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At the onset of neurogenesis in the mammalian central
nervous system, neuroepithelial cells switch from sym-
metric, proliferative to asymmetric, neurogenic divisions.
In analogy to the asymmetric division of Drosophila neu-
roblasts, this switch of mammalian neuroepithelial cells is
thought to involve a change in cleavage plane orientation
from perpendicular (vertical cleavage) to parallel (hori-
zontal cleavage) relative to the apical surface of the
neuroepithelium. Here, we report, using TIS21-GFP
knock-in mouse embryos to identify neurogenic neuroe-
pithelial cells, that at the onset as well as advanced stages
of neurogenesis the vast majority of neurogenic divisions,
like proliferative divisions, show vertical cleavage planes.
Remarkably, however, neurogenic divisions of neuroe-
pithelial cells, but not proliferative ones, involve an asym-
metric distribution to the daughter cells of the apical
plasma membrane, which constitutes only a minute frac-
tion (1-2%) of the entire neuroepithelial cell plasma
membrane. Our results support a novel concept for the
cell biological basis of asymmetric, neurogenic divisions of
neuroepithelial cells in the mammalian central nervous
system.
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Introduction

All neurons and macroglial cells of the mammalian central
nervous system are derived from neuroepithelial (NE) cells.
During development, NE cells initially proliferate to generate
more progenitor cells. These proliferative divisions are sym-
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metric in that one NE mother cell gives rise to two NE
daughter cells, resulting in an exponential increase in NE
cell number. Upon the onset of neurogenesis, an increasing
proportion of NE cells switch to differentiating divisions that
are thought to be asymmetric in that one NE mother cell
generates one NE daughter cell and one post-mitotic neuron
(Rakic, 1988; Chenn and McConnell, 1995; Huttner and
Brand, 1997). Direct evidence for such asymmetric division
of NE cells has come from time-lapse observations of NE cells
(Haubensak et al, 2004) and radial glial cells (Miyata et al,
2001; Noctor et al, 2001), which can be regarded as a
specialized type of NE cells existing after the onset of
neurogenesis (Huttner and Brand, 1997; Kriegstein and
Gotz, 2003). The cell biological basis and molecular mechan-
ism controlling the switch of mammalian NE cells from
symmetric, proliferative divisions to asymmetric, neurogenic
divisions are poorly understood.

The division of Drosophila neuroblasts has provided a
classical example of how an asymmetric division of a neural
progenitor is based on its cell biological organization, speci-
fically the orientation of the cleavage plane in the context of
apical-basal polarity (Matsuzaki, 2000; Knoblich, 2001;
Wodarz and Huttner, 2003). In contrast to cells in the
neuroectodermal epithelium of the Drosophila embryo,
whose plane of cleavage is oriented parallel to their apical-
basal axis, resulting in symmetric division, Drosophila neu-
roblasts, while maintaining the axis of apical-basal polarity,
re-orient their cleavage plane such that it is positioned
perpendicular to this axis. This results in an asymmetric
division because cell fate determinants with a polarized
intracellular distribution along the apical-basal axis of the
neuroblast are differentially distributed to the daughter cells
(Matsuzaki, 2000; Knoblich, 2001; Wodarz and Huttner,
2003).

The Drosophila neuroblast has served as a paradigm for
the division of vertebrate, mammalian as well non-mamma-
lian, NE cells (Chenn and McConnell, 1995; Cayouette and
Raff, 2002; Geldmacher-Voss et al, 2003). Specifically, the
switch of mammalian NE cells from symmetric, proliferative
to asymmetric, neurogenic divisions has been proposed to
involve a change in cleavage plane orientation (Chenn and
McConnell, 1995). Symmetric, proliferative divisions of NE
cells are thought to require cleavage along their apical-basal
axis, that is, perpendicular to the lumenal surface of the
neural tube (vertical cleavage). In contrast, asymmetric,
neurogenic divisions of NE cells are thought to result from
cleavage perpendicular to their apical-basal axis, that is,
parallel to the lumenal surface of the neural tube (horizontal
cleavage) (Chenn and McConnell, 1995). Consistent with this
concept, proteins implicated in cell fate determination of
mammalian NE cells, such as Notch (Chenn and
McConnell, 1995), Numb (Cayouette et al, 2001; Cayouette
and Raff, 2002, 2003) and Minibrain (Hammerle et al, 2002),
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have been reported to show a polarized distribution in mitotic
NE cells.

However, it has been questioned (Huttner and Brand,
1997) as to whether the proportion of horizontal cleavages
that have actually been observed in the mammalian neuro-
epithelium (Smart, 1973; Landrieu and Goffinet, 1979; Heins
et al, 2001) is sufficiently high to explain the large number of
neurons generated during the development of mammalian
brains. To provide a possible solution to this issue, we have
proposed a hypothesis (Huttner and Brand, 1997) that could
explain, in cell biological terms, why vertical cleavages may
result not only in symmetric, proliferative but also asym-
metric, neurogenic divisions. Central to this hypothesis is the
distribution of the apical plasma membrane (from now on
referred to in short as apical membrane) upon division of
mammalian NE cells, rather than the orientation of the
cleavage plane relative to the lumenal surface of the neuro-
epithelium. Specifically, given that NE cells are very elongated,
their apical membrane, endowed with a specific protein
(Weigmann et al, 1997) (and presumably also lipid (van
Meer and Simons, 1988)) composition, should constitute
only a minor fraction of their total plasma membrane.
Thus, a vertical cleavage could either bisect the apical
membrane, leading to its inheritance by both daughter cells
and hence a cell biologically symmetric division, or bypass it,
leading to its inheritance by only one daughter cell and hence
a cell biologically asymmetric division (Huttner and Brand,
1997).

