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Myosin Il is required for interkinetic nuclear
migration of neural progenitors
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Interkinetic nuclear migration (INM) is a hallmark of the polarized
stem and progenitor cells in the ventricular zone (VZ) of the devel-
oping vertebrate CNS. INM is responsible for the pseudostratification
of the VZ, a crucial aspect of brain evolution. The nuclear migration
toward the apical centrosomes in G2 is thought to be a dynein-
microtubule-based process. By contrast, the cytoskeletal machinery
involved in the basally directed nuclear translocation away from the
centrosome in G1 has been enigmatic. Studying the latter aspect of
INM requires manipulation of the cytoskeleton without impairing
mitosis and cytokinesis. To this end, we have established a culture
system of mouse embryonic telencephalon that reproduces cortical
development, and have applied it to explore a role of actomyosin in
INM. Using the nonmuscle myosin Il inhibitor blebbistatin at a low
concentration at which neither cell cycle progression nor cytokinesis
is impaired, we show that myosin Il is required for the apical-to-basal
(ap—bl), ab-centrosomal INM. Myosin Il activity is also necessary for
the nuclear translocation during delamination of subventricular zone
(SVZ) cells, a second, telencephalon-specific type of neural progenitor.
Moreover, the inhibition of ab-centrosomal INM changes the bal-
ance between VZ and SVZ progenitor cell fate. Our data suggest a
unifying concept in which the actomyosin contraction underlying
ab-centrosomal INM sets the stage for the evolutionary increase in
VZ pseudostratification and for SVZ progenitor delamination, a key
process in cortical expansion.
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Interkinetic nuclear migration (INM) is a hallmark of neuro-
epithelial and radial glial cells, the primary stem and progen-
itor cells of the vertebrate CNS (1-5). Here, the cell nuclei
migrate in concert with the progression of the cell cycle, with the
cells as a whole maintaining their overall position.

INM is linked to the apical-basal polarity of neuroepithelial
and radial glial cells (3). These highly elongated cells extend
across the entire wall of the neural tube, from the basal lamina
to the luminal (apical) surface, and possess a single primary
cilium at their apical plasma membrane (see ref. 6 and refs.
therein), which can be regarded as a key determinant for INM
for the following reasons. Given that one of the centrioles of the
centrosome forms the basal body of the primary cilium, this
localizes the centrosomes of these cells to their apical plasma
membrane. As the primary cilium is disassembled only shortly
before the onset of mitosis (7), the nucleus, to undergo mitosis
(in which the centrosomes serve as mitotic spindle poles), needs
to be in the vicinity of the centrosomes, that is, at the apical
surface. Thus, mitosis of these stem and progenitor cells occurs
apically, and they will collectively be referred to as apical
progenitors (APs).

In INM, the nuclei of newborn APs move away from the apical
surface toward the basal lamina during G1, undergo S phase at
a basal location, and return to the apical centrosomes during G2
for the next mitosis (4, 5). Thus, INM is responsible for the
pseudostratified appearance of the ventrical zone (VZ). Impor-
tantly, by moving the interphase nuclei of APs away from the
apical surface, the apical-to-basal (ap—bl) leg of INM during G1
serves to reserve the apical space for mitosis, and thereby
promotes the expansion of APs (see ref. 8 and refs. therein).
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Hence, the molecular machinery mediating ap—bl INM is of
prime importance. Remarkably, very little is known about this
machinery, in contrast to that mediating the basal-to-apical
(bl—ap) leg of INM, about which significant insight has been
obtained recently. Thus, consistent with earlier studies impli-
cating microtubules in INM (2), recent studies have established
that the dynein-interacting proteins Lisl and dynactin (9-11)
and the centrosomal proteins Cepl20 and TACC (12) are
required for INM and specifically its bl—ap leg during G2, hence
providing evidence for a role of microtubules and minus end-
directed motor proteins in this process. Bl—>ap INM of APs is
thus highly related to nuclear positioning before mitosis, a
ubiquitous microtubule-based process that evolved in single-cell
eukaryotes (13).

