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Rotation and asymmetry of the mitotic
spindle direct asymmetric cell division in
the developing central nervous system
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CYTOSKELETON

The asymmetric segregation of cell-fate determinants and the generation of daughter cells of different sizes rely on
the correct orientation and position of the mitotic spindle. In the Drosophila embryo, the determinant Prospero is
localized basally and is segregated equally to daughters of similar cell size during epidermal cell division. In contrast,
during neuroblast division Prospero is segregated asymmetrically to the smaller daughter cell. This simple switch
between symmetric and asymmetric segregation is achieved by changing the orientation of cell division: neural cells
divide in a plane perpendicular to that of epidermoblast division. Here, by labelling mitotic spindles in living Drosophila
embryos, we show that neuroblast spindles are initially formed in the same axis as epidermal cells, but rotate before

cell division. We find that daughter cells of different sizes arise because the spindle itself becomes asymmetric at
anaphase: apical microtubules elongate, basal microtubules shorten, and the midbody moves basally until it is
positioned asymmetrically between the two spindle poles. This observation contradicts the widely held hypothesis that
the cleavage furrow is always placed midway between the two centrosomes.

diversity is generated, in part, by asymmetric cell division'.

Asymmetry can manifest itself in two ways, namely by the
unequal partitioning of cell-fate determinants and by the genera-
tion of daughter cells of different sizes. The mitotic spindle is a key
regulator of both of these events. First, its orientation controls the
axis of cell division and can determine whether localized cell-fate
determinants are segregated symmetrically or asymmetrically®’.
Second, the position of the spindle within the dividing cell is
thought to determine the relative size of the two daughter cells**.
The developing nervous system of Drosophila melanogaster is a
model system for studying spindle dynamics during asymmetric
cell division. During neurogenesis, neuronal precursors, or neurob-
lasts, delaminate from a layer of ectodermal cells. They divide asym-
metrically in a stem-cell lineage, generating a neuroblast and a
smaller ganglion mother cell (GMC) at each division. Most of the
cells that remain in the neuroectoderm are epidermoblasts; they
divide symmetrically and give rise to epidermal cells.

Epidermoblasts divide in a plane perpendicular to that of neu-
roblasts, which divide along the apical-basal axis of the embryo
(Fig. 1). At prophase, cell-fate determinants such as Prospero are
localized in a crescent on the basal side of both epidermoblasts and
neuroblasts”. During epidermoblast division, Prospero segregates
equally to both daughter cells (ref. 7 and J.A.K. and A.H.B., unpub-
lished observations). In neuroblasts, the apical-basal orientation of
the spindle at cytokinesis causes Prospero to be segregated to the
basal daughter cell, the GMC™.

How does the spindle in neuroblasts come to be set up perpen-
dicular to that in epidermal cells? It has been proposed that the reo-
rientation of the spindle in neuroblasts starts at prophase, with the
duplication of the centrosome on the apical side of the cell". In this
model, one centrosome migrates from the apical to the basal side of
the cell, and the mitotic spindle then forms in an apical-basal ori-
entation. By comparison, in the P blastomeres of the early
Caenorhabditis elegans embryo, the centrosomes duplicate and
migrate opposite to each other, and the centrosome-nucleus com-
plex then rotates by 90° before the mitotic spindle forms'.

C. elegans also provides an example of how daughter cells of dif-
ferent sizes can be generated. During the first embryonic division,

During the development of multicellular organisms, cellular

one centrosome shifts posteriorly towards the cell cortex. As a result
the metaphase plate, which forms equidistant between the two cen-
trosomes, moves off-centre. The cleavage plane then bisects the
mitotic spindle”, and gives rise to two differently sized cells’. In
Drosophila, neuroblast divisions produce one large and one small
daughter cell, unlike epidermoblast divisions, which give rise to
daughters of equal size. Whether or not neuroblast asymmetry is
generated by a mechanism similar to that described for C. elegans
has not previously been investigated.

Earlier studies of spindle reorientation and asymmetric cell divi-
sion in the Drosophila nervous system have been limited primarily
to the observation of individual neuroblasts at a single time point in
fixed embryos. To better understand the regulation of spindle ori-
entation and asymmetric cell division, we have developed an assay
with which to study neuroblast division in living embryos. We
labelled microtubules by expression of the microtubule-binding
protein tau—GFP (green fluorescent protein)'*". In this way we can
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Figure 1 Drosophila neuroblasts divide in an axis perpendicular to that of
epidermoblast division. Epidermoblasts (red) divide parallel to the surface of the
embryo while neuroblasts (blue) divide perpendicular to it, along the apical-basal
axis. As a result, during epidermoblast division, basally localized proteins and mRNA
(shown in black) segregate equally to both daughters. During neuroblast division,
basally localized determinants segregate to the basal daughter.
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Figure 2 The neuroblast spindle rotates by 90° at metaphase. Basal is at the
top and apical at the bottom. These are lateral views of stage-10 and -11 embryos.
a-e, In epidermoblasts, the centrosome duplicates on the basal side of the nucleus
(a), and the two centrosomes migrate laterally to opposite sides of the cell (b). The
spindle forms parallel to the surface of the embryo (¢) and remains in this orientation
throughout mitosis (d, e). Microtubules were labelled with tau-GFP, and confocal
images of living embryos were recorded every 12s. f-k, In neuroblasts, the
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Figure 3 Loss of Inscuteable impairs spindle rotation. Microtubules were
labelled with tau-GFP and cell membranes with Src—GFP. Images were taken every
10s. Basal is at the top and apical at the bottom. These are lateral views of stage-
10 embryos. a—f, In embryos injected with inscuteable double-stranded RNA (dsRNA),
spindle rotation fails to occur in 10% of neuroblasts. At first the spindle forms