In the present study, we have investigated this hypothesis
in the developing mouse embryo. To distinguish between
symmetric, proliferative and asymmetric, neurogenic divi-
sions of NE cells, which coexist at the onset of neurogenesis,
we exploited our previous observation that the TIS2I gene is
selectively expressed in neurogenic, but not proliferating, NE
cells (Iacopetti et al, 1999). Specifically, using embryos of a
TIS21-GFP knock-in mouse line (Haubensak et al, 2004), we
estimated the size of the apical membrane of mitotic NE cells
and investigated the orientation of the cleavage plane and the
distribution of the apical membrane in proliferative versus
neurogenic divisions.

Results

Identification of the apical membrane of single dividing
NE cells: the prominin-1-filled cadherin ‘hole’

To identify the apical membrane of mouse NE cells in mitosis,
we explored prominin-1 as a possible marker. Prominin-1 is a
pentaspan membrane protein that, in NE cells, is selectively
localized in protrusions of the apical membrane (Weigmann
et al, 1997) (Figure 1A, a). For comparison, we studied the
cell adhesion protein cadherin, a marker of the lateral plasma
membrane of NE cells (Nose and Takeichi, 1986; Aaku-
Saraste et al, 1996). Analysis of the mouse embryonic brain
(E9-14.5; forebrain, midbrain, hindbrain) revealed cadherin
immunoreactivity along most of the lateral plasma mem-
brane, being concentrated towards its apical-most end
(Figure 1A, b) where the junctional complexes are known
to occur (Aaku-Saraste et al, 1996). Double immunofluores-
cence revealed that this ‘apical’ staining for cadherin was
very close to, but did not overlap with, the ‘true’ apical
staining for prominin-1 (Figure 1A, c), consistent with cad-
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Figure 1 The cadherin ‘hole’ as a means of identifying the apical
membrane of NE cells. (A) Distinct localization of prominin-1 and
cadherin at the apical side of the mouse embryonic neuroepithe-
lium. Double immunolabeling of a frozen section of E9.0 mouse
forebrain for prominin-1 (a, c; green) and cadherin (b, c; red). Note
that, in the single optical section shown, there is no overlap
between the prominin-1 and cadherin staining at the apical side
of the neuroepithelium (c), as expected from the specific association
of prominin-1 with microvilli of the apical membrane and the
concentration of cadherin at the apical-most end of the lateral
plasma membrane. Bar in (¢) =10 um. (B) Detection of a cadherin
‘hole’ in consecutive optical sections. A frozen section of E10.5
mouse midbrain neuroepithelium was immunostained for cadherin.
(a—d) show four consecutive, adjacent 1-um optical sections ob-
tained by confocal microscopy. The apical membrane, as revealed
by the cadherin ‘hole’, is indicated by small white bars. Arrows
indicate a single cell whose cadherin hole is apparent in only one of
the optical sections (c¢). Bar in (d) =10 um. (C) The cadherin hole
contains the apical membrane-specific protein prominin-1. Triple
labeling of a frozen section of an E10.5 mitotic mouse NE cell for
DNA (a, d; blue; propidium iodide staining), cadherin (b, d; red)
and prominin-1 (c, d; green). White bars indicate the apical
membrane of the mitotic NE cell (b-d). Note that, in the single
optical section shown, the cadherin staining of the lateral plasma
membrane and the prominin-1 staining of the apical membrane are
mutually exclusive, and that the cadherin hole is immunostained for
prominin-1 (d).

herin being concentrated at junctions and prominin-1 in
microvilli.

In consecutive optical sections (1 um intervals) obtained
by confocal laser-scanning microscopy, the ‘apical’ cadherin
staining was found to be interrupted by an unstained segment
in one or two of the sections (Figure 1B, a-d, white bars; one
example is indicated by arrows). Counterstaining for promi-
nin-1, as shown for a mitotic cell in Figure 1C, revealed that
this cadherin-negative segment (Figure 1C, b, white bar)
contained prominin-1 immunoreactivity and hence corre-
sponded to the apical membrane proper (Figure 1C, c and
d, white bars). We will refer to the cadherin-negative, promi-
nin-1 -positive segments at the apical surface of the neuroe-
pithelium as cadherin ‘holes’, and have used these to identify
the apical membrane of single mitotic NE cells in this study.

Equal versus unequal distribution of the apical
membrane in mitotic NE cells

To determine the distribution of the apical membrane upon
division of NE cells, we deduced the orientation of the
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cleavage plane in mitotic cells in anaphase or telophase. It is
known that the final orientation of the mitotic spindle is set
before the onset of anaphase and determines the orientation
of the cleavage plane, in rodent NE cells (Zieba et al, 1986;
Adams, 1996) as in other eukaryotic cells (Reinsch and
Karsenti, 1994; Gonczy and Hyman, 1996). Using fixed
cryosections of mouse E9.5-E11.5 midbrain and hindbrain
stained for DNA using propidium iodide or 4,6-diamidino-2-
phenylindole (DAPI), mitotic cells at the apical side of the
neuroepithelium were analyzed for the orientation of the
sister chromatids in consecutive optical sections. In all ex-
periments described below, a mitotic NE cell was included in
the analysis only if (i) in a given optical section, the sister
chromatids destined for the prospective daughter cells ap-
peared similar in size and shape and (ii) this similarity was
observed in four consecutive sections, indicating that the
plane of scanning of the individual optical sections was
parallel to the orientation of the mitotic spindle and perpen-
dicular to the cleavage plane (Figure 2A, a-d). In such a case,
the orientation of the cleavage plane could then be deduced,
as illustrated in Figure 2A, e-h (see figure legend for details).
In the example shown in Figure 2A, a-d, the sister chromatids

