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Mitotic spindle morphogenesis depends upon the action of microtubules (MTs), motors and the cell cortex. Previously, we
proposed that cortical- and MT-based motors acting alone can coordinate early spindle assembly in Drosophila embryos.
Here, we tested this model using microscopy of living embryos to analyze spindle pole separation, cortical reorganization,
and nuclear dynamics in interphase–prophase of cycles 11–13. We observe that actin caps remain flat as they expand and
that furrows do not ingress. As centrosomes separate, they follow a linear trajectory, maintaining a constant pole-to-
furrow distance while the nucleus progressively deforms along the elongating pole–pole axis. These observations are
incorporated into a model in which outward forces generated by zones of active cortical dynein are balanced by inward
forces produced by nuclear elasticity and during cycle 13, by Ncd, which localizes to interpolar MTs. Thus, the
force-balance driving early spindle morphogenesis depends upon MT-based motors acting in concert with the cortex and
nucleus.

INTRODUCTION

Mitosis, the process by which chromosomes are segregated
from “mother” to “daughter” cells, depends upon the action
of the spindle, a self-organizing molecular machine assem-
bled from microtubule (MT) arrays and multiple molecular
motors (Scholey et al., 2003). Force and movement genera-
tion by motors and MT dynamics is crucial for spindle
assembly and development (Inoue and Salmon, 1995; Sharp
et al., 2000a; Nedelec 2002; Cytrynbaum et al., 2003), but the
coordination between the mechanical elements of the spin-
dle remains unclear. To elucidate the mechanisms of the
coordinated movements and force balances in mitosis, we
turned our attention to the rapid and simultaneous forma-
tion of thousands of spindles during early Drosophila embry-
ogenesis, the well studied genetics and biochemistry of
which make this system particularly convenient for investi-

gating spindle development (Tram et al., 2001; Kwon and
Scholey, 2004).

The Drosophila embryo is syncytial for the first 13 rapid
cycles of mitosis. The nuclei, initially in the interior of the
embryo, migrate to its surface, and syncytial blastoderm
divisions (cycles 10–13) occur at the cortex of the embryo,
just beneath the plasma membrane, where dramatic redis-
tribution of the cortical actin accompanies spindle morpho-
genesis (Foe and Alberts, 1983; Foe et al., 2000). During
interphase, nuclei are contained within “buds” of cortical
cytoplasm, whereas actin concentrates into “caps” centered
above each cortical nucleus and above the apically posi-
tioned centrosomes. As the nuclei progress into prophase,
the centrosomes migrate toward opposite poles and the
actin caps evolve into an oblong ring referred to as a
pseudocleavage “furrow” (Sullivan and Theurkauf, 1995)
that outlines each nucleus and its associated separated cen-
trosome pair (Karr and Alberts, 1986; Kellogg et al., 1988; Foe
et al., 2000). After nuclear envelope breakdown (NEB), the
centrosomes (spindle poles) continue to separate, first in
prometaphase–metaphase and then again in anaphase. The
furrows meanwhile invaginate in metaphase, serving as bar-
riers between adjacent spindles and regress during late an-
aphase and telophase.

Each centrosome nucleates a radial array of MTs oriented
with their plus ends distal (Sullivan and Theurkauf, 1995).
Some of these MTs are astral, extending outward to the
cortex, and some are interpolar (ipMT), cross-linked into an
antiparallel bundle. Nearly 30 years ago, McIntosh et al.
(1969) suggested that the spindle poles could be separated
by a sliding filament mechanism, in which force-generating
enzymes cross-linking overlapping ipMTs slide them apart
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relative to one another (McIntosh et al., 1969). Biochemical
and ultrastuctural data support this suggestion, providing
evidence that the bipolar kinesin-5 KLP61F, a plus end-
directed motor, acts by such a mechanism (Sharp et al.,
1999a; Lawrence et al., 2004; Kapitein et al., 2005). There also
exists evidence that the C-terminal kinesin-14 Ncd, a minus
end-directed motor, can cross-link and presumably slide
together adjacent MTs (McDonald et al., 1990; Karabay and
Walker, 1999; Lawrence et al., 2004). It is also plausible that
dynein anchored on the actin cortex can slide astral MTs
apart (Dujardin and Vallee, 2002) and separate spindle
poles. Actin dynamics must play an important role(s) in
centrosome separation based on the observation that sepa-
ration is incomplete in Drosophila embryos treated with cy-
tochalasin D (Stevenson et al., 2001).

