horizontal, intermediate, and vertical cleavage planes near the ventricular surface are shown. GFP-positive cells
are outlined with solid lines in the first panels. The ventricular (apical) surface is pointing downward.

(D-G) Plasmids encoding GFP together with various genes were introduced into E14 brains, and brains were fixed at E15.

(D) Representative images of GFP-labeled dividing cells (arrowheads) are shown, with the introduced plasmid indicated.

(E) Relative frequencies of cell divisions with vertical, intermediate (green), and horizontal (red) cleavage planes were measured and plotted

as the mean + SEM (n = 3-5).

(F) Brain sections were stained with antibodies against GFP (green) and o-tubulin (red). Representative images of nontransfected control

dividing cells and BARK-ct/GFP-transfected cells are shown.

(G) The relative frequencies of vertical, intermediate (green), and horizontal (red) cleavage planes were measured and plotted according to

the mitotic-spindle orientation (see [B]). Scale bars, 10 um.
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BARK-ct construct was introduced, there was a 2-fold
increase in the fraction of GFP-labeled cells that exited
the cell cycle compared to when the control plasmid
was introduced (p < 0.01, ANOVA; Figures 3B and 3D).
Consistent with this result, more GFP-labeled cells
were located in the intermediate zone and cortical plate
of Goi3- or BARK-ct-electroporated brains compared
to control plasmid-expressing brains (Figure 3B). These
results suggest that enhanced production of neurons
upon impairment of Gy signaling in progenitors likely
arose from increased neuronal differentiation of pro-
genitor cells.

Gp+ Signaling Affects Cell-Fate Choices

of Neural Progenitor Cells In Vitro

The increase in progenitors with a vertical cleavage
plane (Figure 1) and the enhanced neuronal differentia-

pCA-BARK-cl-IRES-GFP

Figure 3. Neural Differentiation of Progenitor
Cells Is Promoted by Disruption of GBy Sig-
naling

(A) pCA-IRES-GFP (left), pCA-BARK-ct-IRES-
GFP (middle), or pCA-Gai3-IRES-GFP (right)
plasmid was electroporated into embryos at
E14, and brains were fixed at E15. Brain sec-
tions were then stained with antibodies
against GFP (green) and the mitotic marker
phosphohistone H3 (P-H3, red).

(B) pCA-IRES-GFP (left), pCA-Goi3-IRES-
GFP (middle), or BARK-ct-IRES-GFP (right)
plasmid was introduced into embryonic
brains at E13; BrdU was administrated at
E14; and brains were fixed 24 hr after the
BrdU pulse labeling. Brain sections were
then stained with antibodies against BrdU
(red), the cell-cycle marker Ki67 (blue), and
GFP (green). GFP-positive cells labeled with
both BrdU and Ki67 (white; arrowheads) re-
main active in the cell cycle. GFP-positive
cells labeled with BrdU but not Ki67 (yellow;
arrows) are those that exited the cell cycle.
(C) Mitotic index.

(D) Cell-cycle-exit index. Data are presented
as the mean = SEM (n = 3). *p < 0.05, *p <
0.01 (one-way ANOVA). Scale bars, 20 pm.

tion of progenitors (Figures 2 and 3) upon disruption of
Gy strongly argue that GPy signaling normally plays a
regulatory role in the asymmetric division of progeni-
tors. To test this hypothesis, we performed pair-cell
analyses to closely follow the fate of the progeny of
individual progenitor cells derived from control and
BARK-ct-expressing neocortices (Figure 4A). Briefly,
dissociated progenitors from the anterior cortex were
plated at clonal density and allowed to undergo one
cell division in vitro. Pairs of GFP-positive cells gener-
ated by the division of GFP-labeled progenitor cells
were fixed 20 hr after plating and analyzed by staining
with the Tuj1 antibody. Consistent with the previous
study (Shen et al., 2002), progenitor cells expressing
the control GFP construct exhibited one of the three
modes of cell division: P-P division—two daughter pro-
genitor cells; P-N division—one daughter progenitor
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Figure 4. Mode of Cell Division Is Regulated by Gy Signaling

(A) The diagram illustrates the procedure for in vitro pair-cell analysis of gene-introduced progenitors (see text).

