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Figure 3. Fewer apical/basal astral microtubules in progenitors as neurogenesis progresses. A, B) a-Tubulin
immunofluorescence (maximum intensity projections of two 0.75 um optical sections) of E11.5 and E16.5 mouse
dorsolateral telencephalon showing mitotic microtubules in APs. Dashed boxes in the first column show regions
including the basal and apical cell cortex that are shown at higher magnification and brightness in the second
column. DNA stainings (DAPI) are single 0.75 pm optical sections. Merge: DNA in blue, microtubules in yellow.
Scale bars = 5 pm. (C) Mean number per cell of apical/basal astrals in APs at E11.5, E14.5 (Figure 2H, mean of both
AP categories), and E16.5. ***p<0.0001, K-W with DMC post test; for E11.5 and E16.5, n = 20 APs, from 4 inde-
pendent litters and experiments; Error bars are SEM.

DOI: 10.7554/eLife.02875.008

observed in the transition of unperturbed proliferating APs to neurogenic APs, without affecting
important cell and tissue features (see below for unaffected mitotic progression).

Conversely, an increase in the number of apical/basal astrals was pursued in neurogenic APs to
the level found in proliferating APs, but not higher. For this, BRO culture of E14.5 Tis21::GFP fore-
brains was performed for 2.5 hr with the microtubule stabilizer taxol (Figure 6F-H). The extremely low
taxol concentration of 25 pM increased the mean number of apical/basal astrals in neurogenic APs
to 10.5 = 0.6 (Figure 6H), similar to DMSO-only treated and untreated proliferating APs (Figure 6E,
Figure 2H). Importantly, the number of apical/basal astrals in proliferating APs under 25 pM taxol
was not significantly higher (Figure 6H, 11.1 + 0.5), showing that this increase is specific for neuro-
genic APs.

Next, the question was whether combining taxol treatment with overexpression of wt LGN, a
microtubule-cortex linker, would further increase the number of apical/basal astrals. For technical rea-
sons (see ‘Materials and methods’), this was performed in wt forebrains, where the mixed subpopula-
tions of proliferating and neurogenic APs could not be distinguished from each other (Figure 6I-K).
Indeed, in the presence of 25 pM taxol, the mean number of apical/basal astrals in APs increased
further to 12.3 = 0.7, significantly higher than wt LGN-overexpressing APs incubated only with DMSO
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Figure 4. Fewer astral microtubules in LGN KO progenitors and upon dominant-negative LGN-C overexpression.
(A-D) a-Tubulin immunofluorescence (maximum intensity projections of two 0.75 pm optical sections) of E14.5
heterozygous (LGN +/-) vs homozygous (LGN —/-) E14.5 LGN KO mouse dorsolateral telencephalon showing
Figure 4. Continued on next page
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Figure 4. Continued

mitotic microtubules in APs and BPs. Dashed boxes show regions including the basal and apical cell cortex that are
shown in the second and third row, respectively, at higher magnification and brightness. DNA staining (DAPI) and
Tis21::GFP fluorescence are single 0.75 pym optical sections. Merge: DNA in blue, microtubules in yellow. Scale
bars = 5 um. (E) Mean number per AP of astrals reaching the apical and basal cell cortex (apical/basal astrals).

(F) Mean number per AP of astrals reaching the central cell periphery (central astrals). (G) Mean number per BP

of astrals that are apically and basally oriented. ***p=0.0007, one-tail t-test, n (20 progenitors per category from

3 independent litters and experiments). Error bars are SEM. See also Figure 5. (H-J) a-Tubulin immunofluores-
cence (maximum intensity projections of two 0.75 um optical sections) of in utero electroporated E13.5 wt mouse
dorsolateral telencephalon analysed 24 hr later (E14.5). APs in the electroporated regions were either not elec-
troporated (H), or electroporated with LGN-wt (6Myc-wt-LGN, I) or with dominant-negative LGN (6Myc-LGN-C, J).
Dashed boxes in the first column show regions including the basal and apical cell cortex that are shown at higher
magnification and brightness in the second column. DNA staining (DAPI) and Myc immunofluorescence are single
0.75 pm optical sections. Merge: DNA in blue, microtubules in yellow. Scale bars = 5 pm. (K) Mean number per cell
of astral microtubules reaching the apical or basal cell cortex (apical + basal astrals) of APs in the electroporated
region that were either not electroporated, or transfected with 6Myc-LGN-wt or with 6Myc-LGN-C. ***p<0.0001,
one-way ANOVA with TMC test; n = 20 progenitors per category, from 3 independent litters and experiments.
Error bars are SEM. Scale bars = 5 pm.

DOI: 10.7554/eLife.02875.009

(9.9 £ 0.6) (Figure 6K). This shows that a combination of taxol treatment and wt LGN overexpression
can also increase the number of apical/basal astrals in APs.

Taxol incubation could have a similar effect in BPs. However, no significant change was detected
in apically and basally oriented astrals in BPs electroporated with LGN-wt, that were incubated
either with DMSO-only or 25 pM taxol (Figure 6—figure supplement 1A-C; Control 6.5 + 0.6, taxol
7.4 +£0.4).

Spindle orientation variability

In light of these observations, it was important to determine whether changing the number of apical/
basal astrals could affect spindle orientation variability in proliferating APs. First, live imaging of
organotypic slice culture was used to test whether an increase in astrals mediated by taxol could
decrease spindle orientation variability in APs (Figure 8A-D; Videos 4-7). Interestingly, 25 pM taxol
alone did not significantly decrease the amplitude of spindle orientation variability, neither in prolifer-
ating nor in neurogenic APs (Figure 8G; DMSO proliferating 13.3 = 1.7°, taxol proliferating 14.2 + 1.6°,
DMSO neurogenic 22.5 + 2.7°, taxol neurogenic 20.4 + 2.1°).

To reduce spindle orientation variability, taxol-stabilized microtubules could require higher than
physiological levels of LGN at the cell cortex. For technical reasons (see ‘Materials and methods’),
taxol treatment combined with in utero electroporation of LGN-wt for overexpression was performed
in wt forebrains. Proliferating and neurogenic APs could therefore not be distinguished from each
other in the live imaging of organotypic slice cultures. In this population of mixed APs (Figure 8E-F,
Videos 8,9), spindle orientation variability decreased to a level (15.1 + 2.3°) similar to control, non-
LGN-overexpressing proliferating APs (Figure 8G). In DMSO-only treated mixed APs overexpressing
LGN-wt, spindle orientation variability was at an intermediate level (18.1 + 2.1°) between control pro-
liferating and neurogenic progenitors, consistent with a mixed AP population that remains unchanged
under control conditions.

Interestingly, no such change was detected in BPs (Figure 8—figure supplement 1A-C; control
44.2 + 9.5°, taxol 41.7 = 11.0°). This suggests that the stabilization of spindle orientation variability
produced by an increase in apical/basal astrals is specific of APs. This difference is not fully unex-
pected. BPs are substantially different to APs, as they have delaminated from the apical surface and
therefore lack canonical apical-basal polarity features of APs (Attardo et al., 2008). A consequence of
this polarity loss is that, regardless of their mitotic cleavage orientation, most mouse BPs undergo
terminal divisions, which are symmetric in that two neurons are produced (although the neurons could
be of different type) (Haubensak et al., 2004; Miyata et al., 2004; Noctor et al., 2004). Therefore,
changes in spindle orientation are not predicted to significantly change the symmetry or outcome of
BP divisions. Consistent with our results, it is thus plausible that BPs may naturally be less responsive
to the microtubule and spindle changes that are here described as key for APs.
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Figure 5. Less cell cortical LGN in neurogenic progenitors. (A-C) Double immunofluorescence for LGN and GFP,
with DNA staining (DAPI), of E14.5 Tis21::GFP mouse dorsolateral telencephalon showing representative examples
of a proliferating AP (Tis21::GFP-) vs neurogenic AP (Tis21-GFP+) vs neurogenic BP (Tis21-GFP+). Merge: DNA in
cyan, LGN in red. (D) Same mitotic AP as in (1), illustrating how LGN cortical immunofluorescence intensity was
measured, starting at 0.0 in the middle of the apical region and continuing clockwise along the entire cell cortex
(dashed red line) until 1.0. Apical, central, and basal regions are indicated (regions 1, left side; regions 2, right side).
(E) Mean = SEM of LGN cortical immunofluorescence intensity along 100 equidistant points of the normalized cell
perimeter length; the light grey boxes highlight the central regions; the red box highlights the basal region; n = 15
progenitors per category, from 4 independent litters and experiments. Scale bars = 5 pm.

DOI: 10.7554/eLife.02875.010

Together, these results show that, whereas in APs taxol alone is sufficient to increase the number of
apical/basal astrals, it requires a concomitant overexpression of functional LGN to decrease spindle ori-
entation variability and thus revert to a more proliferation-like mitotic behaviour. This is consistent with
a model where a simple increase in the sub-population of apical/basal astrals is not enough and these
astrals must be anchored to the cell cortex in order to exert a stabilizing effect on spindle orientation.

Conversely, a decrease in apical/basal astrals mediated by minimal nocodazole could lower spindle
orientation variability in APs. Interestingly, using live imaging of organotypic slice culture, incubation with
30 pM nocodazole was sufficient to increase the amplitude of spindle orientation variability in prolifer-
ating APs to a level similar to control neurogenic APs (Figure 9A-E; Videos 10-13; Control proliferat-
ing 13.1 £ 1.7°, nocodazole proliferating 23.8 + 3.8°, Control neurogenic 22.7 + 2.7°). The amplitude
in neurogenic APs under minimal nocodazole did not increase significantly (25.5 + 4.1°), showing that
this nocodazole concentration only changes the spindle orientation variability of proliferating APs.