Using antibody injection and mutant experiments, we
obtained data suggesting that a multiple transient steady
state model can explain how these three MT sliding motors,
together with MTs, cooperate in spindle pole separation
(Sharp et al., 2000a; Cytrynbaum et al., 2003; Brust-Mascher et
al., 2004). According to this model, in interphase–prophase,
dynein pulls the astral MTs toward the cortex generating an
outward force on the centrosomes, which is countered by
the inward force developed by Ncd contracting the ipMT
bundle. As the pole-to-pole separation increases, the grow-
ing inward force that is proportional to the ipMT overlap
length and constant outward forces balance one another,
and the spindle poles achieve a constant spacing. After NEB,
this balance is tipped by KLP61F that is released from the
nucleus and together with other motors contributes to the
outward force by sliding the ipMTs apart to maintain and
then increase the spacing of the spindle poles (Sharp et al.,
1999b, 2000a).

The mechanical and regulation dynamics of the mitotic
spindle is so complex and the number of essential molecular
players is so great that the best strategy is to try to under-
stand the simplest stages of spindle morphogenesis first. The
reason we address spindle pole separation in interphase–
prophase only is that, early in mitosis, most of the force-
generating components that are active subsequent to NEB,
including KLP61F, chromokinesins, and kinetochore motors,
are sequestered in the nucleus and do not contribute to the
process. The “first generation” quantitative model (Cytryn-
baum et al., 2003) explained the quantitative experimental
data reasonably well; however, it was based on so many
simplifying assumptions and free parameters that rather
than having predictive power, it merely identified areas of
uncertainty in which further work would be required to test
and refine the model.

In this article, we address experimentally existing uncer-
tainties and propose the second generation of the model.
First, the magnitude of the outward force depends on the
localization and activity of dynein motors. We assumed that
dynein colocalizes with the actin furrows, supported par-
tially by data in Sharp et al. (2000a) but not with the appar-
ently hollow actin caps in interphase–prophase. The latter
part of this assumption was essential for if there was dynein
activity in the cap, it could pull the centrosomes inward
negating the outward force. Justification for this assumption
came from the observation that phalloidin staining of fixed
embryos showed actin either in caps early in prophase or in
hollowed-out rings late in prophase (Foe et al., 2000). It has
also been claimed that dynein localizes to the nucleus, play-
ing a role in the anchoring of MTs and centrosomes to the
nucleus as well as driving pre-NEB centrosome separation
in Drosophila (Robinson et al., 1999). To differentiate between
cortex- and nucleus-driven separation, we 1) used four-

dimensional (4-D) quantitative microscopy (Marshall et al.,
2001) to analyze dynamic actin redistribution and 2) studied
dynein localization.

Second, we assumed that the centrosomes separate along
the azimuth of a rigid spherical nucleus. To examine this
assumption, we 3) used microscopy to analyze nuclear
shape and centrosome trajectories.

Third, the model was based on the assumption that the
inward force increases with pole-to-pole separation, which
implies that the overlapping MT length, and not the number
of Ncd motors is the corresponding limiting factor. To ex-
amine this assumption, we 4) studied the Ncd localization.

Fourth, the magnitude of the forces shaping the spindle
has not been measured directly. We 5) used computational
modeling to estimate the forces indirectly.

We found that 1) actin caps are not hollow and not static;
they expand in synchrony with separating centrosomes; 2)
actin furrows do not descend before NEB; 3) centrosomes
separate along linear trajectories right under the actin cortex;
4) the nucleus deforms and aligns with the spindle axis; and
5) dynein colocalizes with the actin cortex, whereas Ncd
colocalizes with ipMT bundles. These findings lead us to
change some of the modeling assumptions, while providing
justification for other ones. We suggest that the quantitative
model successfully explains the data and that 1) dynein
generates a constant outward force; 2) Ncd and nuclear
elasticity cooperate in developing an inward spring-like
force; 3) the balance of the effective drag, the dynein and
nuclear elastic forces, and in cycle 13, the Ncd force, explains
the kinetics of pole separation before NEB.

MATERIALS AND METHODS

Fly Stocks and Embryo Collection
Flies were maintained and embryos selected as described previously (Sharp et
al. 1999b). Experiments were performed using green fluorescent protein
(GFP)-tubulin (provided by Dr. Allan Spradling, Carnegie Institution of
Washington, Washington, DC), GFP-Ncd (provided by Dr. Sharyn Endow,
Duke University Medical Center, Durham, NC), GFP-Polo (provided by Dr.
Claudio Sunkel, Universidade do Porto, Porto, Portugal) and Claret nondis-
junctional (cand) mutant embryos (provided by Dr. Scott Hawley, Stowers
Institute for Medical Research, Kansas City, MO). Ncd null embryos were
generated by crossing homozygous (cand) females with heterozygous or
homozygous (cand) males.