Figure 2 Determination of the cleavage plane and equal versus
unequal distribution of the apical membrane during division of NE
cells. (A) Determination of the cleavage plane. A frozen section of
E9.5 mouse hindbrain neuroepithelium was stained for DNA using
propidium iodide. (a-d) Four consecutive, adjacent 1-um optical
sections of a mitotic NE cell in anaphase. The cell shown is a
representative example in which, for each optical section, the sister
chromatids of the prospective daughter cells appear similar in size
and shape, indicating that the planes of scanning of the individual
optical sections were perpendicular to the cleavage plane, which in
such a case can be deduced accurately (dashed white line in (c)) as
illustrated in panels e and f. Only mitotic NE cells fulfilling this
criterion (about every fifth cell classified as anaphase or telophase)
were included in the subsequent analyses (see Materials and
methods). (e-h) Deduction of cleavage plane. The DNA staining
as observed in panels ¢ and Ba is shown in (e) and (g) (shaded
areas), respectively, and rectangles were designed to fit this staining
(f and h, respectively). The orientation of the rectangles relative to
each other was deduced (long black lines extending one side of the
rectangle). In the example shown in (f), the rectangles are oriented
parallel to each other, and the cleavage plane is deduced to be
positioned half way in between (dashed red line). In the example
shown in (h), the rectangles are oriented at a certain angle to each
other, and the cleavage plane is deduced to be positioned such that
this angle is halved (dashed red line). (B) Two examples each of an
equal (a-d, e-h) and unequal (i-1, m—p) distribution of the apical
membrane. (a-d, e-h, i-1 and m-p) each show one triple-labeled
NE cell in a frozen section from E11.5 mouse midbrain. The
cleavage plane (dashed white lines) was deduced from the orienta-
tion of the DAPI-stained sister chromatids observed in consecutive
optical sections, one of which is shown (a, e, i, m and d, h, 1, p;
blue), as described in (A). The deduced cleavage plane was
corroborated by immunostaining for anillin (c, g, k, 0 and d, h, 1,
p; green). The apical membrane, that is, the cadherin hole (white
bars), was identified by immunolabeling for cadherin (b, £, j, n and
d, h, 1, p; red). In the mitotic NE cells shown in the two top rows (a—
d and e-h), the apical membrane will be bisected upon cleavage
and distributed equally to the daughter cells. In contrast, in the
mitotic NE cells shown in the two bottom rows (i-1 and m-p), the
apical membrane will be bypassed by the cleavage and distributed
unequally, that is, to only one daughter cell. Note that, in the mitotic
NE cells shown in the second (e-h) and fourth (m-p) rows, the
cleavage furrow as revealed by anillin immunostaining has reached
the apical (g) and lateral (o) plasma membrane (white arrow-
heads), respectively, whereas this is not yet the case in the mitotic
NE cells shown in the first (a—-d) and third (i-1) rows. The asterisk
in (n) indicates the cadherin hole of another cell adjacent to the
mitotic NE cell shown.
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show a parallel orientation (Figure 2A, e and f; deduced
cleavage plane indicated by dashed red line in (f), corre-
sponding to dashed white line in (c)). Figure 2A, g and h,
shows the deduction of the cleavage plane (dashed red line)
in a mitotic cell in which the sister chromatids are oriented at
an angle to each other (Figure 2B, a). All of the single optical
sections presented below that indicate the orientation of the
cleavage plane, as deduced from that of the sister chromatids
of mitotic NE cells in anaphase or telophase, are from a series
of consecutive sections fulfilling the above two criteria.

To corroborate the prediction of cleavage plane orienta-
tion, mitotic NE cells in anaphase or telophase were analyzed
for the subcellular localization of anillin, an actin-binding
protein that localizes to the cleavage furrow during cytokin-
esis (Oegema et al, 2000). Immunostaining for anillin (Figure
2B, ¢, g, k and o) confirmed that the prediction of the
cleavage plane as deduced from the orientation of the sister
chromatids (Figure 2B, a, e, i and m) was correct. The anillin
immunostaining also revealed that, in NE cells, the cleavage
furrow proceeded from basal (Figure 2B, c¢) to apical
(Figure 2B, g), as has been shown for other epithelial cells
(Reinsch and Karsenti, 1994).

Next, we determined the position of the apical membrane,
identified by the cadherin hole, relative to the orientation of
the cleavage plane, deduced from the orientation of the sister
chromatids and corroborated by anillin immunostaining.
This should reveal whether the distribution of the apical
membrane upon division of NE cells is equal or unequal.
As illustrated by the four examples of mitotic NE cells shown

A

Merge

DNA Cadherin Anillin

Equal

Equal

Unequal

Unequal
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in Figure 2B, we observed cleavage planes predicted to bisect
the cadherin hole, resulting in the distribution of apical
membrane to both daughter cells (Figure 2B, a-h), or to
bypass the cadherin hole, resulting in the distribution of
apical membrane to only one of the daughter cells (Figure
2B, i-p). The prediction of a cleavage plane either bisecting or
bypassing the apical membrane was particularly obvious
when the cleavage furrow (as revealed by anillin staining)
had reached either the apical membrane (Figure 2B, g,
arrowhead) or the lateral plasma membrane near the junc-
tional complexes (Figure 2B, o, arrowhead) (see also
Figure 5A below).

For the discussion of the present data, we shall use a cell
biological definition of the divisions of NE cells. A division in
which the apical membrane is predicted to be bisected by the
cleavage and hence distributed to both daughter cells, that is,
equally (Figure 2B, a-h), is defined as symmetric in cell
biological terms. Conversely, a division in which the apical
membrane is predicted to be bypassed by the cleavage and
hence distributed to only one daughter cell, that is, unequally
(Figure 2B, i-p), is defined as cell biologically asymmetric
(Wodarz and Huttner, 2003).