Asymmetric cell division with respect to the apical domain
It was important to determine if a reduction in the number of apical/basal astrals with 30 pM nocodazole
could also increase AP division asymmetry. An established assay was adapted to determine the proportion
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Figure 6. Changing the number of apical/basal astral microtubules in APs. A-E) Controlled decrease in the apical/basal astrals of proliferating APs under
minimal nocodazole. E14.5 forebrains from Tis21::GFP mice were incubated for 2.5 hr in BRO culture, either with solvent (DMSO) only (Control) or with

30 pM nocodazole (Noc). (A-D) a-Tubulin immunofluorescence (maximum intensity projections of two 0.75 pm optical sections) of dorsolateral

Figure 6. Continued on next page
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Figure 6. Continued

telencephalon showing mitotic microtubules in proliferating APs (Tis21::GFP-) vs neurogenic APs (Tis21::GFP+), either in controls or with 30 pM
nocodazole. Dashed boxes show regions including the basal and apical cell cortex that are shown in the second and third row, respectively, at higher
magnification and brightness. DNA staining (DAPI) and Tis21::GFP fluorescence are single 0.75 pm optical sections. Merge: DNA in blue, microtubules in
yellow. Scale bars = 5 ym. (E) Mean number per cell of apical/basal astrals in control or upon incubation with increasing concentrations of nocodazole in
the picomolar range. Note that, with 30 pM nocodazole, the mean number of apical/basal astrals of proliferating APs (Tis21::GFP-) was both significantly
lower than in control proliferating APs and similar to that of control neurogenic APs (Tis21::GFP+); ***p<0.0001, K-W with DMC post test; n = 20 progeni-
tors per category, from 3 independent litters and experiments. (E') Mean number per cell of central astrals in controls or with 30 pM nocodazole. n = 10
progenitors per category, from 3 independent litters and experiments. Error bars are SEM. See also Figure 6—figure supplement 1. (F-K) Controlled
increase in apical/basal astrals of neurogenic APs under minimal taxol and also in APs overexpressing LGN-wt combined with minimal taxol. (F, G) E14.5
forebrains from Tis21::GFP mice were incubated for 2.5 hr in BRO culture with 25 pM taxol. a-Tubulin immunofluorescence (maximum intensity projec-
tions of two 0.75 pm optical sections) of dorsolateral telencephalon showing mitotic microtubules in a proliferating AP (Tis21::GFP-) vs a neurogenic AP
(Tis21::GFP+). Dashed boxes in the first row show regions including the basal and apical cell cortex that are shown at higher magnification and bright-
ness in the second and third rows. Tis21::GFP fluorescence (fifth row) and DNA staining (DAPI, fourth row) are single 0.75 pm optical sections. Merge:
DNA in blue, microtubules in yellow. Scale bars = 5 pm. (H) Mean number per cell of apical/basal astrals upon 25 pM taxol incubation. The mean number
of apical/basal astrals of neurogenic APs (Tis21::GFP+) was both significantly higher than in control neurogenic APs (E) and similar to that of control (E)
and taxol-treated (H) proliferating APs (Tis21::GFP-). n = 12 progenitors per category, from three independent litters and experiments. (I, J) E13.5 wt
forebrains were subjected to in utero electroporation of 6Myc-LGN-wt and 18 hr later (E14.25) incubated for 2.5 hr in BRO culture with either DMSO only
(control) or 25 pM taxol. Immunofluorescences similar to F, G, but the fifth row shows immunofluorescence for Myc (6Myc-LGN-wt). (K) Mean number of
apical/basal astrals of APs electroporated with 6Myc-LGN-wt. This was higher upon taxol incubation than in controls. *p<0.05, ***p<0.0001, K-W with
DMC post test; n = 12 progenitors per category, from n 2 2 independent litters and experiments. Error bars are SEM.

DOI: 10.7554/eLife.02875.011

The following figure supplements are available for figure 6:

Figure supplement 1. No increase in apical/basal astral microtubules of BPs upon wt LGN overexpression combined with minimal taxol incubation.
DOI: 10.7554/eLife.02875.012

of symmetric vs asymmetric divisions with respect to the distribution of the apical domain, identified by the
absence of cadherin staining (Kosodo et al., 2004). The previously published low percentage of asym-
metric divisions was confirmed with BRO culture in controls (Figure 9H top bar, white = 12%). However,
with 30 pM nocodazole, the proportion of asymmetric divisions in proliferating APs increased to a level
similar to control neurogenic divisions (Figure 9H, second and third bar, white = 60% vs 62%). Nocodazole
at 30 pM did not increase much the proportion of asymmetric divisions in neurogenic APs (Figure 9H
bottom bar, white = 69%), showing that this nocodazole concentration mostly influences the division
symmetry of proliferating APs. Together, these data show that 30 pM nocodazole is sufficient to induce
mitotic proliferating APs to behave as neurogenic ones with respect to the number of apical/basal astrals
(Figure 6A-F), spindle orientation variability (Figure 9A-E), and cell division symmetry (Figure 9F-H).

Reducing the number of apical/basal astral microtubules increases basal
progenitors, basal mitoses, and neurogenesis
An increase in asymmetric AP divisions could lead to changes in daughter cell fate, such as more AP
daughter cells becoming BPs, and eventually to an increase in neurogenesis. To detect changes in the
populations of progenitors and neurons, E13.5 BRO culture was used with or without 30 pM nocodazole.
Compared to the DMSO control, incubation with 30 pM nocodazole for 24 hr resulted in a decrease in
the proportion of APs, as identified by being in the ventricular zone (VZ) and having a characteristic tran-
scription factor expression pattern (Paxé-positive, Tbr2-negative; Figure 10A-C, 62.5 + 1.8% vs
53.8 = 0.7%). Interestingly, a concomitant increase was observed in the proportion of Thr2-positive
newborn BPs in the VZ (Figure 10A-C, 34.3 + 2.1% vs 43.1 + 2.4%). These results indicate that more AP
daughter cells became BPs upon an induced increase in asymmetric divisions. This is consistent with
results showing an increase in BPs upon perturbation of other factors that also increase AP spindle orienta-
tion variability (Fish et al., 2006; Konno et al., 2008; Postiglione et al., 2011; Shitamukai et al., 2011).
To complement these data, we analysed the expression of the neurogenic marker Tis21::GFP in VZ
progenitors (Figure 10—figure supplement 1A-C). Compared to controls, 30 pM nocodazole
increased the proportion of Tis21::GFP-positive cells in the VZ (58.8 = 5.1% vs 68.2 = 2.4%). These
cells may well comprise not only BP daughters but also AP daughters originating from Tis21::GFP-
negative AP divisions that had become increasingly asymmetric. We conclude that minimal nocodazole-
induced asymmetric AP divisions result in increased Tis21::GFP expression in daughter cells, consistent
with these daughters being neurogenic progenitors.
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Figure 7. Key spindle and cell features in APs are not altered by 30 pM nocodazole. All measurements were
performed on the same cell images from which the astral microtubule data were obtained (see Figures 2 & 4).

(A) Cartoon and example image (a-tubulin immunofluorescence) of the mitotic spindle in an AP, indicating the main
spindle region (solid red line) where a-tubulin immunofluorescence measurements were performed to control for
Figure 7. Continued on next page
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Figure 7. Continued

variations in spindle features (B-D), between proliferating and neurogenic APs, either without (no treatment) or
with BRO culture of Tis21::GFP E14.5 forebrains, with either solvent (DMSO) only (Control) or with 30 pM nocoda-
zole (Noc). The main spindle region was defined on the basis of the cell body shape and the centrosomal region
(both revealed by a-tubulin immunofluorescence) and the apical- and basal-most (peri-)centromeric foci (DAPI
staining) (see Figure 2A). The a-tubulin immunofluorescence used for illustration on the right side in A and E is
the same as in Figure 2C. The key in A applies also for the cartoon in E. To obtain values from the central part of
the spindle, the mean of the measurements from the 2 central-most 0.75 pym confocal sections was obtained.
(B) Quantification of the area of the main spindle region. (C) Quantification of the amount of spindle microtubules,
as obtained from the mean fluorescence intensity in the main spindle region normalized to the mean fluorescence
intensity in the entire image. (D) Spatial distribution of a-tubulin in the main spindle region, as revealed by the
mean standard deviation (SD) between the per-pixel fluorescence intensity values in the main spindle region,
normalized to the mean fluorescence intensity of the main spindle region. (E) Cartoon and example image of the
mitotic spindle showing the AP diameter measurement at the spindle plane (red dashed line). (F) AP cell body
diameter at the spindle plane, indicating also spindle length. (B-D, F) Significant differences were not found
with K-W with DMC post test. Error bars are SEM. Scale bars = 5 um. See also Figure 7—source data 1 and
Figure 7—figure supplement 1.

DOI: 10.7554/eLife.02875.013

The following source data and figure supplements are available for figure 7:

Source data 1. Table with the values for the graphs in Figure 7.

DOI: 10.7554/eLife.02875.014

Figure supplement 1. Key subcellular, cellular, and tissue features in APs are not significantly altered by 30 pM
nocodazole.

DOI: 10.7554/elife.02875.015

Of note, the increase in newborn BPs in the VZ did not yet result in a detectable increase in inter-
phase Tbhr2-positive or Paxé-positive BPs in the subventricular zone (SVZ) after 24 hr (Tbr2, control:
80.1 = 2.0%, nocodazole: 82.3 £ 5.9%; Pax6, control: 31.9 + 8.2%, nocodazole: 28.9 + 12.7%), despite
the higher number of mitoses in the SVZ (see below). This presumably reflects known differences in cell
cycle length between progenitor subtypes (see ‘Discussion’).

A prediction from the increase in newborn BPs after minimal nocodazole is that the number of
basal mitoses would increase. Confirming this, more mitoses were found in the SVZ with 30 pM noco-
dazole than in controls (phosphorylated histone 3 (PH3) immunoreactivity; Figure 10D-F, 1.96 + 0.16
vs 1.32 = 0.029). This was corroborated with a second, independent mitosis marker (phosphovimentin
(pVim); Figure 10—figure supplement 1D-F, 2.08 + 0.25 vs 1.28 + 0.05).

Importantly, the total number of mitoses did not change significantly with minimal nocodazole
when analysed by either PH3 (Figure 10F, control: 7.98 + 0.57, nocodazole: 8.22 + 0.58) or by pVim
(Figure 10—figure supplement 1F, control: 7.80 + 0.52, nocodazole: 8.09 * 0.42). In addition, 30 pM
nocodazole did not result in more apoptosis (Figure 10—figure supplement 1G-I and ‘Material and
methods’). Also, all mitotic phases proceeded normally and at the same rate with 30 pM nocoda-
zole as they did in controls (Figure 9A-D), and cellular morphology at mitosis was unperturbed
(Figure 6C,D, Figure 9F,G). These data show that normal mitotic progression and the cell cycle were
unaffected by 30 pM nocodazole. Importantly, the converse manipulation of microtubules by using
25 pM taxol did not affect mitotic progression (Figure 8A-F) or morphology (Figure 6F,G,l,J) either.