In contrast to the bl—ap G2-phase INM, in which the nucleus
moves toward the centrosomes, the nucleus moves away from the
centrosome in the ap—bl G1-phase INM. One may envision that
this ab-centrosomal INM is also a microtubule-based process,
using for example plus end-directed kinesin-type motors (4).
However, another possibility is that ap—bl INM is mediated by
the actin—-myosin system. The previously reported inhibition of
INM by cytochalasin B (2, 14) does not constitute conclusive
evidence for a role of actin microfilaments in INM because
cytochalasin B not only interferes with actin microfilament
function but also directly inhibits glucose uptake into cells (15).

In the present study, we have explored a possible role of the
actin-myosin system in INM by interfering with nonmuscle
myosin II function using the highly specific inhibitor blebbistatin
(Bb) (16) in a newly characterized organ culture system of whole
telencephalic hemispheres that reproduces cortical develop-
ment. Importantly, this system has allowed us to apply a defined
low concentration of Bb that does not block known actomyosin-
dependent processes such as cytokinesis of APs and migration of
neurons to the cortical layers but does suffice to inhibit INM.

Results

Rationale of Experimental Approach. Specific steps in INM, for
example the bl—ap nuclear movement during G2, occur within
a time frame of very few hours, in some cases even less than 1 h
(see for example refs. 10, 12, 17). Moreover, both the microtu-
bule and the actomyosin system mediate essential steps in mitosis
and cytokinesis. These 2 considerations have critical implications
as to the suitability of genetic approaches such as conditional
gene ablation, RNA interference, and forced gene expression to
dissect specific steps in INM. Specifically, the manipulation of
the level or activity of a protein of the microtubule or the
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actomyosin system by genetic means is known to occur with a
time course such that not only INM but also cell division will be
affected (see for example ref. 10). Hence, these genetic ap-
proaches are suitable to investigate the steps in INM occurring
before mitosis, i.e., the bl—ap nuclear migration in G2 (10-12),
but not those initiated right after mitosis at the end of cytoki-
nesis, i.e., the ap—bl nuclear translocation in G1.

We therefore decided to pursue an alternative approach to
explore a role of actomyosin in INM, i.e., acute and dosed
pharmacological interference such that progression through the
cell cycle and, notably, cytokinesis are not affected. To this end,
we established a culture system in which isolated mouse E14.5
hemispheres were maintained for up to 24 h in a defined
medium, floating under rotation. This hemisphere rotation
(HERO)-culture system allowed hemisphere development, no-
tably neurogenesis, to proceed in a manner indistiguishable from
hemispheres of embryos developed to E15.5 in utero (for details,
see supporting information (SI) Fig. S1).

Weakening of the Actomyosin Cortex of Neural Progenitors in the VZ
by the Nonmuscle Myosin Il Inhibitor Blebbistatin. We first examined
whether the potent and highly specific nonmuscle myosin II
inhibitor Bb (16) can be applied to perturb the actomyosin cortex
of APs without causing an overall impairment in cortical cyto-
architecture and cell dynamics such as apical-basal polarity and
neuronal migration. When Bb was applied at concentrations =25
uM of the racemate, which were previously used to inhibit cell
migration including that of neurons (18), we observed gross
defects in cortical cytoarchitecture and morphology after 24 h of
HERO culture (Fig. S2). By contrast, when the Bb concentration
was lowered to 12.5 uM of the racemate [i.e., 6.25 uM of the
effective (—)enantiomer], referred to from here onward as
“low-Bb treatment,” no such defects were observed. Specifically,
the cytoarchitecture of the cortical wall and, importantly, the
radial morphology and apical-basal polarity of APs were unaf-
fected by low-Bb treatment for 24 h (Fig. S3 and Fig. S4).
Moreover, neuronal migration into the cortical plate was un-
perturbed by low-Bb treatment, as revealed by immunostaining
for the neuron-specific transcription factor Tbrl (19) (Fig. 14
and B).

Low-Bb treatment for 24 h did, however, alter the pattern of
the apically enriched F-actin staining (Fig. 1 C and D). This
effect was observed already at the earliest time point analyzed,
i.e., after 1 h of HERO culture (Fig. S5). These observations
suggested that low-Bb treatment impaired the apical actomyosin
cell cortex. In further support of this, we observed a widening of
the apical surface of 24-h Bb-exposed progenitors, as revealed by
cadherin immunofluorescence (Fig. S3 E and F, arrows) and EM
analysis (Fig. 1 E and F). We conclude that low-Bb treatment can
be used to weaken the actomyosin cortex of neural progenitors
in HERO culture, while maintaining the integrity and cytoar-
chitecture of the VZ as a pseudostratified epithelium and the
overall structure of the cortical wall.