Lack of correlation between cleavage plane orientation
and equal versus unequal distribution of the apical
membrane

Cleavage planes have been classified according to their
orientation relative to the apical surface of the neuroepithe-
lium (Chenn and McConnell, 1995; Heins et al, 2001). Thus,
cleavage planes oriented at a 90-60, 60-30 and 30-0° angle
relative to the lumenal surface of the neuroepithelium have
been referred to as vertical, oblique and horizontal cleavages,
respectively. We investigated whether vertical cleavages
would always lead to an equal distribution of the apical
membrane, and oblique cleavages to its unequal distribution.
This was found not to be the case. Not only did vertical
cleavages, at any of the developmental stages (E9.5-E14.5)
and in any of the brain regions (forebrain, midbrain, hind-
brain) analyzed, result (as expected) in an equal distribution
of the apical membrane (Table I, Figure 3a, see also Figure
2B, a-h) but also they were found, in as much as ~30% of

Table I Cleavage plane orientation and distribution of apical mem-
brane in mitotic mouse NE cells

Apical Cleavage plane orientation
membrane
distribution
Vertical Oblique Horizontal
(90-60°) (60-30°) (30-07)
Equal 76 1 0
Unequal 30 6 3

Data for various developmental stages (E9.5-14.5) and brain re-
gions (forebrain, midbrain, hindbrain) were pooled because the
vast majority of mitotic NE cells showed a vertical cleavage plane
orientation for any of the developmental stages and brain regions
analyzed (see below). For the equal versus unequal distribution of
apical membrane in various developmental stages and brain re-
gions, see Figure 6. Numbers of cells were: E9.5 forebrain, n=11;
E10.5 forebrain, n=4; E11.5 forebrain, n=18; E14.5 forebrain,
n=15; E9.5 midbrain, n=2; E10.5 midbrain, n=10; E11.5 mid-
brain, n =44; E9.5 hindbrain, n=1; E11.5 hindbrain, n=11. Note
that even at advanced stages of neurogenesis in the forebrain
(E14.5), only one of 15 mitotic NE cells showed a cleavage plane
orientation that was not vertical.
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Vertical, equal

Vertical, unequal

Oblique, equal

Figure 3 An equal versus unequal distribution of the apical mem-
brane is not necessarily associated with a vertical versus non-
vertical cleavage plane of NE cells. Frozen sections of E9.5-10.0
mouse hindbrain neuroepithelium were double-labeled for cadherin
(A-C; red) and DNA (A-C; blue; propidium iodide staining). In the
single optical section shown, white bars indicate the apical mem-
brane (cadherin hole), and the dashed white lines show the
cleavage plane deduced as described in Figure 2A. Note that in
(B), the cleavage plane is vertical but the apical membrane dis-
tributed unequally, whereas in (C), the cleavage plane is oblique but
the apical membrane is distributed equally. The asterisk in (B)
indicates the cadherin hole of another cell adjacent to the mitotic
NE cell shown.

the cases, to be accompanied by its unequal distribution
(Table I, Figure 3b, see also Figure 2B, i-1). Conversely,
oblique cleavages could result not only in an unequal
(Figure 2B, m-p) but also equal (Figure 3c) distribution
of the apical membrane (Table I). These results indicate
that cleavage plane orientation is an insufficient criterion to
predict whether a division will be symmetric or asymmetric
in cell biological terms. Importantly, a vertical cleavage plane
orientation, which was observed in >90% of mitotic NE cells
(Table I) not only at early (e.g., E11.5 midbrain; Table II) but
also later (e.g., E14.5 forebrain, see below) stages of neuro-
genesis, does not necessarily mean that a division is sym-
metric, as has previously been considered to be the case
(Chenn and McConnell, 1995).
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Table II Cleavage plane orientation, distribution of apical mem-
brane and TIS21-GFP expression in mitotic NE cells

Cleavage plane orientation

Vertical (90-60°) Oblique (60-30°)

+ Horizontal

(30-0°)
TIS21-GFP-negative 22 0
TIS21-GFP-positive 19 3

Distribution of apical membrane

Equal Unequal
TIS21-GFP-negative 22 0
TIS21-GFP-positive 6 16

Data are for mouse E11.5 midbrain.

Vertical cleavage planes, but differential inheritance of
apical membrane, in proliferative versus neurogenic
divisions of NE cells

We next addressed the relation between the distribution of
the apical membrane upon division and whether a division is
proliferative or neurogenic in nature. To distinguish neuro-
genic divisions of NE cells from proliferative ones, which at
the onset of neurogenesis are known to coexist, we used
heterozygous embryos of a TIS21-GFP knock-in mouse line,
which express GFP (carrying a nuclear localization signal)
from the TIS21 locus, that is, specifically in neurogenic, but
not proliferating, NE cells, and which are phenotypically wild
type (Haubensak et al, 2004).

Figure 4 shows, for the E11.5 midbrain, examples of
proliferative divisions of NE cells, characterized by the ab-
sence of TIS21-GFP expression (Figure 4A top, c; Figure 4B, c,
right cell), and of neurogenic divisions, characterized by its
presence (Figure 4A bottom, g; Figure 4B, c, left cell). In
either case, irrespective of whether the division was found to
be proliferative or neurogenic in nature, the orientation of the
cleavage plane relative to the apical surface of the neuro-
epithelium was vertical (Figure 4A) or nearly vertical
(Figure 4B). Remarkably, however, the divisions of NE cells
lacking TIS21-GFP expression were predicted to result in
the distribution of apical membrane to both daughter cells
(Figure 4A, a-d; Figure 4B, a-d, right cell), whereas the
divisions of NE cells showing TIS2I-GFP expression were
predicted to result in the distribution of apical membrane to
only one of the daughter cells (Figure 4A, e-h; Figure 4B, a-d,
left cell). Furthermore, the data shown in Figure 4B document
that mitotic NE cells showing an equal and unequal distribu-
tion of apical membrane can co-exist in close proximity.