follow single neuroblasts at high resolution throughout the cell
cycle in intact living embryos, avoiding potential artefacts associ-
ated with fixation.

Such in vivo imaging reveals, first, that the neuroblast spindle is
formed in the same plane as epidermoblasts, but rotates before cell
division. Interestingly, the direction of rotation usually correlates
with the position of the centrosome at interphase: the spindle
rotates in an anticlockwise direction when the centrosome is basal,
and clockwise when it is apical. Second, the cleavage furrow is not
positioned equidistant between the spindle poles. Daughter cells of
different sizes arise because the spindle itself becomes asymmetric
at anaphase. As apical microtubules elongate and basal microtu-
bules shorten, the midbody moves basally until it is positioned
asymmetrically between the two spindle poles, at the site of the
cleavage furrow.

Results

Spindle dynamics in epidermoblasts and neuroblasts. We studied
division of epidermoblasts and neuroblasts by time-lapse confocal
microscopy of embryos expressing tau—GFP, which labels microtu-
bules. The results obtained in this way are supported by observa-

centrosome duplicates on either the apical or the basal side of the nucleus (see
Supplementary Information, movies 2,3). The two centrosomes migrate laterally to
opposite sides of the cell (f). In most cases the spindle is formed before it rotates.
Here, the bipolar spindle forms as it rotates by 90° to a position along the apical-
basal axis of the cell (g-k; see Supplementary Information, movie 4). Microtubules
were labelled with tau-GFP, and cell membranes were marked with Src-GFP to
identify individual neuroblasts more easily. Images were taken every 4s.

normally, perpendicular to the apical-basal axis (a). The spindle then seesaws but
does not rotate (see Supplementary Information, movie 5). In this example, cell
division occurs at a 45° angle to the apical-basal axis (b-f). g, h, A similar phenotype
is seen in live inscuteable™ embryos. Two different neuroblasts are shown.

tions of fixed embryos (see y-tubulin staining below). In
epidermoblasts, the interphase centrosome duplicates on the basal
side of the cell, directly over the nucleus (Fig. 2a; see Supplementary
Information, movie 1). This result contrasts with observations of
embryos at the syncytial and cellular blastoderm stages (3 h earlier),
in which the centrosome duplicates on the apical side of the cell'®".
At prophase in epidermoblast division, each centrosome migrates
laterally to opposite sides of the cell (Fig. 2a, b). The mitotic spindle
then forms along the anterior—posterior axis of the embryo, and it
remains in this orientation throughout cytokinesis (Fig. 2c—e). In
contrast to epidermoblasts, the centrosome in neuroblasts is found
on either the apical (n=16) or the basal (n=9) side of the cell, where
it duplicates during interphase (see Supplementary Information,
movies 2, 3). Next, the two centrosomes migrate laterally to oppo-
site sides of the cell (Fig. 2f). The spindle forms and then rotates by
90° to an apical-basal orientation (Fig. 2g-k; see Supplementary
Information, movie 4). In some cases, rotation begins before the
spindle is fully formed. Rotation is complete within 60s. The direc-
tion of spindle rotation usually correlates with the position of the
interphase centrosome. A basally positioned interphase centrosome
leads to an anticlockwise spindle rotation (9 out of 9 cells in which
the centrosome is basally located), while an apically positioned cen-
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Figure 4 The mitotic spindle becomes asymmetric during neuroblast cell
division. a-f, Microtubules were labelled with tau-GFP and cell membranes with
Src—GFP. Confocal images were taken every 5s. Basal is at the top and apical at the
bottom. These are lateral views of a stage-10 embryo. a, The neuroblast mitotic
spindle is symmetric and centrally placed at metaphase; see also Supplementary
Information, movie 6. g, The bar graph shows the average length of the neuroblast
spindle, measured from the apical or basal centrosome to the metaphase plate
(n=16). b—f, At the start of anaphase in neuroblasts, the cell membrane begins to
invaginate (b) and the spindle becomes asymmetric. The midbody gradually moves
basally until it is positioned at the site of the cleavage furrow (grey arrowhead in e),

trosome leads to a clockwise spindle rotation (11 out of 16) (see
Supplementary Information, movies 2, 3, and y-tubulin staining
below).