(B) Examples of three types of daughter-cell pairs generated from a single GFP-positive progenitor: two neurons (N-N, top panels), two
progenitors (P-P, middle panels), and a progenitor and a neuron (P-N, bottom panels). Small panels on the left represent phase-contrast
images (gray) and GFP images (green) of cortical cells 2 hr and 20 hr after plating. Similar fields of images obtained at each time point are
shown. Single GFP-positive cells 2 hr after plating (arrowheads) divided and generated two GFP-positive daughter cells 20 hr after plating
(arrowheads). The five panels on the right are high-magnification images of GFP-positive cells indicated by arrowheads in the small panels
on the left (20 hr). Cultures were stained with antibodies against GFP (green) and Tuj1 (red). Nuclei were stained with Hoechst 33258 (blue).
(C) pCA-IRES-GFP or pCA-BARK-ct-IRES-GFP was introduced into the neocortex, and pair-cell analysis was carried out. The percentage of
P-P symmetric, N-N symmetric, and P-N asymmetric divisions was calculated and plotted as the mean + SEM (n = 3).

(Tuj1 negative) and one daughter neuron (Tuj1 positive);
N-N division—two daughter neurons (Figure 4B). The
proportion of N-N, P-N, and P-P divisions of the GFP-
expressing progenitors was 55.7% = 1.9%, 12.4% =
1.7%, and 31.8% = 1.8%, respectively (n = 3, 70 cells)

(Figure 4C). Progenitor cells expressing PBARK-ct
showed a substantial decrease in asymmetric P-N divi-
sion (1.9% = 1.9%, n = 3, 1 out of 61 cells) and a marked
increase in N-N division (74% = 3.9%). These observa-
tions indicate that impaired GPy signaling in cortical
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Figure 5. Interaction Between Goi and AGS3
in Cultured Neural Progenitor Cells

(A) Neural progenitor cells cultured on dishes
were stained with antibody against Nestin

P (top, phase-contrast image; bottom, Nestin
o o immunoreactivity).
L = (B) HEK293T cells were transiently trans-
(g %J fected with plasmids encoding mouse Goail,

Goi2, and Gai3. The cell lysates (10 g pro-
teins) prepared 48 hr after transfection were
immunoblotted with antibodies indicated.
HEK293T cells express detectable level of
endogenous Gai3.

(C) Cell lysates (10 pg proteins) of cultured
progenitor cells and E14 forebrain lysates
(10 pg proteins) were immunoblotted with
antibodies against Goil, Goi2, Gai3, dynein
intermediate chain (DIC), and actin.

(D and E) Progenitor-cell extracts were im-
munoprecipitated with an anti-Gai3 anti-
body, and the immunoprecipitates were im-
munoblotted with antibodies against AGS3
and Gai3 (D) or antibodies against Gf1 and
Goi3 (E). Input in (D) is 1% of the starting
material. In (E), immunoblots of input (2% of
the starting material) (longer exposure) and
immunoprecipitates (shorter exposure) are
separately shown.

(Fa—Ff) Brain sections derived from E14 em-
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progenitors results in overproduction of neurons as a
consequence of both daughter cells adopting the neu-
ronal fate.

AGS3 Associates with Gai in the Neural

Progenitor Cells

In Drosophila neuroblasts, a GPCR-independent acti-
vator of heterotrimeric G proteins, Pins, plays important
roles in spindle positioning and orientation during
asymmetric cell division. Mammalian AGS3 is an or-
tholog of Drosophila Pins. Functionally, AGS3 induces
the dissociation of GDP bound Gai from Gfy by direct
interaction with GDP bound Gai, and the free Gy in
turn activates downstream signaling events (Takesono
et al., 1999; Natochin et al., 2000). We first determined
whether AGS3 is expressed in the progenitor-cell pop-
ulation. In cultured progenitor cells (approximately 95%
are Nestin positive, Figure 5A), AGS3, along with Gail,
Goi2, and Gai3, were all expressed (Figure 5C) as as-
sessed by immunoblotting with antibodies specific to
each Goi subtype (Figure 5B). Importantly, Goi3 anti-
body coimmunoprecipitated AGS3 in cultured progeni-
tor cells (Figure 5D). Since antibodies against Goil and

-
oy

bryos were stained with anti-GB1 antibody.
Representative images of nontransfected di-
viding cells (Fa-Fe) and a pCA-BARK-ct-IRES-
GFP-transfected cell (Ff) are shown (a meta-
phase cell [Fa] and anaphase cells with
various angles of the cleavage plane [Fb-Ff]
are shown). GB1 crescents are indicated by
arrowheads.