We analyzed dividing NE cells that had almost completed
cytokinesis to corroborate that the equal versus unequal
distribution of the apical membrane as predicted for TIS21-
GFP-negative versus TIS21-GFP-positive NE cells in anaphase
or early telophase (Figure 4), respectively, indeed results in
the inheritance of this membrane domain by both versus only
one of the daughter cells. Figure S5A, a-e, shows a TIS21-GFP-
negative NE cell in which, as revealed by cadherin and anillin
staining (which at this stage of cytokinesis indicates the
midbody (Oegema et al, 2000)), the plasma membrane of
the cleavage furrow is about to fuse with, and bisect, the
apical membrane, resulting in its inheritance by both daugh-
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Figure 4 Equal versus unequal distribution of the apical membrane
and proliferative versus neurogenic divisions of NE cells in the
midbrain of heterozygous E11.5 embryos of TIS21-GFP knock-in
mice. (A) An example of an equal distribution of the apical
membrane in a proliferative division (a-d) and an example of an
unequal distribution of the apical membrane in a neurogenic
division (e-h). (a-d) and (e-h) each show one triple-labeled
mitotic NE cell, outlined by the yellow dots. The cleavage plane
(dashed white lines) was deduced from the orientation of the DAPI-
stained sister chromatids observed in consecutive optical sections,
one of which is shown (DNA; a, e and d, h; blue), as described in
Figure 2A. Note that the cleavage plane in both examples is vertical.
The apical membrane, that is, the cadherin hole (white bars), was
identified by immunolabeling for cadherin (b, f and d, h; red). In the
mitotic NE cell in the top row (a-d), the apical membrane will be
bisected by the cleavage and distributed equally to the daughter
cells, whereas in the mitotic NE cell in the bottom row (e-h), the
apical membrane will be bypassed by the cleavage and distributed
unequally, that is, to only one daughter cell. The NE cell showing an
equal distribution of the apical membrane (a-d) does not express
TIS21-GFP (GFP-) (c, d; green), indicative of a proliferative divi-
sion, whereas the NE cell showing an unequal distribution (e-h)
does (GFP+) (g, h; green), indicative of a neurogenic division.
Note the GFP-expressing cell near the mitotic GFP-negative NE cell
in (c) (asterisk). (B) Coexistence in close proximity of proliferating
NE cells showing an equal distribution of apical membrane and
neurogenic NE cells showing an unequal distribution. Analysis of
the two mitotic NE cells shown was performed as described for
panels A. The mitotic NE cell on the left distributes its apical
membrane unequally, that is, to only one daughter cell, and
expresses TIS21-GFP (GFP + ), indicative of a neurogenic division,
whereas the mitotic NE cell on the right distributes its apical
membrane equally to the daughter cells and does not express GFP
(GFP—), indicative of a proliferative division. Note that for the
mitotic NE cell on the right, the cadherin hole is smaller in the
optical section shown than in the next optical section (which is not
shown).

ter cells (Figure 5A, f). In contrast, Figure 5A, g-k, shows a
TIS21-GFP-positive NE cell in which the plasma membrane of
the cleavage furrow is about to fuse with the apical-most
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Figure 5 Neurons arising from asymmetric division of NE cells do not inherit apical membrane and prominin-1. (A) Frozen sections of E11.5
hindbrain (a-e) and E11.5 telencephalon (g-k) of heterozygous TIS21-GFP knock-in embryos showing quadruple-labeled dividing NE cells that
have almost completed cytokinesis. Single optical sections are shown; DNA, DAPI-stained nuclei (a, e blue, g, k blue). In the NE cell in the top
row (a-e), which does not express TIS21-GFP (GFP—) (c, e green) and hence undergoes a proliferative division, the cleavage furrow is about to
bisect the apical membrane (i.e. the cadherin hole, white bars), as revealed by immunostaining for cadherin (b, e white) and anillin (d, e red)
(which at this stage of cytokinesis indicates the midbody (Oegema et al, 2000)), resulting in its distribution to both daughter cells (equal). In
contrast, in the NE cell in the bottom row (g-k), which does express TIS2I-GFP (GFP+) (i, k green) and hence undergoes a neurogenic
division, the cleavage furrow is about to bypass the apical membrane (i.e., the cadherin hole, white bars), as revealed by immunostaining for
cadherin (h, k white) and anillin (j, k red), resulting in its distribution to only one daughter cell (unequal). (f and 1) Cartoons summarizing the
imminent completion of cytokinesis by plasma membrane fusion in the cell shown in (e) and (k), respectively; black lines, lateral and cleavage
furrow plasma membranes; light blue box, apical membrane; red, anillin; arrowheads, site of cleavage. (B) Frozen section of E10.5
telencephalon of heterozygous TIS21-GFP knock-in embryos showing a quadruple-labeled newborn neuron that was identified by immunos-
taining for BIII-tubulin (BIII-tub, d, e red) and shows GFP fluorescence (c, e green), indicative of its origin from a TIS21-GFP-expressing NE cell
(Haubensak et al, 2004). A single optical section is shown; DNA, DAPI-stained nuclei (a, e blue). Note the lack of extension of the neuron to the
apical surface immunostained for prominin-1 (prom-1, b, e white). (C) Four consecutive optical sections of a newborn neuron (asterisks),
identified by immunostaining for BIlI-tubulin (red) in a frozen section of E11.5 hindbrain of heterozygous TIS21-GFP knock-in embryos. Note
the extension of the neuron in the basal direction, but not towards the apical side of the neuroepithelium (top). Blue, DAPI-stained nuclei.

lateral plasma membrane, thereby bypassing the apical mem- the 22 GFP-positive cells, had an oblique or horizontal

brane and resulting in its inheritance by only one of the
daughter cells (Figure 5A, 1).