Pole-to-Pole and Pole-to-Actin Furrow Spacing
GFP-tubulin embryos, NCD null embryos injected with rhodamine tubulin
(Cytoskeleton, Denver, CO), or GFP-Polo embryos injected with rhodamine-
actin (monomeric actin; Cytoskeleton) were used as indicated. Time-lapse
confocal images were acquired on an Olympus (Melville, NY) microscope
equipped with an Ultra View spinning disk confocal head (PerkinElmer Life
and Analytical Sciences, Boston, MA). Images were analyzed using Meta-
Morph Imaging software (Universal Imaging, Downingtown, PA) and cus-
tom-written software using Matlab (Mathworks, Natick, MA). To measure the
pole-to-actin furrow distance, GFP-Polo and rhodamine-actin images were
merged. Pole-to-pole distance was calculated by drawing a straight line
connecting paired poles; pole-to-furrow distances were calculated by drawing
straight lines connecting the inner face of the actin furrow and the corre-
sponding closest pole in the directions along and perpendicular to the spindle
long axis. The long axis was determined by the pole-to-pole direction. Alexa
Fluor 647 Phalloidin (Molecular Probes, Eugene, OR) was used in combina-
tion with rhodamine-actin (Cytoskeleton). The depths of the actin furrows
and centrosomes were calculated using stacks of images at 0.5-�m spacing.

Immunofluorescence Microscopy
Fixation of Drosophila embryos for immunofluorescence was performed as
described previously (Sharp et al. 1999b). Triple labeling was performed with
mouse anti-dynein (Sharp et al. 2000a,b) and goat anti-actin-rhoda-
mine-conjugated (Santa Cruz Biotechnology, Santa Cruz, CA) and rabbit
anti-tubulin (Sharp et al. 2000a) antibodies. The appropriate secondary anti-
body (Jackson ImmunoResearch Laboratories, West Grove, PA) was used.
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Measurements of Nuclear Deformation
To measure nuclear deformation, GFP-Polo embryos were injected with rhoda-
mine-dextran 70 kDa (Molecular Probe) and stacks of images at 0.5-�m
spacing were taken over time. The 70-kDa dextran is excluded from the
nucleus, thus providing a nuclear outline marker. The outer edge of each
nucleus was fitted with an ellipse (least-squares fit to a manually selected set
of points) that gave a measure of the extent of deformation (the ratio of the
major axis to the minor axis) and the direction of maximal deformation (the
angle of the major axis) relative to the spindle axis. Nucleus size was mea-
sured in a similar manner.

Statistical Analysis of the Nucleus Deformation, Average
Tubulin Distribution, and Separation Time-Course Data
Partitioning the separation distances into bins allowed for comparison of the
distribution of angles between the nuclear and spindle axes in each bin to the
uniform distribution � the expected distribution if the two axes were com-
pletely uncorrelated. Kolmogorov-Smirnov (KS) tests were performed on
each bin (a p value of p � 0.05 is interpreted to mean that the distribution of
angles for that bin is not uniform). Statistical analyses of the tubulin distri-
butions were done using Excel and Matlab routines. Custom Matlab scripts
were used to calculate the average tubulin images by digitally extracting and
rotating each bud, compiling aligned buds by centrosome separation
and averaging the aligned images pixelwise. Comparison of steady state and
characteristic times of separation for wild-type (wt) and Ncd null embryos
was done using KS tests to determine differences in distributions that were
measured by fitting each individual separation curve with a simple logistic
model.

Mathematical Modeling

Force–Velocity Relationships. For dynein, Ncd, and “polymerization” mo-
tors, we assumed linear force–velocity relationships: F � Fstall(1 � [v/vfree]).
Here, F is the force the motor generates if moving with velocity v, Fstall is the
stall force, and vfree is the rate of movement of the unloaded motor. Such a
force–velocity relationship is a good approximation to the data for dynein and
polymerization force (Dogterom and Yurke 1997; Hirakawa et al., 2000); we
assume the same is true for Ncd (see more detailed discussion in Cytrynbaum
et al., 2003; Brust-Mascher et al., 2004).