The increase in neurogenic progenitors, notably newborn Tbr2-positive BPs, predicted an increase
in neuron generation. Counting the number of cells positive for the neuronal marker Tbr1 confirmed
this. More neurons were found in the presence of 30 pM nocodazole than in the presence of only
DMSO (Figure 10G-I, 381.2 = 11.4 vs 327.2 + 12.0). Together, these results show that an acute reduc-
tion in the number of apical/basal astrals that leads to an increase in asymmetric AP divisions can
increase BPs and neurogenesis.

Discussion

Our study reports a novel concept regarding the composition and role of astral microtubule popula-
tions in the symmetric vs asymmetric division of polarized stem and progenitor cells. Specifically,
we use the established model of mouse neocortex APs to show that the transition between sym-
metric and asymmetric neural stem cell division in cells with minor spindle variations is mediated by a
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Figure 8. Dynamic spindle orientation variability decreases with minimal taxol incubation combined with LGN-wt
overexpression, but not with taxol alone. A-D) E14.5 forebrains from Tis21::GFP mice were incubated on the
microscope stage with either solvent (DMSO) only (Control) or with 25 pM taxol. Live tissue imaging of spindle

Figure 8. Continued on next page
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Figure 8. Continued

orientation, as reported by chromosome plate orientation, in organotypic slice culture of coronal sections from
Tis21::GFP mouse dorsolateral telencephalon. Time-lapse is 1.5 min. 0 min corresponds to anaphase onset. Apical
progenitors underwent either proliferative (A, B, Tis21::GFP-) or neurogenic (C, D; Tis21::GFP+) divisions. Merge:
chromosomes in red, EGFP in green. Chromosome plate orientation was determined by measuring angular devia-
tions from the apico-basal axis (0°, corresponding to vertical), which runs perpendicular to the apical ventricular
surface (90°, horizontal white dotted lines in A-F). Vertical or oblique dashed lines indicate chromosome plate
orientations in metaphase or anaphase onset; maximal deviation angles for each plate were set by the orientation
at an early time-point (yellow) and a later time-point (red), which are quantified in G. White dashed lines indicate
intermediate orientations. Scale bar = 5 pm. (E, F) Similar to A,B and C,D, but with E13.5 wt forebrains subjected to
in utero electroporation of 6Myc-LGN-wt together with GAP43-EGFP and 18 hr later (E14.25) incubated for 2.5 hr in
organotypic slice culture with either DMSO only (control) or 25 pM taxol. Time-lapse is 2.5 min. (G) Mean = SEM of
the maximal amplitude of deviations for proliferating (Tis21::GFP-) vs neurogenic (Tis21::GFP+) APs or of APs
electroporated with LGN-wt together with GAP43-EGFP, in control or 25 pM taxol incubations. *p<0.05, K-W with
DMC post test, n = 20 progenitors per category, from two independent litters and experiments.

DOI: 10.7554/eLife.02875.016

The following figure supplements are available for figure 8:

Figure supplement 1. No increase in dynamic spindle orientation variability of BPs upon wt LGN overexpression
combined with minimal taxol incubation.

DOI: 10.7554/elife.02875.017

reduction in the number of astral microtubules
that reach the cell cortex. Strikingly, this reduc-
tion in astrals is not homogeneous, but happens
only in the astrals that reach the basal and apical
cell cortex. This shows that a distinct subpopu-
lation of astrals, the apical/basal astrals, governs
spindle orientation.

Our selective reduction in the number of apical/
basal astrals, by using minimal nocodazole, mim-
ics the reduction observed in vivo and increases
the proportion of asymmetric AP divisions and
the pool of BPs, ultimately leading to more neu-
rogenesis. To the best of our knowledge, this
reduction is also the earliest change reported
thus far in the cytoarchitecture of APs that switch
from proliferation to neurogenesis. A homoge-
neous decrease in astrals, including those reach-
ing the central cell cortex, happens only in BPs,

Video 4. Dynamic spindle orientation variability in a i ) . : >
representative proliferating AP incubated with DMSO which, accordingly, have the highest spindle ori-

only at 1.5 min time resolution. Related to Figure 8A. entation variability (Figure 10J). The spatial, tem-
Live tissue imaging of spindle orientation, as reported poral, and cell-type specific regulation of astrals
by the chromosome plate (DNA) orientation, in is therefore key to maintain the population of
organotypic slice culture of dorsolateral telencephalon proliferating APs for normal brain development.

coronal sections, from an E14.5 Tis21::GFP mouse. Total A new model is therefore proposed to explain

time elapsed 15 min.

how spindle and cleavage plane variability increases
DOI: 10.7554/eLife.02875.018

during mammalian neurogenesis (Chenn and
McConnell, 1995; Haydar et al., 2003; Kosodo
et al., 2004; Konno et al., 2008). The subtle mammalian increase in variability is fundamentally dif-
ferent to the large and defined 90° re-orientation in Drosophila neuroblasts (Knoblich, 2008; Siller
and Doe, 2009). We show that, as mammalian APs switch to neurogenesis, the spindle becomes less
restricted to an orientation precisely perpendicular to the apico-basal axis (Sauer, 1935; Smart,
1972a, 1972b; Huttner and Brand, 1997) as a result of fewer apical/basal astrals anchoring the spin-
dle to the cell cortex (Figure 10J). The orientation of spindles that become less anchored is then more
sensitive to intra- and extracellular forces that can induce tilts, including those resulting from the dense
packing of dynamic cells in the developing cortical wall.
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Video 5. Dynamic spindle orientation variability in a
representative proliferating AP incubated with 25 pM
taxol at 1.5 min time resolution. Related to Figure 8B.
Live tissue imaging of spindle orientation, as reported
by the chromosome plate (DNA) orientation, in
organotypic slice culture of dorsolateral telencephalon
coronal sections, from an E14.5 Tis21::GFP mouse. Total
time elapsed 13.5 min.

DOI: 10.7554/elife.02875.019

Video 6. Dynamic spindle orientation variability in a
representative neurogenic AP incubated with DMSO
only at 1.5 min time resolution. Related to Figure 8C.
Live tissue imaging of spindle orientation, as reported

by the chromosome plate (DNA) orientation, in
organotypic slice culture of dorsolateral telencephalon
coronal sections, from an E14.5 Tis21::GFP mouse. Total
time elapsed 10.5 min.

DOI: 10.7554/elife.02875.020
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The increase in BPs upon increasing spindle
orientation variability by minimal nocodazole treat-
ment is consistent with previous studies showing
more BPs in mice where spindles were tilted by
perturbing the LGN binding partner Inscuteable
(Postiglione et al., 2011), or LGN itself (Konno
et al., 2008; Shitamukai et al., 2011). The
increase in mitotic BPs observed upon LGN pertur-
bation was associated with an increasing appear-
ance of Paxé-positive and of Tbr2-positive cells
in the SVZ (Konno et al., 2008; Shitamukai et al.,
2011). Inscuteable overexpression increased the
number of mitotic, Tbr2-positive cells in the SVZ
(Postiglione et al., 2011). The reduction in apical/
basal astrals shown here generated more new-
born Tbr2-positive BPs in the VZ and mitotic BPs
in the SVZ. Thus, these three distinct approaches
that tilt the spindle to increasingly deviate from
an orientation perpendicular to the apico-basal
AP axis yield similar (albeit not identical) pheno-
types, that is, an increase in delaminated pro-
genitors that exhibit BP features and undergo
basal mitosis. The more specific differences could
reflect the distinct types of manipulation, i.e.,
the genetic ablation of LGN vs Inscuteable over-
expression vs pharmacological perturbation of
apico/basal astrals. Taken together, our data deci-
sively support the concept that a small change in
cleavage plane orientation of APs can be suffi-
cient to cause a fate change in their progeny (Fish
et al., 2006; Postiglione et al., 2011).

Importantly, the delaminated progenitors
increasingly observed upon minimal nocodazole
treatment showed Tbr2 immunoreactivity and
underwent basal mitosis, hence showing a number
of features that are typical of BPs rather than APs.
Nevertheless, these newborn Tis21::GFP-positive
BPs, generated by just tilting the spindle, may still
temporarily exhibit certain AP features, such as
an AP-like cell cycle length, which is shorter than
that of mature BPs (Arai et al., 2011). These new-
born BPs may therefore undergo mitosis soon
after arrival in the SVZ, which would explain its
increased mitoses without a significant increase
in Tbr2-positive interphase cells. A shorter than
normal cell cycle of the BPs generated by min-
imal nocodazole would also be consistent with
the newborn neurons increasingly observed after
24 hr of this treatment being derived not only
directly from the asymmetrically dividing APs, but
also indirectly from these BPs.

Spindle orientation studies have faced the
challenge of establishing whether the phenotypes
observed could be solely attributed to changes in

orientation, or to other effects on the spindle and other cellular components. This study aimed at spe-
cifically perturbing spindle orientation while avoiding other effects. For this, a minimal concentration
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Video 7. Dynamic spindle orientation variability in a
representative neurogenic AP incubated with 25 pM
taxol at 1.5 min time resolution. Related to Figure 8D.
Live tissue imaging of spindle orientation, as reported
by the chromosome plate (DNA) orientation, in
organotypic slice culture of dorsolateral telencephalon
coronal sections, from an E14.5 Tis21::GFP mouse. Total
time elapsed 12 min.