Together, the finding that TIS21-GFP-positive NE cells
generate neurons by asymmetric division (Haubensak et al,
2004) and the lack of inheritance of apical membrane by one
of the daughter cells originating from such a division (Figure
SA, g-1) imply that newborn neurons should lack prominin-1.
Indeed, newborn neurons (identified by BIII-tubulin staining)
were found to lack an extension to the apical surface of the
neuroepithelium (stained for prominin-1), even when their
perikaryon was still located near this surface (Figure 5B).
This was not due to the inability to detect neuronal processes
as such, as the basal process of newborn neurons was readily
detectable (Figure 5C). We conclude that daughter cells
originating from divisions of NE cells predicted to result in
an unequal distribution of apical membrane are indeed
characterized by a differential inheritance of this membrane
domain.

Table II documents that the examples shown in Figures 4
and 5 are indeed representative. Analysis of 44 mitotic NE
cells from the E11.5 midbrain (22 GFP-negative and 22 GFP-
positive) revealed that 93% showed a vertical cleavage plane
(Table II). None of the 22 GFP-negative cells, and <15% of
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cleavage plane (Table II). Thus, cleavage plane orientation
does not allow one to distinguish between proliferative (GFP-
negative) and neurogenic (GFP-positive) NE cell divisions
because, in the overwhelming majority of cases, both types of
divisions are associated with a vertical cleavage plane.

In contrast to determining cleavage plane orientation,
analysis of the same 22 GFP-negative and 22 GFP-positive
mitotic NE cells for the distribution of the apical membrane
did reveal a striking relationship between the latter parameter
and the type of cell division (Table II). All proliferative (GFP-
negative) divisions showed an equal distribution of the apical
membrane. In contrast, in the case of neurogenic (GFP-
positive) divisions, the vast majority (16 out of 22) showed
an unequal distribution (Table II).

Mitotic NE cells showing TIS21-GFP expression and
unequal distribution of the apical membrane increase as
neurogenesis proceeds

Next, we investigated the relationship between TIS2I-GFP
expression and the distribution of the apical membrane in
mitotic NE cells for various developmental stages (E9.5-14.5)
and brain regions (forebrain, midbrain, hindbrain), compar-
ing early and advanced stages of neurogenesis (Figure 6).
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Figure 6 Equal versus unequal distribution of the apical membrane and proliferative versus neurogenic divisions of NE cells at various
developmental stages and in various brain regions of heterozygous embryos of TIS21-GFP knock-in mice. The distribution of the apical
membrane and the expression of TIS21-GFP in mitotic NE cells were analyzed for the indicated developmental stages and brain regions as
exemplified in Figure 4. For a given developmental stage and brain region, mitotic NE cells were classified into four groups: (i) equal
distribution of the apical membrane (equal, ordinate) and TIS21-GFP-negative (GFP—, abscissa) (gray, plain), (ii) equal distribution and TIS21-
GFP-positive (GFP +, abscissa) (green, plain), (iii) unequal distribution of the apical membrane (unequal, ordinate) and TIS21-GFP-negative
(gray, hatched) and (iv) unequal distribution and TIS21-GFP-positive (green, hatched). Cells in each group were expressed as percent of total
(sum of the four groups), and the percentage values are indicated by the area of the respective square and the number therein. Numbers of cells
were: E9.5 forebrain, n=11; E11.5 forebrain, n=18; E14.5 forebrain, n=15; E10.5 midbrain, n=10; E11.5 midbrain, n =44 (same data as

Table II, shown for reference); and E11.5 hindbrain, n=11.

Irrespective of the stage of neurogenesis, the same principal
observation was made. The majority of mitotic NE cells
showing an equal distribution of the apical membrane were
TIS21-GFP-negative (Figure 6, compare squares below abscis-
sa), whereas the majority of the cells showing an unequal
distribution were TIS21-GFP-positive (Figure 6, compare
squares above abscissa). In fact, pooling the data from 115
mitotic NE cells revealed that >80% of the 76 cells with an
equal distribution of their apical membrane did not yet show
TIS21-GFP expression, that is, were still undergoing prolif-
erative divisions (Figure 7, left), whereas almost 90% of the
39 cells with an unequal distribution did express TIS21-GFP,
that is, had switched to neurogenic divisions (Figure 7, right).

Given this correlation between TIS21-GFP expression and
the distribution of the apical membrane upon division of NE
cells, and in light of the finding that TIS21-GFP expression
reflects neurogenesis (Haubensak et al, 2004), one would
expect divisions with an unequal distribution to increase
concomitant with the progression of neurogenesis during
development. Indeed, as exemplified for the forebrain,
whereas at E9.5 the vast majority of mitotic NE cells (73%)
were TIS21-GFP-negative and showed an equal distribution of
the apical membrane (Figure 6A, plain gray square), TIS2I-
GFP-positive mitotic NE cells with an unequal distribution of
the apical membrane became the predominant population
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(47%) at E14.5 (Figure 6C, hatched green square). It should
be noted that, even at this advanced stage of neurogenesis,
>85% of the latter cells and >90% of all mitotic NE cells
showed a vertical cleavage plane orientation (see the legend
to Table I).

Together, our results indicate that proliferative versus
neurogenic divisions of mouse NE cells, which can be
identified by the absence versus presence of TIS2I-GFP
expression, are not simply linked to cleavage plane orienta-
tion (vertical versus oblique/horizontal) but, rather, to an
equal versus unequal distribution of the apical membrane.