Myosin Il Inhibition by Low-Blebbistatin Treatment Selectively Impairs
Apical-to-Basal Nuclear Migration of Neural Progenitors. To investi-
gate the possible role of myosin II in INM, we analyzed neural
progenitors in HERO culture with and without low-Bb treat-
ment by pulse labeling with BrdU, a thymidine analog incorpo-
rated during S phase, followed by chase for up to 14 h (Fig. 2).
In the control (Fig. 2, Left immunofluorescence panel of each
pair and black curves), consistent with the known location of
neural progenitor nuclei in S phase (20), nuclei labeled by a
15-min BrdU pulse at the beginning of HERO culture (0 h of
chase) were found mostly in the basal half of the VZ (presumably
nuclei of APs) and in the SVZ (presumably nuclei of basal
progenitors, see below) (Fig. 2 A and B). During chase in the
absence of Bb, BrdU-labeled VZ nuclei first migrated in the
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Fig. 1. Low-blebbistatin treatment affects the actomyosin cortex of VZ
progenitors, but does not block neuronal migration. Mouse E14.5 hemi-
spheres subjected to HERO culture for 24 h in the absence (control; A, C, and
E) or presence (B, D, and F) of 12.5 uM Bb. (A and B) Immunofluorescence for
Tbr1(3-um optical sections). Dashed lines, ventricular surface; 1Z, intermediate
zone; CP, cortical plate. (C and D) Phalloidin fluorescence (1-um optical
sections). Ventricular surface is down. (E and F) Transmission EM. Arrowheads
indicate junctional complexes; interjunctional distance is indicated (mean +
SEM of 3 hemispheres; P < 0.05; number of cells quantified is given in Table S2).
[Scale bars, 50 um (A and B), 10 um (C and D), and 5 um (E and F)].

apical direction toward the ventricular surface, as would be
expected for INM of APs in G2. This bl—ap INM was detectable
already after 1 and 2 h of chase and continued until about 6 h
of chase (Fig. 2 C-H), consistent with a G2 phase of <2 h and
an S phase of ~4 h (20, 21). Interestingly, the first nuclei to reach
the ventricular surface showed a sparse, spotty BrdU-labeling
pattern (Fig. 2C, arrowheads), as would be expected for nuclei
that had been leaving S phase and entering G2 during the 15-min
BrdU pulse (the “forefront” nuclei). Importantly, although
low-Bb treatment had affected cortical actomyosin already by 1 h
of chase (Fig. S5), it did not significantly affect the bl—ap,
G2-phase INM of BrdU-labeled VZ nuclei (Fig. 2 C-H).
Analysis of later chase time points (from 6 h onward) in the
absence of Bb revealed that, following their arrival at the
ventricular surface and mitosis (see Fig. 3), BrdU-labeled VZ
nuclei migrated in the basal (pial) direction (Fig. 2 G-P). This
ap—bl, Gl-phase nuclear migration was detectable at 8 h of
chase (Fig. 2, compare I and J with G) and even more so
thereafter (Fig. 2 K—P), resulting, by 14 h, in a basally enriched
distribution of BrdU-labeled nuclei across the VZ, similar to that
observed at the beginning of chase (Fig. 2, compare B with P,
black curves). In fact, ap—bl migration of BrdU-labeled nuclei
could be inferred to have occurred already at 6 h from the
appearance of nuclei with sparse, spotty BrdU staining (pre-
sumably the forefront nuclei) in the basal portion of the VZ (Fig.
2G, Left, arrowhead). The coexistence of the subpopulation of
BrdU-labeled nuclei showing bl—ap migration and that showing
ap—bl migration at ~6 h of chase is expected, given that the
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Fig. 2. Low-blebbistatin treatment selectively impairs apical-to-basal nu-
clear migration of neural progenitors. E14.5 hemispheres in HERO culture
were subjected to 15-min BrdU pulse labeling followed by chase forupto 14 h
as indicated, in the absence (control, Ctr) or presence (Bb) of 12.5 uM Bb. (A,
C, E G, I, K, M, and O) BrdU immunofluorescence (3-um optical sections).
Arrowheads indicate nuclei with sparse, spotty BrdU labeling; dashed lines,
ventricular surface; 1Z, intermediate zone. (Scale bar, 30 um.) (B, D, F, H, J, L,
N, and P) Distribution of BrdU-labeled nuclei across the VZ plus SVZ, divided
into 8 bins as indicated, with bin no. 1 being at the ventricle and bin no. 8 at
the SVZ-1Z boundary. Nuclei in a given bin are expressed as percentage of the
total number of BrdU-labeled nucleiin all 8 bins. Black curves, control (Ctr); red
curves, Bb; differences between control and Bb values are highlighted by black
(control > Bb) and red (Bb > control) shading. Data are the mean of 4-6
hemispheres; bars indicate SEM; (L, N, and P) *, P < 0.05; **, P < 0.01; ***, P <
0.001; number of BrdU-labeled nuclei counted are given in Table S2.