Loss of Inscuteable impairs spindle rotation. Inscuteable, a novel
protein encoding a putative SH3 (Src homology 3) target site and a
PDZ-binding domain, is both necessary and sufficient to direct api-
cal-basal cell division in neuroblasts'*™*'. Inscuteable also directs the
axis of cell division in epithelial cells of the procephalic neurogenic
region (PNR)”. In inscuteable mutant embryos, the orientation of
the neuroblast spindles becomes random, as is the site of formation
of a crescent of Prospero; in contrast, spindle reorientation simply
does not occur in epithelial cells of the PNR™.

To investigate how the loss of Inscuteable interferes with normal
apical-basal cell division, we followed neuroblast spindle rotation
in living inscuteable™ embryos. In these embryos (Fig. 3g, h), 20%
of neuroblasts have spindles that fail to rotate (n=34). This percent-
age is in agreement with the number of misorientated neuroblast
cell divisions we counted in fixed inscuteable’ embryos stained for
DNA and neurotactin, which labels the cell membrane (n=42; data
not shown). As Inscuteable is expressed in ovaries*, we also inhib-
ited Inscuteable activity by RNA interference (RNAi)™. In principle,
RNAi should block both maternal and zygotic messenger RNA and
would be expected to produce a more severe phenotype than does
the loss of zygotic Inscuteable alone. In embryos injected with ins-
cuteable double-stranded RNA, the mitotic spindle initially forms
normally, perpendicular to the apical-basal axis. In 10% of neurob-

while the centrosomes move simultaneously and equally to opposite sides of the cell
(white arrowheads in e). The apical, neuroblast, aster (white arrowhead in d) enlarges
from anaphase onwards, and the GMC aster is reduced (b-f), while the neuroblast
half of the spindle elongates and the GMC half becomes shorter (c, d). h, The bar
graph measures the distance from the midbody to the apical centrosome (NB) and
from the midbody to the basal-most cell membrane (GMC 100%) at anaphase (d).
Measurements were taken from 14 dividing neuroblasts. i, The anaphase spindle is
symmetric in epidermoblasts. The bar graph shows the average length of the
epidermoblast spindle, measured from each centrosome to the midbody (n = 8).
g-i, Error bars indicate 1 s.d. in each direction.

lasts (n=30), the spindles seesaw but fail to rotate (Fig. 3a—f; see
Supplementary Information, movie 5), a phenotype also seen in
inscuteable’” embryos. Seesawing is characteristic of epidermob-
lasts before cell division (see Supplementary Information, movie 7).
The neuroblast spindle shown in Fig. 3a—f fails to rotate during met-
aphase. However, the cell turns slowly during anaphase and ulti-
mately divides at a 45° angle to its original postition. Although the
spindle fails to rotate, the cell still divides asymmetrically, as has
been described previously in inscuteable mutants®. We observed
low levels of residual Inscuteable protein after RNAi (data not
shown), which may explain the low penetrance of the spindle phe-
notype (the spindles in the remaining 90% of neuroblasts rotate
normally). Spindle orientation in epidermoblasts is not affected
after injection of inscuteable double-stranded RNA or in
inscuteable’”” embryos (data not shown).

Neuroblast spindle asymmetry drives asymmetric cell division. The
first embryonic division in C. elegans generates two cells of different
sizes’. To achieve this asymmetry, one centrosome moves towards
the posterior cell cortex, and the cleavage furrow is then placed
midway between the two spindle poles’. Drosophila neuroblasts also
divide asymmetrically, generating a large neuroblast and a smaller
GMC. In neuroblasts, the mitotic spindle is symmetric and centrally
placed throughout metaphase (Fig. 4a, g; see Supplementary Infor-
mation, movie 6), as is the epidermoblast spindle throughout cell
division (Fig. 4i, anaphase). However, at the onset of anaphase in
neuroblasts, the microtubules appear to become shorter on the
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Figure 5 Neuroblast centrosomes become asymmetric at anaphase. Lateral
views of stage-10 embryos. Basal is at the top and apical at the bottom. All images
are projections of sections in the Zaxis. A-D, yTubulin (green in A, C; staining for
phosphorylated histone H3 is in red; see below) is localized at the centrosomes of
epidermoblasts (A, B) and neuroblasts (C, D). Each panel in B, D corresponds to the
panel above in A, C, respectively, but shows only ytubulin staining. A, B, The intensity
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Figure 6 Spindle dynamics during neuroblast and epidermoblast cell division.
In epidermoblasts (red), the centrosome (black circle) duplicates on the basal side
of the nucleus. The mitotic spindle forms parallel to the surface of the embryo and
remains in this orientation throughout mitosis. In neuroblasts (blue), the centrosome
duplicates either basally or apically. The mitotic spindle in neuroblasts is initially
orientated parallel to that of epidermoblasts. At metaphase, the neuroblast spindle
rotates by ~90° and comes to rest perpendicular to the epidermoblast spindle axis.
A basally positioned interphase centrosome results predominantly in an apical
movement of the anterior centrosome, and anticlockwise rotation, while an apically
positioned centrosome leads to a basal movement of the anterior centrosome, and
clockwise rotation. The spindle maintains this orientation throughout the rest of
mitosis. At anaphase, the neuroblast spindle becomes strikingly asymmetric. Apical
polar microtubules and astral microtubules elongate, while basal microtubules
shrink. The midbody moves basally towards the site of the cleavage furrow, and the
neuroblast divides asymmetrically.