DOI: 10.7554/eLife.02875.021

Video 8. Dynamic spindle orientation variability in a
representative AP incubated with DMSO only and
co-electroporated with GAP43-EGFP and 6Myc-LGN-wt.
Related to Figure 8E. Live tissue imaging of spindle

orientation, as reported by the chromosome plate (DNA)
orientation, in organotypic slice culture of dorsolateral
telencephalon coronal sections, from an E14.5 wt
mouse. Time-lapse 3 min. Total time elapsed 17.5 min.
DOI: 10.7554/elife.02875.022
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of the highly specific microtubule polymerization
inhibitor nocodazole was identified that was sev-
eral orders of magnitude lower than previously
used in spindle studies. This minimal nocodazole
decreased only the number of apical/basal astrals,
those detected to change when APs switch from
proliferation to neurogenesis, but did not affect
other types of microtubules, notably the central
astrals. This suggests that these astrals are more
sensitive to depolymerisation, perhaps due to
being highly dynamic. Moreover, this decrease
was titrated to the physiological level observed in
unperturbed neurogenic APs, and other effects,
notably on progenitor and spindle features,
mitotic morphology, and progression, were not
detected. Consistent with this, a similarly low con-
centration of the specific microtubule stabilizer
taxol showed the opposite effect, increasing the
number of apical/basal astrals. Therefore, treat-
ment with minimal concentrations of compounds
acting specifically on microtubules constitutes
an alternative approach to genetic manipula-
tions, allowing direct probing of spindle orienta-
tion per se and of the symmetry of cell division
in tissue.

Furthermore, LGN is here shown to regulate
the spatial and temporal abundance of astrals
that reach the cell cortex, and thereby the tran-
sition between proliferation and neurogenesis.
Mammalian LGN has been shown to participate
in the anchoring of the spindle to the cell cortex
in cultured MDCK cells, as part of a complex with
NuMA and dynein, by mediating the attachment
of astrals to cell cortical Gai subunits (Du and
Macara, 2004). Consistent with this role, pre-
vious studies showed that LGN is important for
normal cleavage plane and symmetric AP divisions
in the mouse (Konno et al., 2008; Shitamukai
et al., 2011) and the chick (Morin et al., 2007,
Peyre et al., 2011), but how LGN achieved this
was unknown. Using an LGN KO mouse (Konno
et al., 2008), LGN is now shown to be necessary
for APs to have a normal number of apical/basal
astrals. Importantly, lack of LGN did not affect
the number of central astrals, corroborating that
loss of apical/basal astrals is sufficient to increase
spindle deviations and asymmetric divisions. These
data were complemented by overexpressing a
dominant-negative version of LGN that interacts
with cell cortical Gai, but cannot interact with
NuMA and dynein to anchor microtubules (Morin
et al., 2007; Shitamukai et al., 2011). This also
reduced apical/basal astral abundance. Conversely,
when wt LGN was overexpressed in the presence

of the microtubule-stabilizing compound taxol, neurogenic APs could be switched back to a mitosis
behaviour characteristic of proliferating APs. Together, these data show that LGN is required for
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Video 9. Dynamic spindle orientation variability in a
representative AP incubated with 25 pM taxol and

co-electroporated with GAP43-EGFP and 6Myc-LGN-wt.

Related to Figure 8F. Live tissue imaging of spindle
orientation, as reported by the chromosome plate
(DNA) orientation, in organotypic slice culture of

Cell biology | Developmental biology and stem cells

maintaining symmetric AP divisions through cor-
tical anchoring of apical/basal astrals.

Our data also show how different cortical
localizations of LGN could regulate the abundance
of astrals that reach different regions of the cell
cortex. When APs switched to neurogenesis, the
enrichment of LGN at the basal cell cortex was
largely reduced, and it was further reduced all
around the cell cortex in BPs. This closely corre-
sponds to the abundance pattern of astrals and
also to the levels of spindle orientation variability
in these different progenitors. A spatially selec-
tive loss of cortical LGN could therefore reduce
cortical anchor points and lead to fewer astrals in
specific regions of the cell cortex (Figure 10J).

The present study showing the crucial role of a
specific subset of LGN-dependent astrals in the
control of spindle and cleavage plane orienta-
tion also builds upon previous studies on another
microtubule-interacting protein, the lissenceph-
aly protein Lis1 (Sapir et al., 1999; Faulkner et al.,
2000; Tsai et al., 2005; Yingling et al., 2008,
Bi et al., 2009). In the neural tube of mice with-

dorsolateral telencephalon coronal sections, from
an E14.5 wt mouse. Time-lapse 3 min. Total time
elapsed 20.5 min.

DOI: 10.7554/elife.02875.023

out Lis1, cleavage planes of APs were more tilted
(Yingling et al., 2008). Also, cultured embryonic
fibroblasts lacking Lis1 showed general defects in
interphase and mitotic microtubules, including
astrals (Yingling et al., 2008). The present find-
ings suggest that the altered cleavage plane orientation in Lis1-deficient APs could be due, at least in
part, to a loss of apical/basal astrals.

If apical/basal astral microtubules are key to controlling spindle and cleavage orientation, what then
is the role of the central astrals unaffected by the proliferation-to-neurogenesis transition of progeni-
tors (Figure 10J) and that remained constant upon minimal nocodazole treatment or functional LGN
ablation? An intriguing scenario is that this baseline number of remaining astrals is required for the
primary establishment and structural stability of a spindle. If so, our data suggest a way how cells dif-
ferentially regulate core aspects of spindle function vs those that are cell type-specific, notably spindle
orientation.

Materials and methods

Mice

All observations were performed in the dorsolateral telencephalon of mouse embryos, at a medial
position along the rostro-caudal axis. All mice, wt or mutant, were C57BL/6. Animals were kept path-
ogen-free at the Biomedical Services Facility (BMS) of the MPI-CBG. All experiments were performed
according to the German Animal Welfare Legislation. Embryonic day (E) 0.5 was set at noon on the day
of vaginal plug identification. Neurogenic progenitors were identified in knock-in mice heterozygous
for EGFP expressed under the control of the Tis21 promoter (Haubensak et al., 2004). To examine
astral microtubules (astrals) in mitotic cells without LGN, LGN knock-out (KO) mice (Konno et al., 2008)
were used.

BRO culture

A brain culture method was developed that is termed BRO (Brain Rotation Organotypic) culture, which
includes aspects of previous culture systems (Nomura and Osumi, 2004; Attardo et al., 2008; Schenk
et al., 2009) and is as follows: Brains of E13.5-E14.5 embryos were dissected and placed in Tyrode
solution (Sigma T2145, Germany) at 37°C, where most of the meninges were surgically removed. Whole
forebrains were dissected and transferred to 20 ml glass flasks with 1 ml brain culture medium (see ‘Live
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Figure 9. Dynamic spindle orientation variability and asymmetric AP divisions increase with minimal nocodazole.
E14.5 forebrains from Tis21::GFP mice were incubated on the microscope stage with either solvent (DMSO) only
(Control) or with 30 pM nocodazole (Noc). (A-D) Live tissue imaging of spindle orientation, as reported by
chromosome plate orientation, in organotypic slice culture of coronal sections from E14.5 Tis21::GFP mouse
dorsolateral telencephalon. 0 min corresponds to anaphase onset. Apical progenitors underwent either

Figure 9. Continued on next page
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Figure 9. Continued

proliferative (A, B, Tis21::GFP-) or neurogenic (C, D; Tis21::GFP+) divisions. Merge: chromosomes in red, EGFP in
green. Chromosome plate orientation was determined by measuring angular deviations from the apico-basal axis
(0°, corresponding to vertical), which runs perpendicular to the apical ventricular surface (90°, horizontal white
dotted lines in A-D). Time-lapse is 3 min. Vertical or oblique dashed lines indicate chromosome plate orienta-
tions in metaphase or anaphase onset; maximal deviation angles for each plate were set by the orientation at

an early time-point (yellow) and a later time-point (red), which are quantified in E. White dashed lines indicate
intermediate orientations. Scale bar = 5 pm. (E) Mean = SEM of the maximal amplitude of deviations for proliferat-
ing (Tis21::GFP-) vs neurogenic (Tis21::GFP+) APs, either in control or nocodazole incubations, *p<0.05, K-W with
DMC post test, n = 20 progenitors per category, from 3 independent litters and experiments. See also Figure 7.
(F, G) Cadherin immunofluorescence combined with DNA staining (DAPI) to reveal symmetric vs asymmetric
divisions of anaphase APs with regard to the apical domain, as reported by bisecting or bypassing, respec-
tively, of the cadherin-negative apical plasma membrane (dashed lines). Merge: cadherin, red; DNA, cyan.
(H) Percentages of late anaphase APs, with advanced cytokinetic cleavage furrow, prospectively bisecting or
bypassing their apical domain; n = 20 progenitors per category, from three independent litters and experiments.
Scale bars = 5 pm.

DOI: 10.7554/¢Life.02875.024

Tissue Imaging’). Flasks were connected to a
whole-embryo culture incubator (RKI lkemoto,
Japan) and maintained at 37°C with an atmosphere
of 60% O,, 5% CO,, 35% N,, and at 30 rpm, allow-
ing tissue rotation and nutrition without mechanical
damage. After 1 hr of equilibration, pre-warmed
brain culture medium containing 10 nM nocoda-
zole or taxol and 1% DMSO, added from a 1 pm
stock solution in DMSO, or brain culture medium
containing 1% DMSO only (control), was added
to the culture in amounts appropriate to obtain
the indicated final concentration. To count astrals,
E14.5 forebrains were incubated for 2.5 hr. To
analyse differences in the populations of pro-
genitors, mitotic cells, and neurons, E13.5 fore-
brains were incubated for 24 hr, during which the
tissue remained intact without a significant cell
death increase (Figure 10—figure supplement 1).

Video 10. Dynamic spindle orientation variability in a
. . . .
representative proliferating AP incubated with DMSO Brains were then fixed in 4% PFA in phosphate

only. Related to Figure 9A. Live tissue imaging of buffer for 2 hr at room temperature followed by
spindle orientation, as reported by the chromosome 4°C overnight.

plate (DNA) orientation, in organotypic slice culture of

dorsolateral telencephalon coronal sections, from an In utero electroporation and

E14.5 Tis21::GFP mouse. Time-lapse 3 min. Total time plasmids
elapsed 15 min.