15-min BrdU pulse labeled nuclei randomly at any time point
during the ~4-h-long S phase (20, 21).

In contrast to the lack of effect of low-Bb treatment on the
bl—ap, G2-phase INM (Fig. 2 C-H), myosin II inhibition
markedly impaired the ap—bl, G1-phase nuclear migration, as
was obvious from the apical shift in the distribution of BrdU-
labeled nuclei across the VZ at 10 h of chase (Fig. 2 K and L)
and thereafter (Fig. 2 M-P) when compared to control. In fact,
impairment of ap—bl nuclear migration by low-Bb treatment
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Fig. 3. Low-blebbistatin treatment does not alter cell cycle parameters of
neural progenitors in the VZ. (A) Cumulative BrdU labeling (green bar) of VZ
progenitors in E14.5 hemispheres subjected to HERO culture for up to 22 h
(blue bar) in the absence (control, Ctr, black circles) or presence (Bb, red
triangles) of 12.5 uM Bb. The ratio of BrdU-labeled nuclei over total, DAPI-
stained nuclei in the VZ is depicted; the data from 4 (22 h, 3) hemispheres each
are shown. Dashed lines and open arrow, growth fraction; arrowheads,
proportion of progenitors in S phase; arrows, time interval between 2 con-
secutive S phases (Tc—Ts). Number of DAPI-stained nuclei counted are given in
Table S2. (B) BrdU pulse labeling (15 min, green bar) followed by chase into
mitotic neural progenitorsin E14.5 hemispheres subjected to HERO culture for
up to 6 h (blue bar) in the absence (control, Ctr, black circles) or presence (Bb,
red triangles) of 12.5 uM Bb. Data show the ratio of BrdU-labeled, phospho-
histone 3-positive mitoses over total mitoses in the ventricularmost bins no. 1
and 2 and are the mean of 2 hemispheres; bars indicate deviation of the
individual values from the mean. Number of mitoses counted are given in
Table S2.

was detectable already after 6 h and 8 h of chase, as was evident
from the relative accumulation of BrdU-labeled nuclei in the
ventricularmost bin (Fig. 2 H and J, bin no. 1) when compared
to control.

Given that myosin II inhibition by low-Bb treatment impaired
the ap—bl, Gl-phase nuclear migration of neural progenitors,
one would expect their S phase to occur in a location less basal
than normal. Analysis of neural progenitors in HERO culture
subjected to low-Bb treatment for 24 h and a 15-min BrdU pulse
at the end of the culture period showed that this was indeed the
case (Fig. S6).

Myosin Il Inhibition by Low-Blebbistatin Treatment Does Not Alter Cell
Cycle Parameters of Apical Progenitors. To investigate whether the
present condition of myosin II inhibition affected progression of
neural progenitors through the cell cycle including M phase, we
performed cumulative BrdU labeling (20) and determined the
labeling index of the cells in the VZ. This yielded essentially
identical data for control and low-Bb-treated progenitors in the
VZ (Fig. 34). Importantly, the present myosin II inhibition did
not reduce the proportion of progenitors incorporating BrdU,
which was nearly 100% (Fig. 34, open arrow; Table S1, growth
fraction). Given that alterations in the F-actin staining at the
apical cell cortex upon low-Bb treatment were observed at the
earliest time point studied (1 h) (Fig. S5), the unaltered BrdU
incorporation (Fig. 34) implies that the low-Bb treatment did
not interfere with actomyosin-dependent processes in M phase,
notably cytokinesis.