Goai2 did not immunoprecipitate the respective Ga.i pro-
teins, the potential association of AGS3 with the other
Goi subtypes could not be determined. The physical
interaction of AGS3 and Goi3 suggests that these
molecules likely function together in the progenitors to
regulate the cleavage plane of their division.

Moreover, we found that the 1 subunit of heterotri-
meric G proteins (GB1) was expressed in progenitors
and associated with Gai3 (Figure 5E). Importantly, lo-
calization of GB1 in dividing progenitors correlated with
the cleavage plane (Figures 5Fa-5Fe). In cells with the
vertical cleavage plane, GB1 immunoreactivity was
prominent near the lateral or apical-lateral side of the
cell cortex (Figures 5Fb and 5Fc), whereas in cells with
the horizontal cleavage plane, GB1 was localized to the
apical and basal sides (Figure 5Fe). The GB1 crescents
were 81° = 3° from the axis of the cleavage plane (n =
32). Hence, the GB1 crescents appeared to be approxi-
mately perpendicular to the cell-cleavage plane. In ad-
dition, overexpression of ARK-ct did not seem to im-
pact the subcellular distribution of GB1 (84° + 4° from
the axis of the cleavage plane, p > 0.6, one-way
ANOVA) (Figure 5Ff), which is consistent with the previ-
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ous observation that BARK is targeted to membrane
bound Gy, but does not extract Gy from the cell mem-
brane (Pitcher et al., 1992). These observations lead to
the notion that G31/y subunits establish the axis of divi-
sion by localizing to the interface between astral micro-
tubules and plasma membrane, thereby regulating their
interactions.

Silencing of AGS3 Expression in Cortical Progenitors
Causes Abnormalities Similar to Those Caused

by Disruption of GB+y Signaling

To examine whether AGS3 contributes to the regulation
of spindle orientation and neurogenesis, we generated
a DNA-based RNAi vector (Sui et al., 2002) to knock
down the expression of AGS3. When the RNAi con-
struct for AGS3 (pBS-U6-AGS3) was cotransfected with
the GFP-tagged AGS3 in HEK293T cells (Figure 6A), the
expression of AGS3 was substantially reduced as com-
pared to the control plasmid (pBS-U6) and to the RNAI
construct for a3 integrin (pBS-U6-VLAS3; Sanada et al.,
2004) (p < 0.001, n = 4, one-way ANOVA). We next intro-
duced pBS-U6-AGS3 together with the GFP construct
(pCA-IRES-GFP) into the VZ of E13 embryos and ana-
lyzed the orientation of cleavage planes at E15 (Figure
6B). As shown in Figure 6C, silencing of AGS3 expres-
sion caused an even more pronounced alteration in
spindle orientation than that caused by BARK-ct or
Goi3 overexpression, with approximately 90% of GFP-
positive progenitor cells displaying the vertical cleav-
age plane. This phenotype is consistent with the notion
that AGS3 is an activator of Gy signaling, and silencing
of AGS3 expression should lead to impairment of Gy
signaling. Together with the observation that AGS3 di-
rectly associates with Gai3 in progenitors, these find-
ings suggest that AGS3 regulates spindle orientation
through activation of Gy in cortical progenitors.