Par-3 is associated with the apical cortex of NE cells and
differentially distributed to the daughter cells upon
neurogenic division

Given these observations, it was of interest to investigate the
distribution, upon proliferative versus neurogenic division of
NE cells, of par-3, a protein shown to be localized to the
apical cortex of mammalian NE cells (Manabe et al, 2002;
Takekuni et al, 2003) and implicated in cell polarity and
asymmetric division (Lin et al, 2000; Ohno, 2001; Wodarz
and Huttner, 2003). Figure 8A shows that par-3 is concen-
trated at the apical side of the neuroepithelium, being loca-
lized more apically than the most apical cadherin and
apparently less apical than prominin-1, and showing little
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Figure 7 Correlation between the equal versus unequal distribu-
tion of the apical membrane and proliferative versus neurogenic
divisions of NE cells in heterozygous embryos of TIS21-GFP knock-
in mice. The distribution of the apical membrane and the expression
of TIS21-GFP in mitotic NE cells were analyzed as exemplified in
Figure 4. For both, mitotic NE cells showing an equal distribution
of the apical membrane (left columns, n=76) and an unequal
distribution (right columns, n=39), the percentage of TIS21-GFP-
negative (gray columns) versus TIS21-GFP-positive (green columns)
cells was calculated. Data for various developmental stages (E9.5-
14.5) and brain regions (forebrain, midbrain, hindbrain) were
pooled because the principal observation that the majority of
mitotic NE cells showing an equal distribution of the apical mem-
brane are TIS21-GFP-negative, that is, proliferating, and the major-
ity of the cells showing an unequal distribution are TIS21-GFP-
positive, that is, neurogenic, was made irrespective of the develop-
mental stage and brain region analyzed (for details, see Figure 6).

overlap with either marker. This is consistent with par-3
being associated with the apical cortex of NE cells at the
transition from the lateral to the apical membrane, that is,
between the adherens junction and the base of microvilli.

In mitotic TIS2I-GFP-negative NE cells, in which the
cleavage bisects the apical membrane, this apical par-3 is
predicted to be inherited by both daughter cells (Figure 8B,
a-e). In contrast, in mitotic TIS21-GFP-positive NE cells, in
which the cleavage bypasses the apical membrane, the apical
par-3 is predicted to be inherited by only one daughter cell
(Figure 8B, f-j). Hence, the differential distribution of apical
membrane to the daughter cells upon the switch of NE cells
from proliferative (TIS21-GFP-negative) to neurogenic (TIS21-
GFP-positive) divisions indeed results in the unequal inheri-
tance of a protein implicated in asymmetric cell division,
par-3.

The switch from an equal to an unequal distribution
of apical membrane is accompanied by a halvening

of its size

Finally, it was of interest to determine the size of the apical
membrane and the proportion it constitutes relative to the
entire NE cell plasma membrane. Irrespective of any metho-
dological limitations (see Materials and methods), the apical
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membrane (ignoring microvilli), estimated from the diameter
of the cadherin hole of mitotic NE cells from E11.5 midbrain,
was found to be about half the size (3.1um?) in cells
distributing this membrane domain to only one daughter
(i.e., unequally) as compared to cells distributing this mem-
brane domain to both daughters (i.e., equally) (6.6um?)
(Table III). Relative to the surface of the NE cell body,
which we estimated from the diameter of the rounded-up
mitotic cell, the apical membrane constituted 2.3 and 1.2% in
cells showing an equal and unequal distribution of this
membrane domain, respectively (Table III).

Discussion

The present data reveal that, at the onset as well as advanced
stages of neurogenesis in the mouse central nervous system,
the switch of NE cells from proliferative to neurogenic divi-
sions is associated with a change in the distribution of the
apical membrane from a symmetric to an asymmetric inheri-
tance by the daughter cells, rather than a rotation of the
cleavage plane from vertical to horizontal. These observa-
tions address a major contradictory issue about mammalian
neurogenesis, in particular its early stages. The divisions of
NE cells at the apical surface of the ventricular zone that
generate neurons are asymmetric (Chenn and McConnell,
1995; Miyata et al, 2001; Noctor et al, 2001; Haubensak et al,
2004); yet, the vast majority of neurogenic NE cells show a
vertical cleavage plane orientation (Huttner and Brand,
1997), which has been thought to indicate symmetric division
(Chenn and McConnell, 1995). This issue is now resolved by
our demonstration that the vertical cleavage planes of mitotic
neurogenic NE cells nonetheless allow an unequal distribu-
tion of the apical membrane, and hence asymmetric division.

Our study further shows that the orientation of the clea-
vage plane in mitotic NE cells, that is, vertical versus oblique,
is an insufficient parameter to classify their divisions as
symmetric or asymmetric. Vertical cleavage planes were
observed not only in mitotic NE cells that in terms of cell
biological parameters (equal distribution of apical mem-
brane) and daughter cell fate (lack of TIS21 expression)
underwent symmetric, proliferative divisions but also in
cells that by both criteria (unequal distribution of apical
membrane, presence of TIS21 expression) underwent asym-
metric, neurogenic divisions. Conversely, an oblique cleavage
plane was not necessarily indicative of a cell biologically
asymmetric division, but was also found to be compatible
with symmetric divisions. In light of our observations,
the distribution of the apical membrane in mitotic NE cells
appears to be a more reliable parameter in identifying
cell biologically asymmetric divisions than cleavage plane
orientation.