We also analyzed the time interval between S phase and M
phase by determining the appearance of BrdU label in mitotic
(phosphohistone 3-positive) APs following a 15-min BrdU pulse.
Again, essentially identical data for control and Bb-treated
progenitors were obtained (Fig. 3B). The first BrdU-labeled
mitotic cells were observed at 1 h of chase, and their proportion
increased to nearly 100% by 3 h of chase, with 50% of mitotic
cells showing BrdU label at 1.7 h. These data indicate that for
both control and Bb-treated APs, G2 ranged from 1 h to 3 h and
on average lasted 1.7 h.

The cumulative BrdU labeling (Fig. 34) and BrdU pulse-chase
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(Fig. 3B) data were used to determine the various cell cycle
parameters of the progenitors in the VZ (Table S1). No signif-
icant differences between control and Bb-treated progenitors
were found, corroborating that the present myosin II inhibition
by low-Bb treatment did not affect their cell cycle progression.
Our data confirm and extend the notion (2, 4, 14) that INM is
not required for cell cycle progression.

Myosin Il Is Required for the Apical-to-Basal Nuclear Translocation of
Basal Progenitors. In the mammalian cerebral cortex, APs gen-
erate a second type of progenitor that shows ap—bl nuclear
translocation in conjunction with delamination from the VZ to
the SVZ [called basal (BP), intermediate, nonsurface, or SVZ
progenitor] (17,22, 23). It was therefore important to investigate
whether the selective impairment of ap—bl nuclear migration
upon low-Bb treatment reflected an effect of the myosin II
inhibitor on APs, BPs, or both. To identify BP nuclei, we
immunostained for the transcription factor Tbr2, a marker of
these cells (19). After 24 h of HERO culture under control
conditions, Tbr2-immunoreactive nuclei were found mostly in
the basal VZ and in the SVZ (Fig. 44, Left), consistent with
previous observations (19). Low-Bb treatment for 24 h resulted
in a shift in the distribution of Tbr2-immunoreactive nuclei to a
less basal localization, with a relative decrease in the SVZ and
an increase in the VZ (Fig. 4 A, Right, and B). We conclude that
myosin II is required for the ap—bl nuclear translocation of BPs.

Myosin Il Is Required for the Apical-to-Basal Nuclear Migration of
Neurogenic Progenitors. To further distinguish between the vari-
ous subpopulations of neural progenitors with regard to the
effects of myosin II inhibition on nuclear migration, we extended
our analyses to Tis21, which is specifically expressed in the
neurogenic subpopulations of neural progenitors. These sub-
populations comprise (i) neuron-generating BPs, (if) neuron-
generating APs, and (iii) APs that give rise to neuron-generating
BPs (17, 24).

We used the Tis21-GFP knock-in mouse line, in which nuclear
GFP is expressed under the control of the 7is2 promoter (17),
to identify Tis2I-expressing progenitors. Compared to Tbr2-
positive nuclei (Fig. 44, Left), Tis21-GFP-positive nuclei in the
control condition showed a broader distribution, with relatively
more nuclei found in the VZ (Fig. 4D, Left), as observed
previously (17). Low-Bb treatment during 24 h of HERO culture
resulted in a marked shift in the distribution of 7is27-GFP-
positive nuclei to a less basal localization (Fig. 4 D, Right, and E).
As this shift was more pronounced than that of the Tbr2-positive
nuclei (Fig. 4, compare B and E), we conclude that myosin II is
required for the ap—bl nuclear translocation/migration not only
of neurogenic BPs, but also of neurogenic APs. This conclusion
was corroborated by the observation that upon BrdU pulse
labeling and chase for 12 h in HERO culture, i.e., when ap—bl
INM of neurogenic APs and delamination of BPs is ongoing,
analysis of the distribution of the Tis21-GFP-positive nuclei
revealed that low-Bb treatment significantly impaired this ap—bl
nuclear migration/translocation (Fig. S7).