To further investigate a role for AGS3 in regulating
spindle orientation, we investigated whether there is a
difference in the behavior of the metaphase plate in
nontransfected and AGS3-silenced progenitor cells. As
demonstrated in Figures 1A and 6D, nontransfected
progenitor cells displayed dynamic rotation of the
metaphase plate prior to chromosome separation. Con-
versely, when the AGS3 RNAIi construct together with
a DsRed2-expressing construct was introduced, the
metaphase plate seemed to slightly seesaw along the
apical-basal axis but failed to rotate during metaphase
(Figures 6D and 6E), which is in agreement with the ob-
servation that the majority of AGS3-silenced progeni-
tors displayed the vertical cleavage plane. Hence,
these results reveal a critical role for AGS3-Gfy signal-
ing in the induction of metaphase rotation.

Spindle orientation is linked to cell polarity. To deter-
mine if polarity is disrupted by AGS3 knockdown or
BARK-ct overexpression, we utilized several well-charac-
terized cell-polarity markers in progenitor cells (Chenn
et al., 1998). We found that neither AGS3 knockdown
nor overexpression of BARK-ct affected the polarized
structure of the progenitor cells, as judged by proper
apical localization of pericentrin (a marker of centri-
oles), F-actin, and B-catenin (Figure S1). This suggests
a direct and specific regulation of the mitotic spindle
by the AGS3-Gy pathway. In addition, AGS3 RNAi did

not affect the apical localization of Numb (Zhong et al.,
1996), a protein required for neuronal proliferation/dif-
ferentiation during the mid-stages of neurogenesis (Li
et al., 2003; Petersen et al., 2004). This suggests that
alteration of cell-fate choices by impairing AGS3-Gy
signaling is not linked to a change in Numb localization.

To further decipher a role for AGS3 on the cell-fate
decision of neocortical progenitor cells, we analyzed
the identities of AGS3-silenced cells. As shown in Fig-
ure 7A, the neuronal population (Tuj1 positive) in AGS3
RNAi plasmid-transfected neocortices was significantly
increased (70.9% = 3.0%, n = 3) as compared to that in
control plasmid-transfected cells (53.3% + 1.8%, n =3,
p < 0.01, one-way ANOVA). We then measured the mi-
totic index of AGS3 knockdown cells. In AGS3 RNAi
electroporated neocortices, 1.0% = 0.18% (n = 3) of
GFP-positive cells were positive for P-H3 (3 P-H3- and
GFP-positive cells/326 GFP-positive cells located in the
VZ), whereas 2.8% = 0.11% (n = 3) of GFP-positive cells
were positive for P-H3 (9 P-H3- and GFP-positive cells/
320 GFP-positive cells located in the VZ) in control
GFP-electroporated neocortices (Figures 7B and 7D).
This result underscores a significant reduction of the
mitotic-cell fraction in AGS3-silenced brains. We fur-
ther examined the cell-cycle-exit index of progenitors
with silenced AGS3 expression. When the AGS3
RNAi construct was introduced (Figure 7C and 7D), we
observed a close to 2-fold increase in the fraction of
GFP-positive cells that exited the cell cycle as com-
pared to those electroporated with the control GFP
construct (p < 0.05, ANOVA). We also examined two
other AGS3 RNAi constructs (pBS-U6-AGS3-2 and
pBS-U6-AGS3-3) directed against a region different
from that in pBS-U6-AGS3. The pBS-U6-AGS3-2 con-
struct decreased GFP-tagged AGS3 expression to an
extent comparable to pBS-U6-AGS3, whereas pBS-
U6-AGS3-3 was less efficient (Figure S2). Cells intro-
duced with pBS-U6-AGS3-2 showed phenotypes sim-
ilar to those with pBS-U6-AGS3 in terms of spindle
orientation, mitotic index, and cell-cycle-exit index (Fig-
ure S2). This result supports the observations made
with pBS-U6-AGS3. Moreover, pBS-U6-AGS3-3, a less
potent RNAi construct, had minor effects on spindle
orientation, mitotic index, and cell-cycle-exit index,
suggesting that a small amount of AGS3 is sufficient
for normal regulation of spindle orientation and neuro-
genesis. Collectively, these observations suggest that
disruption of Gy signaling by overexpression of BARK-
ct or Gai3, or by knocking down AGS3, results in the
reorientation of mitotic spindles, alteration of cleavage
planes, and exit from the cell cycle of neocortical pro-
genitors.