In utero electroporation (Takahashi et al., 2002,
DOI: 10.7554/elife.02875.025

Fish et al., 2006) was used to introduce the dom-
inant-negative LGN-C or LGN-wt (Shitamukai
et al., 2011) into APs. E13.5 pregnant mice were
fully anesthetized with isofluorane and received a subcutaneous analgesic injection. The uterus was
then exposed by surgically opening the peritoneal cavity, maintaining moisture and 37°C temperature.
Embryos were injected intraventricularly with a 0.1% solution of fast green (Sigma) in sterile PBS, con-
taining 0.2-0.5 pg/ul of LGN plasmid, plus mCherry or GAP43-EGFP, driven by the CAGGS constitu-
tive promoter (Niwa et al., 1991) to locate electroporated regions and cells. Electroporations were
with six 50 ms pulses of 30 mV at 1 s intervals. Detection of LGN and the fluorescent reporter occupied
two of the four available fluorescence channels, with DAPI and tubulin occupying the other two, so
these experiments could only be performed with wt and not with Tis21::GFP mice. For consistency,
this scheme was followed for the live imaging of organotypic slice cultures (see ‘Live tissue imaging’).
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Video 11. Dynamic spindle orientation variability in a
representative proliferating AP incubated with DMSO
only. Related to Figure 9B. Live tissue imaging of
spindle orientation, as reported by the chromosome
plate (DNA) orientation, in organotypic slice culture of
dorsolateral telencephalon coronal sections, from an
E14.5 Tis21::GFP mouse. Time-lapse 3 min. Total time
elapsed 12 min.

DOI: 10.7554/eLife.02875.026

Video 12. Dynamic spindle orientation variability in a
representative neurogenic AP incubated with 30 pM
nocodazole. Related to Figure 9C. Live tissue imaging

of spindle orientation, as reported by the chromosome
plate (DNA) orientation, in organotypic slice culture of
dorsolateral telencephalon coronal sections, from an
E14.5 Tis21::GFP mouse. Time-lapse 3 min. Total time
elapsed 12 min.

DOI: 10.7554/elLife.02875.027
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Microscopy

Images were acquired with a Zeiss LSM 510
Duoscan laser-scanning confocal microscope or
a Zeiss LSM 780 NLO 2-photon laser-scanning
microscope with an automated tuning pulsed Ti:S
Chameleon Vision Il laser (Coherent), using 63x
Plan-Apochromat 1.4 N.A. oil or 40x C-Apochromat
1.2 N.A. W objectives (Carl Zeiss, Germany).
Multiposition and multidimensional imaging was
controlled as described (Rabut and Ellenberg,
2004).

Live tissue imaging

Freshly dissected E14.5 forebrains were embed-
ded in 3% low melting-point agarose (Sigma) in
PBS. Coronal sections (200 pym) were obtained
by vibratome (Leica, Germany) sectioning and
embedded in type la collagen (Cellmatrix, Japan)
diluted to 1.7 mg/ml with DMEM and buffer
according to the manufacturer’s instructions.
Embedded sections were mounted in the 14 mm
glass bottom microwell of 35 mm dishes (MatTek,
Germany) and incubated for 45 min at 37°C for
collagen solidification. Sections in the dish were
further cultured for observation on a microscope
stage incubation chamber (Pecon, Germany) at
37°C in 1 ml of brain culture medium, composed
of Neurobasal medium (Invitrogen, San Francisco,
CA) supplemented with 10% immediately centri-
fuged rat serum (Charles River Labs, Japan), 1x
N2 supplement (Invitrogen), 1x B27 supplement
(Invitrogen), and 100 U/ml penicillin/streptomycin.
The objective lens was kept at 37°C with an objec-
tive heater (Bioptechs, Butler, PA). Culture atmos-
phere was maintained at 40% O,, 5% CO,, 55% N.,.
The incubation dish was covered with a semi-
permeable membrane (H Sauer, Germany) and
the edges sealed with silicone paste (GE Bayer,
Germany), which allowed gas exchange while pre-
venting evaporation. Stacks of typically 512 x 512
pixels x 3-6 optical sections (xyzt sampling: 0.28
x 0.28 x 2.5 ym x 1.5-5 min) were acquired for
4-10 hr, with Hoechst 33342 (Sigma) as vital DNA
dye. For perturbation of astrals, nocodazole or
taxol were added to the brain culture medium
as described under BRO culture, 2 hr before the
start of image acquisition. Potential phototoxicity
effects were stringently controlled as described
(Mora-Bermudez and Ellenberg, 2007).

Immunofluorescence

The forebrains of mice at typically E14.5, but also
E11.5, E13.5, and E16.5 were dissected and fixed
in 4% PFA in phosphate buffer for 2 hr at room
temperature followed by 4°C overnight. Paxé,
Tbr2, Tbr1, PH3, pVim, and caspase 3 staining on
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Video 13. Dynamic spindle orientation variability in a
representative neurogenic AP incubated with 30 pM
nocodazole. Related to Figure 9D. Live tissue imaging

of spindle orientation, as reported by the chromosome
plate (DNA) orientation, in organotypic slice culture of
dorsolateral telencephalon coronal sections, from an
E14.5 Tis21::GFP mouse. Time-lapse 3 min. Total time
elapsed 15 min.

Cell biology | Developmental biology and stem cells

cryosections was performed as described (Arai
et al., 2011); LGN staining was similar, except
that forebrains were fixed with 0.5% PFA in phos-
phate buffer for 30 min at room temperature.
For vibratome sections (GFP, Myc, a- & y-tubulin,
Arl13b, and cadherin stainings), fixed forebrains
were embedded in 3% low melting-point agarose
(Sigma) and 50 pm coronal sections were obtained,
permeabilized with 0.1-0.3% Triton X-100 in PBS
for 1 hr, quenched with 0.2 M glycine in PBS for
30 min, followed by blocking, primary, and sec-
ondary antibody incubations, and washings in PBS
containing in addition 0.2% gelatin, 150 mM NaCl
and 0.1-0.3% Triton X-100. Primary antibodies
were incubated overnight at 4°C and secondar-
ies for 2 hr at room temperature. Sections were
mounted in Mowiol on glass slides. Stacks of typi-
cally 512 x 512 pixels x 15-20 optical sections (xyz
sampling: 0.09 x 0.09 x 0.75 pym) were acquired
for microtubule analysis, or 2048 x 2048 pixels x
5 optical sections (xyz sampling: 0.16 x 0.16 x
1.0 pm) for analysing cell populations in tissue.

Antibodies
Mouse: mAb anti a-tubulin, (Sigma), mAb anti

DOL: 10.7554/eLife.02675.028 pan-cadherin (Sigma), mAb anti cleaved caspase

3 (Sigma), mAb anti phosphovimentin (Abcam,
San Francisco, CA), mAb anti-Myc-A488 or -A555 (Millipore, Germany); rabbit: pAb anti Paxé
(Covance); pAb anti Tbr2 (Abcam), pAb anti Tbr1 (Millipore), pAb anti y-tubulin (Sigma), pAb anti
Arl13b (Proteintech, UK), pAb anti phosphorylated histone H3-S10 (PH3, Millipore), pAb anti LGN
(Konno et al., 2008); goat: antibody anti EGFP (MPI-CBG). Secondary antibodies: Alexa Fluor 488
donkey anti goat IgG, Alexa Fluor 555 donkey anti rabbit IgG, Alexa Fluor 647 donkey anti rabbit
I9G, and Alexa Fluor 647 donkey anti mouse IgG, all from Invitrogen. Staining: DAPI (Sigma).

Image analysis

Images were analysed and prepared with ImageJ (http://imagej.nih.gov/ij/) and AIM software (Carl
Zeiss). The brightness and contrast of images were recorded and adjusted linearly. To analyse spindle
and cleavage orientation dynamics by live tissue imaging, a measurement was made for each time
point of the angle between the main axis of the chromosome plates, typically along the apico-basal
axis of the tissue, and the plane of the local apical ventricular surface. At anaphase onset, this chromo-
some plate angle is also practically identical to the angle of cleavage of the cell soma, and therefore
directly reports on the symmetry or asymmetry of the cell division with respect to cellular features.
The angles are given as deviations from full orthogonality with the local apical surface, as seen from a
coronal perspective (Figure 1A-F, Figure 10J). The accuracy of angular measurements was corrobo-
rated along the 3D stack of optical sections. To quantitate the range of variability that spindle orien-
tation can have in different progenitor types, the mean of the total angular amplitude of deviations
from metaphase to anaphase onset was calculated (Figure 1G).

To quantitate variations in the cell cortical distribution of LGN, a contour of per-pixel fluorescence
intensity values was obtained along the cell cortex, in immunofluorescence images of a single central
optical section per 3D stack (Figure 4K). The start was at the centre of the apical region and continued
clockwise around the cell soma. The cortical intensity values were obtained by subtracting the diffuse
cytoplasmic signal from the intensities measured along the one pixel-wide contour. To compare equiv-
alent values between different cells, 100 equidistant cortical intensity values along the normalized cell
soma contours were calculated by linear interpolation. The area, fluorescence intensity, and standard
deviation measurements of the spindle in Figure 7 (see also Figure 7—source data 1) were performed
as described (Mora-Bermudez et al., 2007).
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Figure 10. Increase in basal progenitors, basal mitoses, and neurogenesis with minimal nocodazole. E13.5 forebrains from wt mice were incubated
for 24 hr in BRO culture, either with solvent (DMSO) only (Control) or with 30 pM nocodazole, followed by immunofluorescence of coronal sections of
the dorsolateral telencephalon, acquisition of 1 ym confocal sections (A, B, D, E, G, H) and quantification (C, F, ). (A, B) Tbr2 (top) and Paxé (bottom)