basal side of the cell and elongate on the apical side (Fig. 4b—f; see
arrowhead in Fig. 4d).

To describe the extent of the spindle asymmetry more accu-
rately, we measured the distance from each spindle pole to the cen-
tre of the midbody (the region of overlapping microtubules) at
metaphase and anaphase (Fig. 4). However, although the apical

y-tubulin
Phospho-Histone H3

y-tubulin

of ytubulin staining at both epidermoblast centrosomes is similar from prophase (a)
through to late anaphase (g). C, D, In neuroblasts, the centrosomes stain equally until
metaphase (a-g), but from the onset of anaphase immunoreactivity is greater on the

neuroblast centrosome than on the GMC centrosome (h, i). Anti-phospho-histone-H3
antibody stains phosphorylated histone H3 from prophase until late anaphase.

(neuroblast) centrosome is visible at both of these stages, the basal
(GMC) centrosome is no longer visible at anaphase. Therefore, we
measured from the most distal GMC membrane to the midbody,
which slightly overestimates the length of the GMC half of the spin-
dle. At anaphase the apical (neuroblast) half of the spindle is 30%
longer than the basal (GMC) half (Fig. 4d, h). This is the most con-
servative estimate of the difference between the two halves of the
spindle. However, the neuroblast spindle consistently spans 80% of
the distance from the midbody to the apical membrane. If we
assume that the GMC spindle also spans only 80% of the total GMC
length, then the neuroblast segment of the spindle is more than
50% longer than that in the GMC.

As the spindle becomes asymmetric, the midbody moves toward
the nascent GMC. At the same time, the apical aster enlarges as the
number and length of the astral microtubules increases dramati-
cally, forming a cap-like structure (arrowhead in Fig. 4d). By com-
parison, very few astral microtubules are visible at the basal
centrosome. As astral microtubules are nucleated at the centro-
somes by y-tubulin®*, we determined whether or not the amount
of y-tubulin differs at each spindle pole. At metaphase, both neu-
roblast centrosomes stain equally well (Fig. 5C, e-g, D, e—g). How-
ever, from the onset of anaphase the apical centrosome stains more
strongly for y-tubulin than the basal centrosome (Fig. 5C, h, i, D, h,
i). We obtained the same result when using antibodies against the
centrosomal proteins CP60 and CP190 (refs 25-27 and data not
shown). This contrasts with epidermoblasts, where the intensity of
y-tubulin, CP60 and CP190 staining is similar on both centrosomes
throughout mitosis (Fig. 5A, a—g, B, a—g; data not shown).

Discussion

We have described two mechanisms by which the mitotic spindle
generates asymmetry during neuroblast division (Fig. 6): first, the
neuroblast spindle rotates to a plane perpendicular to that in epi-
dermoblasts; and, second, at anaphase the spindle becomes asym-
metrical between the spindle poles. As a result, and contrary to the
dogma that the cleavage furrow always forms equidistant from the
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spindle poles, the cleavage furrow is placed asymmetrically
between the spindle poles, thereby generating two daughter cells
of different sizes.

The orientation of neuroblast cell division is dependent on the
proteins Inscuteable and Bazooka'®*"***. Inscuteable is expressed
only in neuroblasts, where it localizes apically. An earlier model for
spindle reorientation, based on antibody staining, indicated that
the centrosomes duplicate on the apical side of the neuroblast; this
is followed by the basal movement of one centrosome and spindle
formation along the apical-basal axis''. In this case, it would be pos-
sible to view Inscuteable as an anchor that restrains one of the cen-
trosomes on the apical side of the cell at prophase.

By following cell division in living embryos, however, we have
shown that the neuroblast centrosome can duplicate on either the
apical or the basal side of the cell, and that both new centrosomes
then migrate laterally. The mitotic spindle forms along the same
axis as in epidermoblasts and subsequently rotates to line up along
the apical-basal axis. These results indicate that Inscuteable might
play a part in attracting one of the centrosomes to the apical side of
the cell during metaphase. In epidermoblasts, where Inscuteable is
not expressed, the epidermoblast centrosome duplicates on the
basal side of the nucleus before the centrosomes migrate laterally.
The spindle then forms parallel to the surface of the embryo but
does not rotate. However, spindle rotation can be induced in epi-
dermoblasts by ectopic expression of Inscuteable®.