Discussion

Role of GBv in Spindle Orientation

and Cell-Fate Determination

In the developing ferret cerebral cortex, dividing pro-
genitor cells with vertical cleavage planes give rise to
daughter cells with similar developmental potentials
(e.g., two progenitor cells) (Chenn and McConnell,
1995). In contrast, cell divisions with horizontal cleav-
age planes generate an apical daughter that remains a



Role of GBy/AGS3 in Cortical Neurogenesis
127

A B Cc Intermediate
B Horizontal
GFP-AGS3 L 7
% 3 i )
Transfected < o L -
RNAiplasmid 3 o & g4
5 5 5 (kba) 8 - -
=111 £
GFP-AGS3 » o 20
-80
Actin ]
0
GFP ags3
RNAi
+
GFP

25min 30min 35min

ags3 RNAI

DsRed2

LR
f : .‘-‘\ \
e ; ‘ VWil L e
(min)

Figure 6. Knockdown of AGS3 Expression Results in Spindle-Orientation Abnormality

(A) HEK293T cells in 24-well plates were transiently transfected with various combinations of the GFP-tagged AGS3-expressing plasmid
(GFP-AGS3, 0.1 pg), o3 integrin-RNAI plasmid (U6-VLA3, 1.0 pg), control empty plasmid (U6, 1.0 .g), and AGS3-RNAi plasmid (U6-AGS3, 1.0
ng) as indicated. The cell lysates (10 pg proteins) prepared 48 hr after transfection were immunoblotted with anti-GFP (top panel) and anti-
actin (middle panel) antibodies.

(B and C) The pCA-IRES-GFP plasmid together with the U6-AGS3 RNAI plasmid was introduced into embryonic brains at E13. Brains were
fixed at E15 and followed by immunohistochemistry with an anti-GFP antibody (green). Nuclei were stained with Hoechst 33258 (blue).
Representative images of GFP-labeled dividing cells (arrowheads) are shown. Relative frequencies of cell divisions with vertical, intermediate
(green), and horizontal (red) cleavage planes (B) were measured and plotted (C) as the mean + SEM (n = 3-4). Scale bar, 10 um.

(D) The pCA-DsRed2 plasmid together with the AGS3 RNAi plasmid was introduced into embryonic brains at E12.5. Cortical slices were
prepared at E14 and labeled with Syto-11 (green). Thereafter, the modes of cell division of nontransfected (control, upper panels) and AGS3
knockdown cells (ags3 RNAI, lower panels) in the VZ were analyzed. Time is denoted in the individual panels. The orientation of the long axis
of the metaphase plate is marked by white lines. Time = 0 represents the time when the metaphase plate was initially identified after prophase
(-5 min). Images of DsRed2 expression in the AGS3 knockdown cell were obtained at 0 min and 35 min.

(E) Angles of the metaphase plate at each time point were measured in relation to the ventricular surface and were plotted. Drawings
surrounding the graph illustrate the appearance of metaphase plates with different orientations. The mode of divisions of two control cells
and one AGS-silenced cell are shown. Open circles represent the orientation of the cleavage plane at the time of chromosome separation.

progenitor and a basal daughter that differentiates into
a neuron. Similarly, progenitor cells in the rat retina
(Cayouette and Raff, 2003) and mouse neocortex (Hay-
dar et al,, 2003) show a correlation of cell-cleavage
orientation and cell fates. Based on these studies, ori-
entation of cell divisions seems to be correlated with
subsequent cell fates. To date, however, little is known
about the molecular machinery that contributes to mi-
totic-spindle orientation in vertebrate neural progeni-
tors during brain development.

In the present study, we demonstrate that in vivo dis-
ruption of the GPy signaling shifts the cell-cleavage
plane from the horizontal to vertical orientation, which
is accompanied by the adoption of both daughter cells
to the neuronal fate and the loss of the progenitor pop-
ulation. Noticeably, the overproduction of neurons is
not associated with an alteration of asymmetric local-
ization of Numb in vivo (Figure S1) and in acutely disso-
ciated cultured progenitors (Figure S3). Collectively,
these findings demonstrate an important contribution
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Figure 7. Silenced AGS3 Expression Induces Overproduction of Neurons through Enhanced Differentiation of Progenitor Cells.