Figure 10. Continued on next page
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Figure 10. Continued

double staining. VZ, ventricular zone; SVZ, subventricular zone. (C) Left: percentages of nuclei, identified by DAPI staining (not shown), in the VZ that are
either resident APs (Paxé-positive and Tbr2-negative) or newborn BPs (Tbr2-positive). Control vs nocodazole: APs, *p=0.002; BPs, *p=0.004. Right:
percentages of nuclei in the SVZ that are positive for Thr2 or Paxé. (D-E) Staining for the mitosis marker PH3 (top) and DNA (DAPI, bottom). (F) Number
and location of mitotic cells per 100 um of apical (ventricular) surface; All, sum of mitoses in VZ and SVZ. Control vs nocodazole: SVZ, *p=0.031.
(G, H) Staining for the neuronal marker Tbr1 (top) and DNA (DAPI, bottom). Note that the Tbr1 immunoreactivity basal to the cortical plate has been
reported before (Englund et al., 2005); it may also reflect tissue stretching during cryosectioning. (I) Number of neurons per 100 ym of pial surface.
Control vs nocodazole: *p=0.015. (C, F, I) One-tail t-tests, n = 3 independent litters and experiments; error bars are SEM. (A, B, D, E, G, H) Scale bars = 20 pm.
See also Figure 10—figure supplement 1. (J) Conceptual model of mitotic spindle orientation control by local astral microtubule abundance, in
proliferating vs neurogenic progenitors. We propose that mitotic astral microtubules that reach the apical or basal cell cortex (light green rods) of neural
stem and progenitor cells regulate the dynamics of spindle orientation variability. Like guy ropes do for a camping tent, these astrals help anchor the
spindle to the cell cortex, most likely through interactions with factors that have specific cortical enrichments, such as LGN (red; colour intensity indicates
local abundance in the three progenitor types shown). In APs undergoing proliferative division (Tis21::GFP-), these apical/basal astrals at relatively high
abundance minimize deviations in spindle orientation, thereby maintaining the canonical cleavage orientation, perpendicular to the apical (ventricular)
surface, and thus favouring symmetric proliferative divisions. In neurogenic (Tis21::GFP+) APs, and even more so in BPs, a reduction in the number of
these astrals decreases cortical anchoring and increases random deviations in spindle orientation. For APs, this favours asymmetric neurogenic divisions
that can generate a BP or a neuron. By contrast, astrals that reach the central cell cortex (medium green rods) of neural progenitors may be more
involved in the fundamental establishment of a centrally located and functional bipolar spindle that can congress, and then faithfully segregate,
chromosomes. (Dark green rods are kinetochore microtubules; for simplicity, other microtubule populations, such as interpolar microtubules, are omitted.)
DOI: 10.7554/eLife.02875.029

The following figure supplements are available for figure 10:

Figure supplement 1. BRO culture with 30 pM nocodazole increases Tis21-positive VZ cells and basal mitoses, but not apoptosis.
DOI: 10.7554/eLife.02875.030

Quantitation of distinct populations of astral microtubules

To distinguish and count populations of astrals according to their spatial distribution, each set of
confocal sections of a metaphase cell soma was divided into three regions: an apical, a central, and
a basal region. The apical region was defined from the apical surface lining the ventricle to the parallel
plane just before the first centromeric region on the metaphase plate (below pink dashed line in
Figure 2A). The central region that followed was defined to contain all centromeric regions, as revealed
by the punctate DAPI staining of the centromeric and pericentromeric heterochromatin foci (between
pink and blue dashed lines in Figure 2A). The basal region extended after the last centromeric region
until the basal end of the cell soma (above blue dashed line in Figure 2A).

Comprehensive stacks of high-resolution serial confocal sections (see Microscopy) were examined
from each progenitor in metaphase. All detectable astrals microtubules that emanated from the 2
centrosomes and reached the cell periphery were counted in each of the above-defined regions.
These presumably are single microtubules, although bundles of microtubules cannot be excluded.

The apico-basal plane of the chromosome plates in APs can tilt with respect to the apical-basal axis
of the tissue. However, it can also rotate around that axis, as seen from an ‘en face’ perspective
(Adams, 1996; Haydar et al., 2003). Therefore, in coronal sections, it is possible to observe spindles
in a ‘front’ view, where all or most of the length of the spindle is visible in one section, or in a ‘side’
view, showing only one side of the spindle (Figure 2A). Spindles were therefore classified accordingly
in these two, cell-biologically equivalent, perspective categories, a ‘Front’ view, when the main axis of
the spindle was mostly parallel to the sectioning plane and fully visible within 1-3 confocal sections,
and a 'Side’ view, when the main axis of the spindle extended mostly along the sectioning axis (Figure 2A).

Astrals in the apical and basal regions could be reliably counted in cells with any such perspective.
The central region of the spindle showed a dense a-tubulin staining, however, which in a ‘Front’ view
made the distinction of many of its astrals very challenging. Therefore, astrals in the central region
were counted in cells with a ‘Side’ view (Figure 2A). This may have led to an underestimation of the
total number of central astrals, especially short ones oriented along the optical axis, albeit equally in
all progenitor types.

In most mouse BPs, canonical apical cell polarity markers are lost (Attardo et al., 2008) and cell
cortex regions can no longer be reliably defined as ‘apical’ or ‘basal’. BPs were included in our analysis
for comparative purposes, with the note that astrals that reach the region of the cell cortex facing
mostly the ventricle are considered ‘apically oriented’, those that reached the region of the cortex
facing mostly the pia ‘basally oriented’, and those that reach the region in between the previous
regions ‘centrally oriented’ (Figure 2H,I; Figure 4G).
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Data analysis

Datasets were tabulated and analysed using Excel (Microsoft, Redmond, WA) and GraphPad Prism
(La Jolla, CA). Statistical tests: for two groups of observations, the Student’s t-test for parametric anal-
ysis or the Mann-Whitney U-test for non-parametric analysis. For three or more groups, the one-way
Analysis of Variance (ANOVA) with Tukey's Multiple Comparison (TMC) Test for parametric analysis,
or the Kruskal-Wallis ANOVA (K-W) with Dunn's Multiple Comparison (DMC) Test for non-parametric
analysis. Results were interpreted as statistically significant when p<0.05.

Selective perturbation of astral microtubules with minimal nocodazole
Nocodazole is a highly specific inhibitor of microtubule polymerization, and 30 pM is 2-3 orders
of magnitude below the concentrations typically considered ‘low’, where the earliest signs of
microtubule and cellular perturbations have been reported to appear (5-10 nM) (De Brabander
et al.,, 1976; Jordan et al., 1992; Thery et al., 2005; Harder et al., 2009; Kiyomitsu and
Cheeseman, 2012). Therefore, 30 pM was very unlikely to have general or nonspecific effects in
the neural progenitors, spindles, or microtubules. Indeed, as described in Results, 30 pM nocoda-
zole did not result in overt perturbations in mitotic morphology, mitotic progression, and general
cell and tissue features.

Furthermore, no significant differences were found between spindles in untreated, control (DMSO-
only), and 30 pM nocodazole-treated forebrains regarding spindle size, the relative amount of micro-
tubules or the distribution and structure of the fluorescence signal of the microtubules (area, mean
fluorescence intensity, and mean standard deviation (SD) of the per-pixel fluorescence intensity values,
respectively; Figure 7B-D; Figure 7—source data 1). A further hypothesis was that, if the spindle,
located in the central plane of the cell soma, was somehow affected, the soma diameter at the spindle
plane of the cells may be changed in a tissue with high cellular density. This diameter represented also
the length of the entire spindle, including some central astrals (Figure 7E). No significant differences
were found, however, between APs in untreated, control and 30 pM nocodazole-treated forebrains
(Figure 7F; Figure 7—source data 1). In line with our in-organ observations, cell culture experiments
have shown that a much higher nocodazole concentration (5 nM) did not disrupt the assembly of
a functional bipolar spindle (Thery et al., 2005).

The survival of cells in tissue under 30 pM nocodazole was also analysed, by counting the propor-
tion of cleaved caspase 3-immunoreactive cells in cortical wall tissue. The occurrence of positive cells
was overall very low, and also similar between control and 30 pM nocodazole (Control 1.49 vs Noc
1.59), showing that this concentration did not result in an apoptosis increase (Figure 10—figure
supplement 1G-I). Together, these observations strongly suggest that 30 pM nocodazole does not
have general or nonspecific effects in the tissue examined.

Acknowledgements

We thank Services and Facilities of the Max Planck Institute of Molecular Cell Biology and Genetics
for outstanding support, notably Jussi Helppi and his team of the Animal Facility, and Jan Peychl
and his team of the Light Microscopy Facility. Christiane Haffner provided excellent technical
assistance for the cryosection stainings. We thank Jonathon Howard, Stephan Grill, Elena Taverna,
YoonJeung Chang, and Miguel Turrero Garcia for helpful discussions and critical reading of the
manuscript.

Additional information

Funding
Funder Grant reference number Author
European Molecular Biology ALTF 1080-2007 Felipe Mora-Bermudez

Organization
Deutsche Forschungsgemeinschaft SFB 655, A2; TRR 83, Tpé Wieland B Huttner
European Research Council 250197 Wieland B Huttner

Deutsche Forschungsgemeinschaft Center for Regenerative  Wieland B Huttner
Therapies Dresden

Mora-Bermudez et al. eLife 2014;3:e02875. DOI: 10.7554/eLife.02875 28 of 31


http://dx.doi.org/10.7554/eLife.02875

e LI FE Research article

Cell biology | Developmental biology and stem cells

Funder Grant reference number Author

Fonds der Chemischen Industrie Wieland B Huttner

The funders had no role in study design, data collection and interpretation, or the decision
to submit the work for publication.

Author contributions

FM-B, Conceived, designed and performed the experiments, analysed the data and wrote the
manuscript; FM, Co-supervised the LGN experiments; WBH, Supervised the project and co-wrote the
manuscript

Ethics

Animal experimentation: All animal studies were conducted in accordance with German animal
welfare legislation, and the necessary licenses obtained from the regional Ethical Commission for
Animal Experimentation of Dresden, Germany.

References

Adams RJ. 1996. Metaphase spindles rotate in the neuroepithelium of rat cerebral cortex. The Journal of
Neuroscience 16:7610-7618.

Arai Y, Pulvers JN, Haffner C, Schilling B, Nusslein |, Calegari F, Huttner WB. 2011. Neural stem and progenitor cells
shorten S-phase on commitment to neuron production. Nature Communications 2:154. doi: 10.1038/ncomms1155.

Asami M, Pilz GA, Ninkovic J, Godinho L, Schroeder T, Huttner WB, G&tz M. 2011. The role of Pax6 in regulating
the orientation and mode of cell division of progenitors in the mouse cerebral cortex. Development 138:5067-5078.
doi: 10.1242/dev.074591.

Attardo A, Calegari F, Haubensak W, Wilsch-Bréuninger M, Huttner WB. 2008. Live imaging at the onset of cortical
neurogenesis reveals differential appearance of the neuronal phenotype in apical versus basal progenitor progeny.
PLOS ONE 3:e2388. doi: 10.1371/journal.pone.0002388.