The loss of Inscuteable has been reported to result in randomly
orientated neuroblast spindles'**"”. We find, however, that the
final orientation of the spindle is not due to random rotation.
Instead, as in epidermoblasts (see Supplementary Information,
movie 7), the spindle seesaws but is unable to rotate (see Supple-
mentary Information, movie 5). The GMC buds off in a lateral,
rather than basal, position. Neighbouring cells appear to jostle the
neuroblast as it divides, leading to a more random distribution of
GMCs after cytokinesis.

Inscuteable also directs the axis of cell division in epithelial cells
of the procephalic neurogenic region®. In the absence of Inscutea-
ble, the cells divide parallel, rather than perpendicular, to the
embryo surface. The loss of inscuteable was thought to have differ-
ent effects on PNR epithelial cells and neuroblasts: the epithelial
cells fail to reorientate their axis of division, whereas the neuroblast
axis becomes randomized”. We suggest, however, that the inscute-
able phenotype is actually the same in both types of cell: the mitotic
spindle fails to rotate. The penetrance of the spindle phenotype in
inscuteable’ embryos is only 20%. Although at first this seems sur-
prising, it may indicate that Inscuteable is only one of the proteins
involved in spindle reorientation, and that others remain to be
identified.

Although the neuroblast spindle can rotate in either direction, the
direction of rotation usually correlates with the centrosome position
at interphase (see Supplementary Information, movies 2—4; for stain-
ings in fixed embryos see Fig. 5). This result indicates that the two
centrosomes may become different from one another during or
shortly after duplication, with one primed to move apically after the
metaphase spindle is set up. When the centrosome duplicates basally,
the anterior centrosome is primed and moves apically at metaphase,
resulting in anticlockwise spindle rotation (in 9 out of 9 neuroblasts
with basal centrosome duplication); when the centrosome duplicates
apically, the posterior centrosome is primed and moves apically at
metaphase, resulting in clockwise spindle rotation (in 11 out of 16
neuroblasts with apical centrosome duplication; Fig. 6). The apical
movement of the primed centrosome may be mediated by an inter-
action with Inscuteable. Whether the interaction is direct or indirect
remains to be seen.

It is not yet known how the position of the interphase centro-
some is specified. If the newly delaminated neuroblast maintains
the polarity of the cells in the neuroectoderm, then the interphase
centrosome would be on the basal side of the cell. However, after
cell division, the final position of the neuroblast centrosome is api-
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cal. Therefore, in all subsequent neuroblast divisions, the inter-
phase centrosome might be apical. This hypothesis can be tested by
following a single neuroblast through several cell divisions, which
so far has not been possible.

We have shown here that the asymmetry of neuroblast cell divi-
sion is dictated by the spindle itself becoming asymmetric at ana-
phase. Microtubules on the apical side of the cell elongate, while
those on the basal side become shorter. As the astral microtubules
become longer, and seemingly more abundant, the apical aster
enlarges (Fig. 4b—f). The basal aster is concomitantly reduced in
size. This process is independent of Inscuteable, as the spindle
remains asymmetric even when it fails to rotate in an inscuteable
mutant (Fig. 3). Earlier reports have highlighted the existence of
asymmetric spindle poles/centrosomes in yeast’*’' and C. elegans™.
However, in none of these cases were asymmetric midzone micro-
tubules observed.

Astral microtubules have been proposed to be involved in spec-
ifying the site of the cleavage furrow at cytokinesis'*”. Our results
are consistent with this model. We find that, during neuroblast cell
division, the apical astral microtubules elongate dramatically and
grow towards the emerging GMC before the cell membrane invagi-
nates. The overlapping apical and basal astral microtubules, which
are distinctly different in length, may specify the asymmetric site of
the cleavage furrow. Bonaccorsi et al.** have suggested that astral
microtubules are not required for cytokinesis. They showed that
spermatocytes from an asterless mutant are still able to undergo
cytokinesis, and they suggest instead that the midbody specifies the
site of the cleavage furrow. Our results do not distinguish between
these two hypotheses; however, it is interesting that in neuroblasts
the midbody moves basally towards the cleavage site only after the
cell membrane has started to invaginate (Fig. 4b—e; see Supplemen-
tary Information, movie 6).

It will be interesting to discover what, in addition to Inscuteable,
regulates the rotation of the mitotic spindle. In C. elegans, rotation
of the nucleus—centrosome complex depends upon dynein and
dynactin®. Dynactin is proposed to tether the dynein motor to the
cortex of the cell, where it reels in one centrosome by movement
along the astral microtubules”. The speed of spindle rotation in
Drosophila neuroblasts (less than 60s) indicates that this process
could also be mediated by dynein™.