(A) The pCA-IRES-GFP plasmid alone or together with the AGS3 RNAi plasmid was introduced into embryonic brains at E13, and 48 hr later,
identities of GFP-positive cortical cells were examined as in Figure 2. *p < 0.05, **p < 0.01 (one-way ANOVA).

(B) The pCA-IRES-GFP plasmid alone (right panel) or with the AGS3 RNAI plasmid (left panel) was introduced into embryonic brains at E13,

and the brains were fixed at E15.
(C) The pCA-IRES-GFP plasmid with the AGS3 RNAI plasmid was
and the brains were fixed 24 hr after BrdU pulse labeling.

introduced into embryonic brains at E13, BrdU was administrated at E14,

(D) The mitotic index was analyzed as in Figure 3A, and the cell-cycle-exit index was analyzed as in Figure 3B. Data are presented as the
mean + SEM (n = 3-4). *p < 0.05, **p < 0.01 (one-way ANOVA). Scale bars, 20 p.m.
(E) A model of GBy signaling in cortical progenitor cells. See Discussion.

of GPy signaling in regulating fate determination during
cerebral cortical neurogenesis, which appears to be in-
timately linked to its role in regulating spindle orienta-
tion. We hypothesize that in neurogenic progenitor divi-
sions, determinants for the neuronal fate might be
asymmetrically localized at the basal side of the pro-
genitor cells as described for Drosophila neuroblasts

(reviewed in Betschinger and Knoblich, 2004). In this
scenario, when progenitors divide along the apical-
basal axis, the determinants should exclusively segre-
gate into the basal daughter cells and thereby induce
asymmetric cell fates. On the other hand, progenitor
divisions parallel to the ventricular surface lead to the
partitioning of determinants into both daughters, and
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thus two daughter neurons might be produced from a
single progenitor cell. Indeed, this type of terminal neu-
rogenic symmetric division is predicted to occur during
the later stages of neurogenesis (Kornack and Rakic,
1995; Takahashi et al., 1996; Cai et al., 2002). Impor-
tantly, this model provides an explanation for why a
shift of progenitor division along the apical-basal axis
to planar axis upon Gy impairment leads to the hyper-
differentiation of progenitors and overproduction of
neurons (Figure 7E). In support of this model, we dem-
onstrate that normal neurogenic asymmetric cell divi-
sions that generate one progenitor and one neuron are
reduced by the disruption of Gy signaling, while ter-
minal neurogenic symmetric divisions that produce two
daughter neurons are increased as assessed by in vitro
pair-cell analysis.

Recent studies show that a certain population of
neural progenitors within the VZ produces one progeni-
tor and one intermediate progenitor by asymmetric cell
division. The intermediate progenitors in turn migrate
to the basal region of the VZ (subventricular zone, SVZ)
where they divide and predominantly generate two
neurons (Miyata et al., 2004; Noctor et al., 2004). It is
possible that impairment of Gy signaling results in the
enhanced production of intermediate progenitors, even-
tually leading to overproduction of neurons. However,
this model does not appear to be the case, as the ratio
of dividing cells in the SVZ to those in the VZ did not
increase but rather was significantly decreased in corti-
ces expressing BARK-ct or Gai3 (Figure S4). This result
suggests that disruption of the Gy signaling affects
two types of asymmetric cell divisions, namely, progen-
itor-neuron and progenitor-intermediate progenitor divi-
sions, which in turn induces a shift from the asymmetric
divisions to the neurogenic symmetric cell divisions by
altering the orientation of spindles.

AGS3 as a Potential Regulator of GBy Signaling

in Neural Progenitor Cells

Mammalian AGS3 has been shown to function as a
guanine-nucleotide-dissociation inhibitor that binds to
and stabilizes GDP bound Goai and thereby prevents
GDP release (Natochin et al., 2000). Upon AGS3 binding
to Ga, GPy is released from GDP bound Go and in turn
activates downstream signaling events (Takesono et
al., 1999). We show that Goi3 associates with AGS3 in
progenitors. Importantly, silencing of AGS3 affects the
spindle orientation and cell-fate decisions of progenitor
cells in a manner similar to attenuation of Gy signaling.
Taken together, our findings illustrate a model by which
Gpy subunits are released from Goi upon association of
AGS3 with Goi, leading to activation of Gy signaling.
Furthermore, activated GPy is required for progenitor
divisions along the apical-basal axis and proper cell-
fate determination of progenitors.