Nuclear Elastic Force. We assume the nucleus can be modeled by a network
of three springs, one attached by a free hinge to each centrosome and a third
spring positioned vertically so as to push against the cortex, generating force
only under compression (Figure S1A). At a given value of the centrosome
separation, S, two equations—one for a vertical force balance at the hinge and
one for a horizontal balance at the centrosomes—lead to the following equa-
tion:

3s2 � 4sy � �1 � 3s2�y2 � 4sy3 �
4
3
y4 � 0,

where s � S/D, Fnucl (S) � k(S � Y(S)), and y � Y(S)/D. Here, k is the spring
constant, and D is the nuclear diameter. The rest length of each spring is D/2.
Numerical solution of this equation gives the nuclear elastic force as a
function of S (Figure S1B). At small separation, S �� D, Y(S) � S � (S3/6D2)
and this force is very small, Fnucl (S) � kS3/6D2, whereas at large separation,
S � D, Y (S) � D and the force is linearly proportional to the separation Fnucl
(S) � k(S � D). We use the last expression to find the stationary separation
(Eq. 2) and time constant (Eq. 3).

To estimate the spring constant, we use the measured nuclear Young’s
modulus E � 20 pN/�m (Tseng et al., 2004). Then, k � ED �100 pN/�m.
Indirectly, other data also support this estimate. Dahl et al. (2004) report a
value for the tension (originating from deformed nuclear envelope) caused by
aspiration of a large nucleus �25 mN/m � 25,000 pN/�m. For a nucleus
�250 �m in diameter, this tension would correspond to an effective Young’s
modulus �100 pN/�m, which is the same order of magnitude as the value
we use. Houchmandzadeh et al. (1997) and Marshall et al. (2001) report the
chromosome’s Young’s modulus of the order of hundreds to thousands
piconewtons per micrometer. The effective nuclear elasticity is likely to be an
order of magnitude less than that of the chromosome, because when the
nucleus is deformed, the chromosomes can shift relative to each other. This
argument also supports the order of magnitude estimate that we use.

Theoretical Fitting of the Data. We used the Matlab ODE solver to verify that
the numerical solution of Eq. 1 can be approximated very well with the
equation S(t) Sst/(1 	 exp[�(t � ö)/ô]). We used the Matlab least square
routine to find the corresponding parameters S, ô, ö that give the best fit to the
time series for the pole separation using this equation.

Computational Modeling

MT Dynamics. Individual MTs were nucleated randomly at a constant rate
and anchored at the centrosome by their minus ends. Dynamic instability was
modeled as a first order process as proposed by Dogterom and Leibler (1993),
whereby each MT can be in either a growing or shrinking state with expo-
nentially distributed transitions between the two states. On average, 100 MTs
emanated from each centrosome. The average MT length was adjusted so that
a few tens of MTs reached the cortex. The dynamic instability rates were at
least a few fold faster than the centrosome movement rates. MTs whose plus
ends are at the cortex formally remain in the growing state until a transition
occur, even though their growth may cease as dictated by the force–velocity
relationship for a growing MT. While at the cortex, they may attach and
detach from active dynein motors until they undergo catastrophe and shrink
away from the cortex. While attached to dynein, MTs are pulled on in
accordance with the motors force–velocity relationship. While unattached,
they generate a force in accordance with the polymerization force–velocity
relationship (the MT plus end moves relative to the cortex as the centrosome
to which it is anchored moves).

Actin and Dynein Regulation. We modeled mathematically the distribution of
the diffusing kinases; motor mediated transport of the kinases along the astral
MTs call for more complex equations that give qualitatively similar solutions.
The distribution of the kinases around the centrosome satisfies similar diffu-
sion–reaction equations, the quasi-steady-state solutions at location x� along
the cortex being

.kina,d�x�� � kina,d
0 �exp����a,d/Da,d�x� � c�1��

�x� � c�1�
�

exp����a,d/Da,d�x� � c�2��
�x� � c�2�

�
Here, indices a,d relate to kinases that regulate actin and dynein, respectively.
The diffusion coefficient is Da,d, �a,d is the rate at which the kinase is dephos-
phorylated (assumed to be uniform in space), and c�1,2 are the positions of the
centrosomes. At the cortex, we assume that dynein is down-regulated by the
kinase according to Michaelis-Menten kinetics leading to a distribution of
active dynein given by Dyn (x�) � Dyn0{�r/(�r 	 kind [x�]r)}. The probability of
an MT attaching to active dynein at the cortex is then proportional to Dyn (x�),
illustrated in Figure 10D. The actual force exerted by active dynein, illustrated
in Figure 10B, is proportional to the product of Dyn (x�), F-actin density at the
cortex a (x�, t), and the local MT density (see Table S1 for definition of terms).

We assume that the second kinase affects the local actin polymerization rate
p (x�) according to the following Michaelis-Menten process: p (x�) � p0{kina
(x�)m/(�m 	 kina [x�]m)}.