Myosin Il Is Required for the Apical-to-Basal INM of Proliferative
Apical Progenitors. In light of these observations, we also exam-
ined APs that were not committed to the neuronal lineage for a
requirement of myosin II in ap—bl INM, using the lack of
Tis21-GFP expression to identify these progenitors and BrdU
pulse-chase labeling as described in Fig. 2 to study their nuclear
migration. Upon BrdU pulse labeling and 10 h chase in HERO
culture, the distribution of the BrdU-labeled nuclei of Tis21-
GFP-negative APs was very similar for the control and low-Bb
treatment (Fig. 54), consistent with the notion that the present
myosin II inhibition did not impair the bl—ap, G2-phase INM of
proliferative apical progenitors. In either condition, the distri-
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Fig. 4. Effects of low-blebbistatin treatment on the distribution and pro-
portion of neurogenic progenitor nuclei in the VZ and SVZ. E14.5 hemispheres
from heterozygous Tis21-GFP mice (A-F) or C57BL/6 mice (G-I) were subjected
to HERO culture for 24 h in the absence (control, Ctr) or presence (Bb) of 12.5
uM Bb, followed by immunofluorescence for Tbr2 (A), analysis of intrinsic
Tis21-GFP fluorescence (D) and phosphohistone 3 (PH3) immunofluorescence
(G). Dashed lines in A, D, and G, ventricular surface; yellow arrows and
arrowheads in G, ventricular (apical) and abventricular (basal) mitoses, respec-
tively; 1Z, intermediate zone. (Scale bars, 20 um.) (B, E, and H) Distribution of
Tbr2-positive (B) and Tis21-GFP-positive (E) nuclei and phosphohistone 3-pos-
itive mitotic figures (H) across the VZ plus SVZ (bin analysis as in Fig. 2).
Tbr2-positive and Tis21-GFP-positive nuclei and mitotic figures in a given bin
are expressed as percentage of the total number of labeled nuclei/mitotic
figures in all 8 bins. Black curve and circles, control (Ctr); red curve and
triangles, Bb (shading as in Fig. 2). Inset in H: apical, sum of the percentage
values of bins no. 1 plus 2; basal, sum of the percentage values of bin nos. 3 to
8. Number of nuclei and mitoses counted are given in Table S2. (C, F, and /)
Quantification of Tbr2-positive (C) and Tis271-GFP-positive (F) nuclei and phos-
phohistone 3-positive mitotic figures (/), expressed as percentage of total
nucleiinthe VZ plus SVZ as revealed by DAPI staining. Number of DAPI-stained
nuclei counted are given in Table S2. (B, C, E, F, H, and /) Data are the mean of
4-7 hemispheres; bars indicate SEM; *, P < 0.05; **, P < 0.01; ***, P < 0.001.

bution of the labeled nuclei showed a peak in the ventricularmost
bin (Fig. 54, bin no. 1), reflecting the residence of the BrdU
label-inheriting nuclei of newborn Tis2/-GFP-negative APs in
G1 at the ventricular surface after 10 h of chase.

In contrast, after another 4 h of chase in HERO culture, the
distribution of the BrdU-labeled nuclei of Tis2/-GFP-negative
APs was significantly different for the control and low-Bb
treatment (Fig. 5B). Whereas in the control the labeled nuclei
had migrated away from the ventricular surface, peaking in the
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Fig. 5. Low-blebbistatin treatment impairs apical-to-basal INM of prolifer-
ative neural progenitors. E14.5 hemispheres from heterozygous Tis21-GFP
mice in HERO culture were subjected to 15-min BrdU pulse labeling followed
by chase for 10 h (A) and 14 h (B), in the absence (control, Ctr; black curves and
circles) or presence (Bb; red curves and triangles) of 12.5 uM Bb. Data show the
distribution of BrdU-labeled Tis27-GFP-negative nuclei across the VZ plus SVZ
(bin analysis and shading as in Fig. 2) and are the mean of 3-4 hemispheres;
bars indicate SEM. Ctr and Bb curves in B are significantly different with a KS
Pvalue of 0.001, whereas this is not the case for the curves in A (KS P value of
0.94). Number of BrdU-labeled Tis27-GFP-negative nuclei counted are given in
Table S2.

basal region of the VZ (Fig. 5B, black curve), this nuclear
migration was markedly impaired upon low-Bb treatment, with
the peak of labeled nuclei still being observed in the apical region
of the VZ (Fig. 5B, red curve). We conclude that myosin II is
required for the ap—bl, G1-phase INM of proliferative APs.