Recently, an AGS3-related protein, mammalian Pins,
has been shown to be required for dynamic microtu-
bule instability by virtue of its association with Goi and
NuMA, a microtubule binding protein (Du et al., 2001;
Du and Macara, 2004). Interestingly, overexpression or
silencing of Pins in MDCK cells disrupts NuMA localiza-
tion and microtubule organization (Du et al., 2001). Un-
like the changes observed upon silencing of Pins in

MDCK cells (Du et al., 2001), it is interesting to note
that the pericentrosomal localization of NUMA, chromo-
some alignments, and chromosome segregation during
mitosis did not seem to be affected by the silencing of
AGS3 expression in neuronal progenitor cells (Figure
S5). These observations suggest that AGS3 and Pins
regulate microtubules through distinct pathways. Al-
though the role of mammalian Pins in cortical progeni-
tors remains to be elucidated, AGS3 and mammalian
Pins may coordinately control the spindle orientation
and dynamics of cortical progenitor cells.

Regulation of Mitotic-Spindle Orientation
in Cerebral Cortical Progenitor Cells
In the mammalian neocortex, neural progenitor cells
display various angles of spindle orientation during the
peak of neurogenesis (Chenn and McConnell, 1995;
Haydar et al., 2003; present study). By contrast, before
the onset of neurogenesis and at later stages of neuro-
genesis, the majority of cells exhibit the vertical cleav-
age plane (Haydar et al., 2003). It has been hypothe-
sized that symmetric cell division is regulated by a cue
localized to the lateral cell cortex and recognized by
the astral microtubules, causing the spindle to orient
parallel to the ventricular surface (see Figure 7E). The
masking or removal of the cue (or its recognition
machinery) results in randomization of cleavage orien-
tation, hence asymmetric cell division (Rhyu and Knoblich,
1995). Alternatively, it is also possible that asymmetric
cell division is caused by the presence of another cue
localized to the apical-basal axis that instructs the
astral microtubules to orient the spindle perpendicular
to the ventricular surface. In the present study, we de-
monstrate that attenuation of the Gy signaling mark-
edly increases the vertical cleavage of progenitors. We
hypothesized that when GPy signaling is inactive, the
planar polarity cue directs the mitotic spindle to orient
along the planar axis. On the other hand, the recogni-
tion of the planar polarity cue by astral microtubules
is incapacitated upon activation of the Gy signaling,
resulting in randomization of the spindle orientation
(see Figure 7E). This model is in contrast to the roles of
G proteins described in Drosophila neuroblasts and
C. elegans embryos, in which G proteins are required
either to connect astral microtubules to the cell cortex
or to activate molecular motors that pull on the microtu-
bules. Thereby, inactivation of G proteins results in ran-
domization of the spindle orientation in these cells. In
support of our model, the present study demonstrates
that the metaphase plate did not show dynamic rota-
tion upon silencing of AGS expression but rather was
kept along the apical-basal axis. Furthermore, the G31y
subunits in the progenitors localize to the cell cortex
facing astral microtubules, supporting the idea that free
GBy may attenuate the connection between astral
microtubules and the polarity cue laterally located in
progenitors. Alternatively, GBy may act on microtubules
directly (Roychowdhury and Rasenick, 1997). Further
identification of downstream effectors will help eluci-
date the mechanisms by which GBy controls the orien-
tation of the mitotic spindle.

In conclusion, the present findings link a central pro-
cess underlying cortical neurogenesis to the function
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of heterotrimeric G proteins. The identification of im-
portant roles of GBy signaling in the regulation of spin-
dle orientation and cell-fate choices of neural progeni-
tor cells carries the hope of revealing new ways to
decipher the complex events underlying neurogenesis
in the developing neocortex.