To our knowledge, there is no precedent for a cleavage furrow
being placed asymmetrically between the spindle poles. The asym-
metric position of the midbody may be characteristic of cells in the
nervous system, or may in the future be detected in other cell types
as imaging of live cells becomes more prevalent. Spindle asymmetry
is cell-cycle regulated, but does not depend on previous spindle
rotation. It will be interesting to identify the factors that induce
spindle asymmetry in neuroblasts, and to discover how they are reg-
ulated during the cell cycle. O

Methods

GFP fusion proteins.

Complementary DNA encoding tau was isolated as a 1.2-kilobase EcoRI-BamHI fragment from UAS-
tau-GFP5 (ref. 14; A.H.B. and J.P. Haseloff, unpublished). The GFP variant"** was amplified by the
polymerase chain reaction (PCR) as a BamHI-Xhol fragment. DNAs encoding tau and mGFP6 were
subcloned by three-way ligation into EcoRI-Xhol-digested pUAST* to give UAS-tau-mGFP6. The DNA
construct was injected into A2-3Sb/TM6 embryos" as described ™.

DNA encoding the first 90 amino acids of Src64B was isolated as a Clal-Ncol fragment from pBSSrc*
and ligated to GFP, isolated as a BamHI-Xhol fragment from UAS-tau-GFP(S65T/1167T) (refs 15, 43).
This introduces a short peptide, PMDP, between Src64B and the initiator methionine of GFP. The Src—
GFP fusion was subcloned downstream of the GAL4 upstream activation sequence (a SphI-Cell fragment
from pUAST") and upstream of the hsp70 polyA site (a Sall-Spel fragment from pGaTN") in Sphl-Spel-
cut pWhiteRabbit (N.H.B., unpublished) to give UAS-Src-GFP(S65T/1167T). Several independent
transformant lines were generated. The line used in this study contains two or more insertions on the
second chromosome and is homozygous viable.

Expression of tau—GFP and Src—GFP was driven by 04-tubulin-GAL4-VP16(V37) (ref. 44), a gift
from D. St Johnston.

Imaging of live embryos.
Embryos were prepared as described". Briefly, embryos were dechorionated in 50% clorox for 3min,
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washed thoroughly with water, transferred to a drop of Voltalef or Halocarbon oil on an air-permeable
teflon membrane, and covered with a coverslip. Two further coverslips were used as bridges to prevent
the embryos from being squashed. The coverslips were not permanently fixed, enabling the embryos to
berolled. Neuroblasts were identified on the basis of the following criteria: first, the cells delaminate from
the ectoderm to lie immediately above the neuroectodermal cells; second, they undergo asymmetric
divisions, giving rise to two differently sized cells; and third, during their division, proteins such as
Staufen are asymmetrically segregated to the smaller daughter cell (A.H.B., unpublished observations).

To follow mitotic spindles in inscuteable mutants, we used the line inscuteable””?/Kr-GAL4, UAS-GFP,
CyO (Kr-GAL4, UAS-GFP, CyO flies were a gift from T. Kornberg).

Confocal microscopy.

Time-lapse series and single images were collected by confocal microscopy using a BioRad MRC1024
scan head on a Nikon E800 microscope. Laser power was normally set at 10%, the iris between 6 and 8,
and gain between 1,200 and 1,500. Images were collected at a size of 512x512 pixels (Fig. 2) or 1,024 x
1,024 pixels (Fig. 3, 4) with Kalman averaging of two to three frames. Images were imported into Adobe
Photoshop 5.0, and assembled in Adobe Illustrator 7.0. Time-lapse series were imported as TIFF files into
Adobe Premiere 5.0.

Synthesis and injection of double-stranded RNA.

The DNA template for transcription of double-stranded RNA covering the first 578 nucleotides of the
inscuteable coding region' was generated by PCR as described”, except that a T3 promoter was
engineered at the 5' end in place of a T7 promoter. inscuteable double-stranded RNA was dissolved in
injection buffer* and injected as described®.

Immunohistochemistry.

Antibody staining was done as described*’ with the following modifications: to preserve the cytoskeleton,
embryos were fixed for 3—5 min in a 1:1 mix of n-heptane and 40% formaldehyde. PBT (PBS plus 0.1%
Triton X-100) replaces PEM throughout. After RNA interference, embryos were washed with PBT and
fixed for 30 min in a 1:1 mix of n-heptane and 4% formaldehyde in PBT. Vitelline membranes were
removed by hand and the embryos were washed with PBT and 100% methanol.

Mouse anti-y-tubulin antibody (Sigma) was used at a dilution of 1:100 in PBT; rabbit antibody
against phosphorylated histone H3 (Upstate Biotechnology) was used at a dilution of 1:100 in PBT.
Secondary antibodies, directly conjugated to fluorescein isothiocyanate (FITC) or Cy5 (Jackson
ImmunoResearch), were used at a dilution of 1:200. Embryos were mounted in Vectashield (Vector
Laboratories) and visualized by confocal microscopy.

RECEIVED 10 SEPTEMBER 1999; REVISED 27 OCTOBER 1999; ACCEPTED 7 NOVEMBER 1999;
PUBLISHED 24 NOVEMBER 1999.