Time-lapse analysis of TIS21-GFP-expressing cells dividing
at the apical surface of the neuroepithelium has revealed that
the resulting daughter cells have an asymmetric fate, with
one remaining an NE stem cell and the other becoming
a post-mitotic neuron that leaves the ventricular zone
(Haubensak et al, 2004). In view of these observations, we
find it most likely that, in the case of the TIS2I-GFP-positive
NE cells dividing with an unequal distribution of the apical
membrane, the daughter inheriting the apical membrane
remains the NE stem cell and the daughter not inheriting it
becomes the neuron. This conclusion is consistent with the
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Figure 8 Equal versus unequal distribution of par-3 upon proliferative versus neurogenic divisions of NE cells in the hindbrain of
heterozygous E10.5-E12.5 embryos of TIS2I-GFP knock-in mice. (A) Frozen section double immunofluorescence showing the localization
of par-3 (b, cred, e, f red) in comparison with cadherin (a, ¢ green) and prominin-1 (d, f green) at the apical side of the E10.5 (d—f) and E12.5
(a—c) hindbrain neuroepithelium. Note that in the single optical sections shown, the staining for par-3 appears to be more apical than the most
apical staining for cadherin, with little overlap (a—c), and is also largely distinct from the staining for prominin-1, which appears to be more
apical than the staining for par-3 (d-f). Bars in (c¢) and (f) = 10 pm. (B) An example of an equal distribution of par-3 in a proliferative division
(a—e) and an example of an unequal distribution of par-3 in a neurogenic division (f-j). (a—e) and (f-j) Each show one quadruple-labeled
mitotic NE cell in a frozen section. The cleavage plane (dashed white lines) and the apical membrane (i.e. the cadherin hole, white bars) were
determined from the orientation of the DAPI-stained sister chromatids (DNA, a, e blue, {, j blue) and by immunolabeling for cadherin (b, e
white, g, j white) as in Figures 2 and 4. The single optical section shown reveals that in the mitotic NE cell in the top row (a-e), the apical
membrane will be bisected by the cleavage and the apical par-3 (d, e red) distributed to both daughter cells (equal). In contrast, in the mitotic
NE cell in the bottom row (f-j), the apical membrane will be bypassed by the cleavage and the apical par-3 (i, j red) distributed to only one
daughter cell (unequal). The asterisk in (j) indicates the apical par-3 of another cell adjacent to the mitotic NE cell shown. The NE cell showing
an equal distribution of the apical par-3 (a—e) does not express TIS21-GFP (GFP—) (c, e green), indicative of a proliferative division, whereas
the NE cell showing an unequal distribution (f-j) does (GFP+) (h, j green), indicative of a neurogenic division.

Table III Area of apical membrane in relation to its distribution in mitotic NE cells

Cadherin hole diameter Apical membrane Total plasma membrane Apical membrane

(pm) (nm?) (um?) (% of total)
Equal distribution 2.9+0.14 (25) 6.6 290 (5) 2.3
Unequal distribution 2.040.16 (15) 3.1 270 (5) 1.2

Data are for mouse E11.5 midbrain; mean+s.e.m; numbers in parentheses, n.

observations that (i) young neurons lack prominin-1, a
marker of the apical membrane of NE cells (Weigmann et al,
1997), and (ii) inheritance of apical membrane by daughter
cells is a characteristic feature of divisions that generate more
NE cells (i.e. symmetric proliferative divisions).

The observed correlation between the switch of NE cells to
neurogenic divisions and the unequal distribution of the
apical membrane to only one daughter cell is remarkable,
especially if one considers the small proportion that the
apical membrane constitutes relative to the entire plasma
membrane, which (ignoring the presence of microvilli and
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the basal process (Miyata et al, 2001)) amounts to only 1-2%.
We find it unlikely that this correlation is coincidental, that is,
that an equal versus unequal distribution of apical membrane
makes no difference for daughter cell fate. Rather, consistent
with the notion that the apical membrane of epithelial cells is
characterized by a specific protein and lipid compositions
(van Meer and Simons, 1988), our observations strongly
suggest that certain molecules with a critical role for cell
fate are selectively associated with the apical membrane
of NE cells. For example, it is conceivable that the
apical membrane provides a signal that keeps the inheriting
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daughter cell in the NE stem cell state and hence in the cell
cycle, and that lack of inheritance of apical membrane con-
tributes to an eventually differentiated, postmitotic state of
the respective daughter cell. In this context, it is worth noting
that par-3, a protein implicated in asymmetric cell division,
was found to be associated with the apical cortex of NE cells
and differentially inherited by the daughter cells arising from
neurogenic divisions. However, other proteins implicated in
neurogenesis (e.g., numb (Cayouette and Raff, 2002; Fishell
and Kriegstein, 2003)) do not appear to be selectively asso-
ciated, in mitotic NE cells, with the apical membrane proper.

Consistent with a critical role of apical membrane consti-
tuents in NE cell fate, the amount of the apical membrane
appeared to be regulated in accordance with its equal versus
unequal distribution to the daughter cells. Remarkably, the
relative size of the apical membrane of symmetrically divid-
ing NE cells, which need to provide this membrane to both
daughter cells, was found to be twice that of asymmetrically
dividing NE cells, which need to provide this membrane to
only one daughter. Together, our observations imply that the
mechanism controlling the switch of NE cells from prolifera-
tive to neurogenic divisions regulates, in a concerted manner,
(at least) three parameters: (i) the expression of TIS21 (from
‘off’ to ‘on’), (ii) the size of the apical membrane (from two
units to one) and (iii) the distribution of the apical membrane
upon cleavage (from bisecting it to bypassing it).

Finally, the relatively small size of the apical membrane of
mammalian NE cells is of relevance when one compares their
asymmetric division to that of Drosophila neuroblasts. At first
sight, there seems to be a principal difference between these
two systems. Asymmetric division of Drosophila neuroblasts
is associated with a 90° rotation of the cleavage plane to
adopt an orientation perpendicular to the apical-basal axis of
the neuroblast, as compared to an orientation parallel to the
apical-basal axis in the dividing neuroectodermal progeni-
tors; this change in cleavage plane orientation results in the
differential distribution of cell fate determinants between
the daughter cells generated by the neuroblast division
(Matsuzaki, 2000; Knoblich, 2001; Wodarz and Huttner,
2003). In contrast, as shown in the present study, such
rotation is observed only rarely in mouse NE cells, the vast
majority of which maintain a cleavage plane orientation
roughly parallel to their apical-basal axis as they switch
from symmetric, proliferative to asymmetric, neurogenic
divisions.
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