Experimental Procedures

Preparation of Acute Brain Slices

and Time-Lapse Image Acquisition

Brain slices were prepared as described previously (Sanada et al.,
2004). The slices were incubated for 1 hr in culture media (neuro-
basal media [Invitrogen] supplemented with 1% penicillin-strepto-
mycin, 1% glutamine, N2, and B27) containing 100 nM Syto-11
(Molecular Probes). Thereafter, the slices were destained for 30 min
with culture media and overlaid with collagen on 35 mm dishes,
followed by incubation with culture media for at least 30 min. The
slices were then viewed at 37°C through a 63x (N.A. 0.95) Ach-
roplan lens of the Zeiss LSM510 confocal system, and images were
collected as image stacks of 6-8 z steps (approximately 5 um in-
terval) every 5 min. The most superficial image of the z stack was
approximately 100 um below the cut surface of the slice, and mini-
mal laser throughput (approximately 4%) was used to ensure tissue
viability during imaging.

Plasmids, In Utero Electroporation, and Inmunohistochemistry
Plasmids used are described in the Supplemental Experimental
Procedures. In utero gene transfer by electroporation was per-
formed as described previously (Sanada et al., 2004). Cryosections
(20 pm or 40 pwm) of brains were subjected to immunohistochemisry
as described (Sanada et al., 2004). Primary antibodies used were
anti-GFP polyclonal antibody (1:1000; Molecular Probes), anti-Nes-
tin monoclonal antibody (Rat401, 1:500; BD Pharmingen), anti-peri-
centrin monoclonal antibody (1:200, BD Transduction Laborato-
ries), anti-B-catenin monoclonal antibody (1:500; BD Transduction
Laboratories), goat anti-Numb polyclonal antibody (1:100; Abcam),
anti-GB1 polyclonal antibody (1:100; Santa Cruz Biotechnology),
and anti-NuMA antibody (Gaglio et al., 1995, 1:1000). Secondary
antibodies used were fluorescein-conjugated goat anti-rabbit IgG
antibody (1:400; ICN), Alexa568-conjugated goat anti-mouse IgG
antibody (1:1000; Molecular Probes), and Alexa568-conjugated
donkey anti-goat IgG antibody (1:1000; Molecular Probes). F-actin
was visualized by rhodamine-phalloidin staining. The cell nuclei
were stained with Hoechst 33258 (Sigma). Images were taken with
a Zeiss LSM510 confocal microscope.

Quantification of the mitotic index and cell-cycle-exit index was
performed as described in the Supplemental Experimental Pro-
cedures.

For microtubule staining, brain slices (300 .m) were prepared as
described above. The slices were immediately fixed and staining
was performed as described (Mandato and Bement, 2003).

Pair-Cell Analysis

Pair-cell analysis was performed according to Shen et al. (2002).
Briefly, E13 embryos were electroporated with various genes to-
gether with GFP, and the dorsolateral cortices derived from the
electroporated anterior telencephalons were dissected at E14, fol-
lowed by careful removal of meninges. Thereafter, dispersed corti-
cal cells were prepared (Shen et al., 2002) and plated at clonal
density on wells of 60-well Terasaki plate (Grainer) in DMEM sup-
plemented with 1% penicillin-streptomycin, 1% glutamine, N2,
B27, and 10 ng/ml bFGF. GFP-labeled cells in each well were
mapped 2 hr after plating to record their location, and the cultures
were mapped again to identify daughter-cell pairs 20 hr after plat-
ing. Cells were then fixed and stained with anti-GFP polyclonal an-
tibody and anti-Tuj1 antibody (1:500, Covance).

Cell Culture, Inmunoprecipitation, and Immunoblotting
Cultures of cerebral cortical progenitor cells were prepared as de-
scribed (Rajan and McKay, 1998). Immunoprecipitation and immu-

noblotting were performed as described in the Supplemental Ex-
perimental Procedures.

Supplemental Data
Supplemental Data include Supplemental Experimental Procedures,
Supplemental References, five figures, and one movie and can be
found with this article online at http://www.cell.com/cgi/content/
full/122/1/119/DC1/.
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