1. Horvitz, H. R. & Herskowitz, I. Mechanisms in asymmetric cell division: two Bs or not two Bs, that
is the question. Cell 68, 237-255 (1992).

2. Rappaport, R. Cytokinesis in Animal Cells (Cambridge Univ. Press, Cambridge, 1996).

3. Strome, S. Determination of cleavage planes. Cell 72, 3-6 (1993).

4. Rappaport, R. Establishment of the mechanism of cytokinesis in animal cells. Int. Rev. Cytol. 105,
245-281 (1986).

5. Albertson, D. Formation of the first cleavage spindle in nematode embryos. Dev. Biol. 101, 61-72
(1984).

6. Conklin, E. G. Effects of centrifugal force on the structure and development of the egg of Crepidula.
J. Exp. Zool. 22, 311-419 (1917).

7. Matsuzaki, F., Ohshiro, T., Ikeshima-Kataoka, H. & Izumi, H. Miranda localises Staufen and
Prospero asymmetrically in mitotic neuroblasts and epithelial cells in early Drosophila
embryogenesis. Development 125, 40894098 (1998).

8. Doe, C. Q., Chu-LaGraff, Q., Wright, D. M. & Scott, M. P. The prospero gene specifies cell fates in the
Drosophila central nervous system. Cell 65, 451-465 (1991).

9. Vaessin, H. et al. prospero is expressed in neuronal precursors and encodes a nuclear protein that is
involved in the control of axonal outgrowth in Drosophila. Cell 67,941-953 (1991).

10. Matsuzaki, F., Koisumi, K., Hama, C., Yoshioka, T. & Nabeshima, T. Cloning of the Drosophila
prospero gene and its expression in ganglion mother cells. Biochem. Biophys. Res. Commun. 182, 1326—
1332 (1992).

11. Spana, E. P. & Doe, C. Q. The Prospero transcription factor is asymmetrically localized to the cell
cortex during neuroblast mitosis in Drosophila. Development 121, 3187-3195 (1995).

12. Hyman, A. A. & White, J. G. Determination of cell division axes in the early embryogenesis of
Caenorhabditis elegans. J. Cell Biol. 105, 2123-2135 (1987).

13. Rappaport, R. Role of mitotic apparatus in furrow initiation. Ann. NY Acad. Sci. 582, 15-21 (1990).

14. Brand, A. H. GFP in Drosophila. Trends Genet. 11, 324-325 (1995).

15. Brand, A. GFP as a cell and development marker in the Drosophila nervous system. Methods Cell Biol.
58, 165-181 (1999).

16. Callaini, G. & Anselmi, F. Centrosome splitting during nuclear elongation in the Drosophila embryo.
Exp. Cell Res. 178, 415-425 (1988).

17. Karr, T. L. & Alberts, B. M. Organization of the cytoskeleton in early Drosophila embryos. J. Cell Sci.
102, 1494-1509 (1986).

18. Knoblich, J. A, Jan, L. Y. &Jan, Y. N. Deletion analysis of the Drosophila Inscuteable protein reveals
domains of cortical localization and asymmetric localization. Curr. Biol. 9, 155-158 (1999).

19. Tio, M., Zavortink, M., Yang, X. & Chia, W. A functional analysis of inscuteable and its role during
Dorsophila asymmetric cell divisions. J. Cell Sci. 112, 1541-1551 (1999).

20. Kraut, R., Chia, W, Jan, L. Y., Jan, Y. N. & Knoblich, J. A. Role of inscuteable in orienting asymmetric

cell divisions in Drosophila. Nature 383, 50-55 (1996).

. Kraut, R. & Campos-Ortega, J. A. inscuteable, a neural precursor gene of Drosophila, encodes a
candidate for a cytoskeletal adapter protein. Dev. Biol. 174, 65-81 (1996).

22. Fire, A. et al. Potent and specific genetic interference by double-stranded RNA in Caenorhabditis

elegans. Nature 391, 806-811 (1998).

23. Moritz, M., Braunfeld, M. B., Sedat, J. W., Alberts, B. & Agard, D. A. Microtubule nucleation by y-
tubulin-containing rings in the centrosome. Nature 378, 638—640 (1995).

24. Zheng, Y., Wong, M. L., Alberts, B. & Mitchison, T. Nucleation of microtubule assembly by a y-

tubulin-containing ring complex. Nature 378, 578-583 (1995).

. Kellogg, D. R., Oegema, K., Raff, J., Schneider, K. & Alberts, B. M. CP60: a microtubule-associated
protein that is localized to the centrosome in a cell-specific manner. Mol. Biol. Cell 6, 1673-1684
(1995).

26. Oegema, K., Whitfield, W. G. & Alberts, B. The cell cycle-dependent localization of the CP190
centrosomal protein is determined by the coordinate action of two separable domains. J. Cell Biol.
131, 1261-1273 (1995).