Bi W, Sapir T, Shchelochkov OA, Zhang F, Withers MA, Hunter JV, Levy T, Shinder V, Peiffer DA, Gunderson KL,
Nezarati MM, Shotts VA, Amato SS, Savage SK, Harris DJ, Day-Salvatore DL, Horner M, Lu XY, Sahoo T,
Yanagawa Y, Beaudet AL, Cheung SW, Martinez S, Lupski JR, Reiner O. 2009. Increased LIS1 expression affects
human and mouse brain development. Nature Genetics 41:168-177. doi: 10.1038/ng.302.

Brand AH, Livesey FJ. 2011. Neural stem cell biology in vertebrates and invertebrates: more alike than different?
Neuron 70:719-729. doi: 10.1016/j.neuron.2011.05.016.

Buchman JJ, Tsai LH. 2007. Spindle regulation in neural precursors of flies and mammals. Nature Reviews
Neuroscience 8:89-100. doi: 10.1038/nrn2058.

De Brabander MJ, Van de Veire RM, Aerts FE, Borgers M, Janssen PA. 1976. The effects of methyl
(5-(2-thienylcarbonyl)-1H-benzimidazol-2-yl) carbamate, (R 17934; NSC 238159), a new synthetic antitumoral
drug interfering with microtubules, on mammalian cells cultured in vitro. Cancer Research 36:905-916.

Chenn A, McConnell SK. 1995. Cleavage orientation and the asymmetric inheritance of Notch1 immunoreactivity
in mammalian neurogenesis. Cell 82:631-641. doi: 10.1016/0092-8674(95)90035-7.

Corbin JG, Gaiano N, Juliano SL, Poluch S, Stancik E, Haydar TF. 2008. Regulation of neural progenitor cell develop-
ment in the nervous system. Journal of Neurochemistry 106:2272-2287. doi: 10.1111/].1471-4159.2008.05522.x.

Das RM, Storey KG. 2012. Mitotic spindle orientation can direct cell fate and bias Notch activity in chick neural
tube. EMBO Reports 13:448-454. doi: 10.1038/embor.2012.42.

Delaunay D, Cortay V, Patti D, Knoblauch K, Dehay C. 2014. Mitotic spindle asymmetry: a Wnt/PCP-regulated
mechanism generating asymmetrical division in cortical precursors. Cell Reports 6:400-414. doi: 10.1016/j.
celrep.2013.12.026.

Du Q, Macara IG. 2004. Mammalian Pins is a conformational switch that links NuMA to heterotrimeric G proteins.
Cell 119:503-516. doi: 10.1016/j.cell.2004.10.028.

Englund C, Fink A, Lau C, Pham D, Daza RA, Bulfone A, Kowalczyk T, Hevner RF. 2005. Pax6, Tbr2, and Tbr1
are expressed sequentially by radial glia, intermediate progenitor cells, and postmitotic neurons in developing
neocortex. The Journal of Neuroscience 25:247-251. doi: 10.1523/JNEUROSCI.2899-04.2005.

Faulkner NE, Dujardin DL, Tai CY, Vaughan KT, O'Connell CB, Wang Y, Vallee RB. 2000. A role for the lissencephaly
gene LIS1 in mitosis and cytoplasmic dynein function. Nature Cell Biology 2:784-791. doi: 10.1038/35041020.

Feng Y, Walsh CA. 2004. Mitotic spindle regulation by Nde1 controls cerebral cortical size. Neuron 44:279-293.
doi: 10.1016/j.neuron.2004.09.023.

Fish JL, Kosodo Y, Enard W, Paabo S, Huttner WB. 2006. Aspm specifically maintains symmetric proliferative
divisions of neuroepithelial cells. Proceedings of the National Academy of Sciences of the United States of
America 103:10438-10443. doi: 10.1073/pnas.0604066103.

Gauthier-Fisher A, Lin DC, Greeve M, Kaplan DR, Rottapel R, Miller FD. 2009. Lfc and Tctex-1 regulate the
genesis of neurons from cortical precursor cells. Nature Neuroscience 12:735-744. doi: 10.1038/nn.2339.
Gillies TE, Cabernard C. 2011. Cell division orientation in animals. Current Biology 21:R599-R609. doi: 10.1016/j.

cub.2011.06.055.

Mora-Bermudez et al. eLife 2014;3:e02875. DOI: 10.7554/eLife.02875 29 of 31


http://dx.doi.org/10.7554/eLife.02875
http://dx.doi.org/10.1038/ncomms1155
http://dx.doi.org/10.1242/dev.074591
http://dx.doi.org/10.1371/journal.pone.0002388
http://dx.doi.org/10.1038/ng.302
http://dx.doi.org/10.1016/j.neuron.2011.05.016
http://dx.doi.org/10.1038/nrn2058
http://dx.doi.org/10.1016/0092-8674(95)90035-7
http://dx.doi.org/10.1111/j.1471-4159.2008.05522.x
http://dx.doi.org/10.1038/embor.2012.42
http://dx.doi.org/10.1016/j.celrep.2013.12.026
http://dx.doi.org/10.1016/j.celrep.2013.12.026
http://dx.doi.org/10.1016/j.cell.2004.10.028
http://dx.doi.org/10.1523/JNEUROSCI.2899-04.2005
http://dx.doi.org/10.1038/35041020
http://dx.doi.org/10.1016/j.neuron.2004.09.023
http://dx.doi.org/10.1073/pnas.0604066103
http://dx.doi.org/10.1038/nn.2339
http://dx.doi.org/10.1016/j.cub.2011.06.055
http://dx.doi.org/10.1016/j.cub.2011.06.055

e LI FE Research article

Cell biology | Developmental biology and stem cells

Godin JD, Colombo K, Molina-Calavita M, Keryer G, Zala D, Charrin BC, Dietrich P, Volvert ML, Guillemot F,
Dragatsis |, Bellaiche Y, Saudou F, Nguyen L, Humbert S. 2010. Huntingtin is required for mitotic spindle
orientation and mammalian neurogenesis. Neuron 67:392-406. doi: 10.1016/j.neuron.2010.06.027.

Gonczy P. 2008. Mechanisms of asymmetric cell division: flies and worms pave the way. Nature Reviews Molecular
Cell Biology 9:355-366.

Goétz M, Huttner WB. 2005. The cell biology of neurogenesis. Nature Reviews Molecular Cell Biology 6:777-788.

Harder N, Mora-Bermudez F, Godinez WJ, Wunsche A, Eils R, Ellenberg J, Rohr K. 2009. Automatic analysis of
dividing cells in live cell movies to detect mitotic delays and correlate phenotypes in time. Genome Research
19:2113-2124. doi: 10.1101/gr.092494.109.

Haubensak W, Attardo A, Denk W, Huttner WB. 2004. Neurons arise in the basal neuroepithelium of the early
mammalian telencephalon: a major site of neurogenesis. Proceedings of the National Academy of Sciences of
the United States of America 101:3196-3201. doi: 10.1073/pnas.0308600100.

Haydar TF, Ang E Jr, Rakic P. 2003. Mitotic spindle rotation and mode of cell division in the developing telencephalon.
Proceedings of the National Academy of Sciences of the United States of America 100:2890-2895. doi: 10.1073/
pnas.0437969100.

Huttner WB, Brand M. 1997. Asymmetric division and polarity of neuroepithelial cells. Current Opinion in
Neurobiology 7:29-39. doi: 10.1016/50959-4388(97)80117-1.

lacopetti P, Michelini M, Stuckmann |, Oback B, Aaku-Saraste E, Huttner WB. 1999. Expression of the antiproliferative
gene TIS21 at the onset of neurogenesis identifies single neuroepithelial cells that switch from proliferative to
neuron-generating division. Proceedings of the National Academy of Sciences of the United States of America
96:4639-4644. doi: 10.1073/pnas.96.8.4639.

Jordan MA, Thrower D, Wilson L. 1992. Effects of vinblastine, podophyllotoxin and nocodazole on mitotic spindles.
Implications for the role of microtubule dynamics in mitosis. Journal of Cell Science. 102:401-416.

Kiyomitsu T, Cheeseman IM. 2012. Chromosome- and spindle-pole-derived signals generate an intrinsic code for
spindle position and orientation. Nature Cell Biology 14:311-317. doi: 10.1038/ncb2440.

Knoblich JA. 2008. Mechanisms of asymmetric stem cell division. Cell 132:583-597. doi: 10.1016/j.cell.2008.02.007.

Konno D, Shioi G, Shitamukai A, Mori A, Kiyonari H, Miyata T, Matsuzaki F. 2008. Neuroepithelial progenitors
undergo LGN-dependent planar divisions to maintain self-renewability during mammalian neurogenesis. Nature
Cell Biology 10:93-101. doi: 10.1038/ncb1673.

Kosodo Y, Réper K, Haubensak W, Marzesco A-M, Corbeil D, Huttner WB. 2004. Asymmetric distribution of the
apical plasma membrane during neurogenic divisions of mammalian neuroepithelial cells. The EMBO Journal
23:2314-2324. doi: 10.1038/sj.emboj.7600223.

Kosodo Y, Toida K, Dubreuil V, Alexandre P, Schenk J, Kiyokage E, Attardo A, Mora-Bermudez F, Arii T, Clarke
JD, Huttner WB. 2008. Cytokinesis of neuroepithelial cells can divide their basal process before anaphase.
The EMBO Journal 27:3151-3163. doi: 10.1038/emboj.2008.227.

Kriegstein A, Alvarez-Buylla A. 2009. The glial nature of embryonic and adult neural stem cells. Annual Review of
Neuroscience 32:149-184. doi: 10.1146/annurev.neuro.051508.135600.

Kriegstein AR, G6tz M. 2003. Radial glia diversity: a matter of cell fate. Glia 43:37-43. doi: 10.1002/glia.10250.

Lancaster MA, Knoblich JA. 2012. Spindle orientation in mammalian cerebral cortical development. Current
Opinion in Neurobiology 22:737-746. doi: 10.1016/j.conb.2012.04.003.