Myosin Il Inhibition Leads to an Increase in Neurogenic Basal Progen-
itors. It has been proposed that the residence time of neural
progenitor nuclei in the apical versus basal region of the VZ
influences their cell fate, i.e., their proliferation versus differ-
entiation (4, 11, 14). We therefore investigated whether con-
comitant with the impaired ap—bl nuclear translocation/
migration of neural progenitors upon low-Bb treatment, there
was a shift in the proliferative versus neurogenic progenitor
subpopulations. Indeed, low-Bb treatment in HERO culture for
24 h resulted in an increase in BPs, as revealed by Tbr2
immunostaining (Fig. 4C), in an increased proportion of neu-
rogenic progenitors in general, as revealed by analysis of Tis21-
GFP (Fig. 4F), and in an increase in basal mitoses at the expense
of apical mitoses, as revealed by phosphohistone 3 immunostain-
ing (Fig. 4 G and H). Despite the increase in the proportion of
Tbr2- and Tis21-GFP-positive nuclei in the VZ (Fig. 4 4 and D),
all VZ nuclei remained positive for the transcription factor Pax6,
a marker of cortical APs (19) (Fig. S8). Consistent with the
notion that the present myosin II inhibition did not block
cytokinesis, the total number of mitotic figures as identified by
phosphohistone 3 immunostaining was not increased by the
low-Bb treatment (Fig. 4I). Taken together, our data indicate
that inhibition of myosin II by low-Bb treatment changes neural
progenitor fate toward a more differentiated state.

Discussion

Myosin Il Is Required for Apical-to-Basal INM of Apical Progenitors.
Our study shows that the ap—bl, ab-centrosomal INM of neu-
roepithelial and radial glial cells in G1, which is the primary
cause for the pseudostratification of the VZ, requires myosin II.
It should be emphasized that our data do not exclude a role of
actomyosin in bl—ap INM during G2, as it is conceivable that
this process may be impaired upon myosin II inhibition using
higher concentrations of Bb. In this context, it is worth noting
that the small GTPase Rac, a well-known regulator of the actin
cytoskeleton, is required for bl—ap nuclear translocation, al-
though this is thought to reflect the regulation of centrosomes
and microtubules (25). Nonetheless, given the requirement for
Lisl (10), dynactin (10, 11), and the centrosomal proteins
Cep120 and TACC (12) in bl—ap INM, the picture emerges that
this ad-centrosomal leg of INM in G2 is a microtubule-based
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basal-to-apical

apical-to-basal basal progenitor delamination
INM _ . .

| microtubule actomyosin | lateral membrane = adherens junction
= centrosome 0 dynein — apical membrane
Fig. 6. Model depicting the distinct roles of the microtubule-based dynein

system and actomyosin in apical progenitor INM and basal progenitor del-
amination. (A) Dynein-mediated ad-centrosomal transport of the nucleus
along microtubules (blue arrows) results in bl—ap INM in G2. (B) Myosin
ll-mediated contraction of the actin cortex, starting apically and progressing
in the basal direction (green arrows), leads to constriction of the apical
process, which in turn results in ap—bl INM in G1. (C) Similar ap—bl nuclear
translocation asin B occurs in newborn BPs and continues in the course of their
delamination.

process using minus end-directed dynein motors (Fig. 64),
whereas the ap—bl, ab-centrosomal leg of INM in G1 is an actin
microfilament-based process using myosin II motors (present
study) (Fig. 6B). The observations that the speed of bl—ap INM
is substantially greater than that of ap—bl nuclear translocation
(10, 12, 17, 23-25) are consistent with this notion.

Myosin Il Is Required for Apical-to-Basal Nuclear Translocation in
Delaminating Basal Progenitors. We found that not only the ap—bl
INM of APs, but also the nuclear translocation of delaminating
BPs, requires myosin II. This similarity of machineries is highly
intriguing, given that BPs originate from APs. Specifically, the
use of the actomyosin system for both, the ap—bl INM of APs
(Fig. 6B) and the ap—bl nuclear translocation in the course of
BP delamination (Fig. 6C), is likely to facilitate the transition
from the former to the latter type of progenitor. In this context,
it is interesting to note that newborn BPs may retain their apical
process during ap—bl nuclear translocation and retract it only
thereafter (22, 23) (Fig. 6C).