27. Whitfield, W. G., Chaplin, M. A., Oegema, K., Parry, H. & Glover, D. M. The 190 kDa centrosome-
associated protein of Drosophila melanogaster contains four zinc finger motifs and binds to specific
sites on polytene chromosomes. J. Cell Sci. 108, 3377-3387 (1995).

28. Kuchinke, U., Grawe, F. & Knust, E. Control of spindle orientation in Drosophila by the Par-3-related
PDZ-domain protein Bazooka. Curr. Biol. 8, 1357-1365 (1998).

29. Doe, C. Q. Spindle orientation and asymmetric localization in Drosophila: both Inscuteable? Cell 86,
695-697 (1996).

30. Shaw, S. L., Yeh, E., Maddox, P., Salmon, E. D. & Bloom, K. Astral microtubule dynamics in yeast: a
microtubule-based searching mechanism for spindle orientation and nuclear migration into the bud.
J. Cell Biol. 139, 985-994 (1997).

31. Vallen, E. A,, Scherson, T. Y., Roberts, T., van Zee, K. & Rose, M. D. Asymmetric mitotic segregation
of the yeast spindle pole body. Cell 69, 505-515 (1992).

32. Keating, H. H. & White, J. G. Centrosome dynamics in early embryos of Caenorhabditis elegans. J. Cell
Sci. 111, 3027-3033 (1998).

33. Oegema, K. & Mitchison, T. J. Rappaport rules: cleavage furrow induction in animal cells. Proc. Natl

Acad. Sci. USA 94, 4817-4820 (1997).

. Bonaccorsi, S., Giansanti, M. G. & Gatti, M. Spindle self-organization and cytokinesis during male
meiosis in asterless mutants of Drosophila melanogaster. J. Cell Sci. 142, 751-761 (1998).

35. Waddle, J. A., Cooper, J. A. & Waterston, R. H. Transient localized accumulation of actin in
Caenorhabditis elegans blastomeres with oriented asymmetric division. Development 120, 2317-2328
(1994).

36. Skop, A. R. & White, J. G. The dynactin complex is required for cleavage plane specification in early
Caenorhabditis elegans embryos. Curr. Biol. 8, 11101116 (1998).

37. Hyman, A. A. Centrosome movement in the early divisions of Caenorhabditis elegans: a cortical site
determining centrosome position. J. Cell Biol. 109, 11851193 (1989).

38. Vale, R. D. & Toyoshima, Y. Y. Rotation and translocation of microtubules in vitro induced by
dyneins from Tetrahymena cilia. Cell 52, 459-469 (1988).

39. Schuldt, A. et al. Miranda mediates asymmetric protein and RNA localisation in the developing
nervous system. Genes Dev. 12, 1847-1857 (1998).

40. Brand, A. H. & Perrimon, N. Targeted gene expression as a means of altering cell fates and generating

dominant phenotypes. Development 118, 401-415 (1993).

. Robertson, H. M. et al. A stable source of P-element transposase in Drosophila melanogaster. Genetics
118, 461-470 (1988).

42. Therrien, M. et al. KSR, a novel protein kinase required for RAS signal transduction. Cell 83, 879-888

(1995).

43. Dormand, E.-L. & Brand, A. H. Runt determines cell fates in the Drosophila embryonic CNS.
Development 125, 1659-1667 (1998).

44, Hacker, U, Lin, X. & Perrimon, N. The Drosophila sugarless gene modulates Wingless signaling and
encodes an enzyme involved in polysaccharide biosynthesis. Development 124, 3565-3523 (1997).

45. Kennerdell, J. R. & Carthew, R. W. Use of dsRNA-mediated genetic interference to demonstrate that
frizzled and frizzled 2 act in the Wingless pathway. Cell 95, 1017-1026 (1998).

46. Spradling, A. C. in Drosophila, a Practical Approach (ed. Roberts, D. B.) 175-198 (IRL, Oxford, 1986).

47. Patel, N. H. in Drosophila melanogaster: Practical Uses in Cell and Molecular Biology Vol. 44 (eds
Goldstein, L. S. B. & Fyrberg, E. A.) 445-487 (Academic, San Diego, 1994).

2

2

G

3

s

4

=

ACKNOWLEDGEMENTS

We thank J. Raff and C. Waterman-Storer for discussions; J. Haseloff, J. Raff, H. Chang and G. Rubin for
providing DNA constructs, antibodies and/or Drosophila lines; T. Bossing, J. Gray, J. Raff and P. van
Roessel for comments on the manuscript; and A. Sossick for technical assistance in video production.
J.A.K. is a Wellcome Trust Prize Student. This work was funded by the Wellcome Trust.
Correspondence and requests for materials should be addressed to A.H.B.

Supplementary information is available on Nature Cell Biology’s World-Wide Web site (http://
cellbio.nature.com).

12 #2 © 1999 Macmillan MagazinesNAd@URE CELL BIOLOGY | VOL 2 | JANUARY 2000 | cellbio.nature.com