Lizarraga SB, Margossian SP, Harris MH, Campagna DR, Han AP, Blevins S, Mudbhary R, Barker JE, Walsh CA,
Fleming MD. 2010. Cdk5rap2 regulates centrosome function and chromosome segregation in neuronal
progenitors. Development 137:1907-1917. doi: 10.1242/dev.040410.

Martynoga B, Drechsel D, Guillemot F. 2012. Molecular control of neurogenesis: a view from the mammalian
cerebral cortex. Cold Spring Harbor Perspectives in Biology 4:a008359. doi: 10.1101/cshperspect.a008359.

Miller FD, Gauthier AS. 2007. Timing is everything: making neurons versus glia in the developing cortex. Neuron
54:357-369. doi: 10.1016/j.neuron.2007.04.019.

Miyata T, Kawaguchi A, Saito K, Kawano M, Muto T, Ogawa M. 2004. Asymmetric production of surface-dividing
and non-surface-dividing cortical progenitor cells. Development 131:3133-3145. doi: 10.1242/dev.01173.

Miyata T, Kawaguchi D, Kawaguchi A, Gotoh Y. 2010. Mechanisms that regulate the number of neurons during
mouse neocortical development. Current Opinion in Neurobiology 20:22-28. doi: 10.1016/j.conb.2010.01.001.

Mora-Bermudez F, Ellenberg J. 2007. Measuring structural dynamics of chromosomes in living cells by fluorescence
microscopy. Methods 41:158-167.

Mora-Bermidez F, Turrero Garcia M, Huttner W. 2013. Stem cells: neural stem cells in cerebral cortex development.
In: Pfaff D, editor. Neuroscience in the 21st Century. New York: Springer. p. 137-159.

Mora-Bermudez F, Gerlich D, Ellenberg J. 2007. Maximal chromosome compaction occurs by axial shortening in
anaphase and depends on Aurora kinase. Nature Cell Biology 9:822-831.

Morin X, Jaouen F, Durbec P. 2007. Control of planar divisions by the G-protein regulator LGN maintains
progenitors in the chick neuroepithelium. Nature Neuroscience 10:1440-1448. doi: 10.1038/nn1984.

Niwa H, Yamamura K, Miyazaki J. 1991. Efficient selection for high-expression transfectants with a novel eukaryotic
vector. Gene 108:193-199.

Noctor SC, Martinez-Cerdeno V, lvic L, Kriegstein AR. 2004. Cortical neurons arise in symmetric and asymmetric
division zones and migrate through specific phases. Nature Neuroscience 7:136-144. doi: 10.1038/nn1172.

Nomura T, Osumi N. 2004. Misrouting of mitral cell progenitors in the Pax6/small eye rat telencephalon.
Development 131:787-796. doi: 10.1242/dev.00984.

Pearson CG, Bloom K. 2004. Dynamic microtubules lead the way for spindle positioning. Nature Reviews Molecular
Cell Biology 5:481-492. doi: 10.1038/nrm1402.

Mora-Bermudez et al. eLife 2014;3:e02875. DOI: 10.7554/eLife.02875 30 of 31


http://dx.doi.org/10.7554/eLife.02875
http://dx.doi.org/10.1016/j.neuron.2010.06.027
http://dx.doi.org/10.1101/gr.092494.109
http://dx.doi.org/10.1073/pnas.0308600100
http://dx.doi.org/10.1073/pnas.0437969100
http://dx.doi.org/10.1073/pnas.0437969100
http://dx.doi.org/10.1016/S0959-4388(97)80117-1
http://dx.doi.org/10.1073/pnas.96.8.4639
http://dx.doi.org/10.1038/ncb2440
http://dx.doi.org/10.1016/j.cell.2008.02.007
http://dx.doi.org/10.1038/ncb1673
http://dx.doi.org/10.1038/sj.emboj.7600223
http://dx.doi.org/10.1038/emboj.2008.227
http://dx.doi.org/10.1146/annurev.neuro.051508.135600
http://dx.doi.org/10.1002/glia.10250
http://dx.doi.org/10.1016/j.conb.2012.04.003
http://dx.doi.org/10.1242/dev.040410
http://dx.doi.org/10.1101/cshperspect.a008359
http://dx.doi.org/10.1016/j.neuron.2007.04.019
http://dx.doi.org/10.1242/dev.01173
http://dx.doi.org/10.1016/j.conb.2010.01.001
http://dx.doi.org/10.1038/nn1984
http://dx.doi.org/10.1038/nn1172
http://dx.doi.org/10.1242/dev.00984
http://dx.doi.org/10.1038/nrm1402

e LI FE Research article

Cell biology | Developmental biology and stem cells

Peyre E, Jaouen F, Saadaoui M, Haren L, Merdes A, Durbec P, Morin X. 2011. A lateral belt of cortical LGN and
NuMA guides mitotic spindle movements and planar division in neuroepithelial cells. The Journal of Cell Biology
193:141-154. doi: 10.1083/jcb.201101039.

Postiglione MP, Juschke C, Xie Y, Haas GA, Charalambous C, Knoblich JA. 2011. Mouse inscuteable induces
apical-basal spindle orientation to facilitate intermediate progenitor generation in the developing neocortex.
Neuron 72:269-284. doi: 10.1016/j.neuron.2011.09.022.

Rabut G, Ellenberg J. 2004. Automatic real-time three-dimensional cell tracking by fluorescence microscopy.
Journal of Microscopy 216:131-137. doi: 10.1111/].0022-2720.2004.01404 .x.

Roszko I, Afonso C, Henrique D, Mathis L. 2006. Key role played by RhoA in the balance between planar and
apico-basal cell divisions in the chick neuroepithelium. Developmental Biology 298:212-224. doi: 10.1016/].
ydbio.2006.06.031.

Sapir T, Cahana A, Seger R, Nekhai S, Reiner O. 1999. LIS1 is a microtubule-associated phosphoprotein.
European Journal of Biochemistry/FEBS 265:181-188. doi: 10.1046/}.1432-1327.1999.00711 .x.

Sauer FC. 1935. Mitosis in the neural tube. The Journal of Comparative Neurology 62:377-405. doi: 10.1002/
cne.900620207.

Schenk J, Wilsch-Brauninger M, Calegari F, Huttner WB. 2009. Myosin Il is required for interkinetic nuclear
migration of neural progenitors. Proceedings of the National Academy of Sciences of the United States of
America 106:16487-16492. doi: 10.1073/pnas.0908928106.

Shitamukai A, Konno D, Matsuzaki F. 2011. Oblique radial glial divisions in the developing mouse neocortex
induce self-renewing progenitors outside the germinal zone that resemble primate outer subventricular zone
progenitors. The Journal of Neuroscience 31:3683-3695. doi: 10.1523/JNEUROSCI.4773-10.2011.

Shitamukai A, Matsuzaki F. 2012. Control of asymmetric cell division of mammalian neural progenitors.
Development, Growth & Differentiation 54:277-286. doi: 10.1111/j.1440-169X.2012.01345.x.

Siller KH, Doe CQ. 2009. Spindle orientation during asymmetric cell division. Nature Cell Biology 11:365-374.
doi: 10.1038/ncb0409-365.

Smart IHM. 1972a. Proliferative characteristics of the ependymal layer during the early development of the spinal
cord in the mouse. Journal of Anatomy 111:365-380.

Smart IHM. 1972b. Proliferative characteristics of the ependymal layer during the early development of the mouse
diencephalon, as revealed by recording the number, location, and plane of cleavage of mitotic figures. Journal
of Anatomy 113:109-129.

Sousa-Nunes R, Cheng LY, Gould AP. 2010. Regulating neural proliferation in the Drosophila CNS. Current
Opinion in Neurobiology 20:50-57. doi: 10.1016/j.conb.2009.12.005.

Southall TD, Egger B, Gold KS, Brand AH. 2008. Regulation of self-renewal and differentiation in the Drosophila
nervous system. Cold Spring Harbor Symposia on Quantitative Biology 73:523-528. doi: 10.1101/sgb.2008.73.051.

Takahashi M, Sato K, Nomura T, Osumi N. 2002. Manipulating gene expressions by electroporation in the
developing brain of mammalian embryos. Differentiation; Research in Biological Diversity 70:155-162.
doi: 10.1046/j.1432-0436.2002.700405.x.

Thery M, Racine V, Pepin A, Piel M, Chen Y, Sibarita JB, Bornens M. 2005. The extracellular matrix guides the
orientation of the cell division axis. Nature Cell Biology 7:947-953.

Tsai JW, Chen Y, Kriegstein AR, Vallee RB. 2005. LIS1 RNA interference blocks neural stem cell division, morphogene-
sis, and motility at multiple stages. The Journal of Cell Biology 170:935-945. doi: 10.1083/jcb.200505166.

Yingling J, Youn YH, Darling D, Toyo-Oka K, Pramparo T, Hirotsune S, Wynshaw-Boris A. 2008. Neuroepithelial
stem cell proliferation requires LIS1 for precise spindle orientation and symmetric division. Cell 132:474-486.
doi: 10.1016/j.cell.2008.01.026.

Mora-Bermudez et al. eLife 2014;3:e02875. DOI: 10.7554/eLife.02875 31 of 31


http://dx.doi.org/10.7554/eLife.02875
http://dx.doi.org/10.1083/jcb.201101039
http://dx.doi.org/10.1016/j.neuron.2011.09.022
http://dx.doi.org/10.1111/j.0022-2720.2004.01404.x
http://dx.doi.org/10.1016/j.ydbio.2006.06.031
http://dx.doi.org/10.1016/j.ydbio.2006.06.031
http://dx.doi.org/10.1046/j.1432-1327.1999.00711.x
http://dx.doi.org/10.1002/cne.900620207
http://dx.doi.org/10.1002/cne.900620207
http://dx.doi.org/10.1073/pnas.0908928106
http://dx.doi.org/10.1523/JNEUROSCI.4773-10.2011
http://dx.doi.org/10.1111/j.1440-169X.2012.01345.x
http://dx.doi.org/10.1038/ncb0409-365
http://dx.doi.org/10.1016/j.conb.2009.12.005
http://dx.doi.org/10.1101/sqb.2008.73.051
http://dx.doi.org/10.1046/j.1432-0436.2002.700405.x
http://dx.doi.org/10.1083/jcb.200505166
http://dx.doi.org/10.1016/j.cell.2008.01.026