Dosed Inhibition of Actomyosin-Dependent Processes in Cortical Pro-
genitors Cycling in Brain Organ Culture. We perturbed nonmuscle
myosin II function by using a highly specific inhibitor, Bb, rather
than by genetic manipulations such as RNA interference. The
crucial advantage of our approach lies in the fact that by using
a low concentration of Bb, we could inhibit myosin II function
such that only INM, but not cell division, of APs was impaired.
Given that myosin II is known to function in cytokinesis (16), this
was an essential precondition to explore the possible function of
myosin I in ap—bl INM. To be able to apply a defined, low-Bb
concentration, we established a hemisphere culture system,
which reproduced in utero cortical development and in which the
kinetics of INM were consistent with previous observations (10,
12, 17, 22-25).

Basal-to-Apical Nuclear Migration Versus Apical-to-Basal Nuclear
Translocation. What is the mechanism by which myosin II causes
ap—bl nuclear movement? Extrapolating from the role of
myosin II with regard to nuclear movement in the context of
neuronal migration (18) and other systems (26), we find it most
likely that the ap—bl nuclear translocation in INM of APs and
delamination of BPs results from the directional ap—bl myosin
II-mediated constriction of the apical process, which pushes the
nucleus in the basal direction (Fig. 6 B and C). The increase in
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the average interjunctional distance at the apical surface upon
myosin II inhibition likely reflects impairment of this constric-
tion, consistent with our model. In mechanistic terms, ap—bl
nuclear translocation is therefore principally different from the
bl—ap nuclear migration in which the nucleus is presumably
actively transported as cargo along microtubules by dynein (4, 10,
12) (Fig. 6A).

Myosin Il, Nuclear Residence, and Neural Progenitor Fate. Besides
inhibiting ap—bl nuclear translocation, myosin II inhibition by
low-Bb treatment also resulted in a cell fate change of neural
progenitors, yielding more 7is21-GFP- and Tbr2-expressing BPs
at the expense of Tis2I-GFP-negative APs, and more basal
mitoses at the expense of apical mitoses. It is conceivable that
this cell fate change may be the consequence of the altered
residence of AP nuclei in the apical versus basal region of the
VZ, in line with previous proposals (4, 11, 14).

Developmental and Evolutionary Implications. A key step in the
development of the CNS is the actomyosin-mediated apical
constriction by which the neural plate invaginates to form the
neural tube. Our data imply that the same principal machinery
(actomyosin) and cell biological process (constriction of the
entire apical process) are responsible for 2 hallmarks of CNS
development, the pseudostratification of the VZ, which in-
creases in vertebrate evolution (5, 27), and the generation of a
second neurogenic progenitor layer basal to the VZ, the SVZ,
which is characteristic of the mammalian telencephalon (28).
Interestingly, an increase in the SVZ is thought to underly
cortical expansion (8, 27-29), and the major type of primate SVZ
progenitor has been proposed to retain certain features of APs
(8, 27). Given these considerations, and our findings showing
that the ap—bl nuclear translocation in the course of SVZ
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formation is highly related to the ap—bl leg of INM of VZ
progenitors, the actomyosin machinery determining the extent
of ap—bl nuclear translocation is likely to be a key target of
evolutionary change.

Materials and Methods

HERO Culture, Blebbistatin Treatment, BrdU Labeling, Inmunofluorescence, and
Transmission EM. C57BL/6 mouse embryos and, when indicated, heterozygous
Tis21-GFP knock-in mouse embryos (17) (C57BL/6 background) were used.
Details of the HERO culture system, of Bb treatment, of BrdU labeling (50 uM),
and of sample processing are described in S/ Text. Inmunofluorescence on
10-um coronal cryosections and transmission EM of 70-nm plastic sections
were performed according to standard procedures (see S/ Text).

Quantitations. Analysis was restricted to the dorsal cortex (800-900 um cau-
dally from the olfactory bulb). For each hemisphere, 2 fields (each from a
different cryosection) taken with a 40X objective were analyzed for the
markers indicated, and the mean per hemisphere was calculated. For quan-
tification of the distribution of a given nuclear marker across the progenitor
layers, the VZ plus SVZ were divided into 8 equidistant bins. Nuclei were
identified by DAPI staining, and the nuclei in each bin expressing the marker
under study were counted. Cell cycle parameters were determined as de-
scribed (20). For any given dataset, each of the hemispheres used was from a
different litter, and typically 2 or more independent experiments were
pooled. Statistical significance was determined using Student'’s t test or ac-
cording to Kolmogorov-Smirnov (KS).
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