We describe the F-actin dynamics at the cortex with the following simple
model: �a/�t � p (x�) a (1 � a) � 	1a 	 	2, where a (x�, t) is the F-actin density
at the cortex, 	1 is the actin depolymerization rate, and 	2 is the background
polymerization rate. We are normalizing the maximal actin density to 1 and
assuming that the polymerization rate decreases when the density is close to
maximal (due to self-limiting dynamics). When the kinase and actin dynamics
are fast compared with centrosome movement, the density of actin filaments
at the cortex is given by the following formula:

a �
1
2

�
	1

2p�x��
�

1
2��1 �

	1

p�x���
2

� 4
	2

p�x��

The corresponding computed F-actin density is illustrated with the shading of
the “cortex bar” in Figure 10B. Note that all parameters specific to the
computational model are given in Table S1.

Cross-linking To determine whether two MTs from the opposite poles will be
cross-linked by Ncd motors, we track the angle between them. If the cosine of
this angle is sufficiently small (or equivalently, if the angle between them is
sufficiently large), the MTs are cross-linked. We find that when the angle-
threshold for cross-linking is �120° or larger, separation is not reliable. For
less restrictive cross-linking, MT depletion at the cortex is sufficient to ro-
bustly generate the required asymmetry of cortical forces on the centrosomes
(Figure 10C).

Ncd Forces. Once MTs are cross-linked, they continue to undergo dynamic
instability. Ncd motors are assumed to bind in the overlap region at a constant
number of motors per micron, under the assumption that antiparallel overlap
is the rate limiting quantity in Ncd force generation.

Force Balance Equations. Figure S1 shows an instance of each of the types of
forces and velocities (with notation) that are included in the following equa-
tions:

	
dyn1

Fd�1 �
v�1•u�dyn1

vd
�u�dyn1 � 	

pol1

Fpol�1 �
v�1•u�pol1

vp
�u�pol1 �


ncdOipMTFncd�1 �
�v�2 � v�1�•u�N

vn
�u�N � k�R1 � R0�u�n1 � �cv�1 � 0
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dyn2

Fd�1 �
v�2•u�dyn2

vd
�u�dyn2 � 	

pol2

Fpol�1 �
v�2•u�pol2

vp
�u�pol2 �


ncdOipMTFncd�1 �
�v�2 � v�1�•u�N

vn
�u�N � k�R2 � R0�u�n2 � �cv�2 � 0

k�R1 � R0�u�n1 � k�R2 � R0�u�n2 � k�R0 � Ny�H�R0 � Ny�y� � �nv�N � 0

Here, the first two equations describe the balance of forces acting on the two
centrosomes, and the third equation describes the forces acting on the nu-
cleus. Each of the dyn summations is over all the MTs that are attached to the
cortex and each of the pol summations is over all the unattached and poly-
merizing MTs at the cortex. R0 is the radius of the undeformed nucleus, and
R1 and R2 measure the current distance between the center of the nucleus
and each centrosome. �c and �n are the drag coefficients for the centrosomes
and nucleus, respectively, and v�1, v�2, and v�3 are the velocities of the centro-
somes and nucleus, respectively. OipMT is the dynamically changing cross-
linked MT overlap length, and H is the Heaviside function. Note that these
three vector equations contain six scalar equations, and there are six un-
knowns to be calculated: the x- and y-components of the velocities of each
centrosome and the nucleus. We use a custom Matlab code to solve the
algebraic force balance and actin dynamic equations, to update the MT
configuration at each computational step, and to move the centrosomes, MT
asters, and nucleus using a Forward Euler method.

Online Supplemental Material
Figure S1 is a model of the nuclear elastic forces. Table S1 provides model
parameters. The videos show (Video 1) time-lapse movie of GFP-tubulin
expressing embryo injected with rodamine-actin; actin dynamics of a single

“bud” during interphase-prophase (Video 2), simulation of the MT cross
linking mechanism for generating cortical force asymmetry (only astral MTs
are shown) (Video 3), and simulation of the dynein regulation mechanism for
generating asymmetry (Video 4).

RESULTS

Expansion of “Solid” and Flat Actin Caps Accompanies
Spindle Pole Separation; Actin Furrows Do Not Descend
during Interphase–Prophase
As the centrosomes separate and begin to build the mitotic
spindle, cortical actin undergoes gradual but distinctive
changes in its distribution (Videos 1 and 2; Figure 1). During
interphase, early in centrosome separation, cortical actin
collects into a cap directly above each centrosome pair, and
as separation proceeds, the cap expands (Figures 1F and 2A).
Microinjection of fluorescently labeled actin allowed visual-
ization of actin redistribution in vivo. We observed the
presence of a solid actin cap throughout interphase–
prophase (Figures 1 and 2), in contrast with the hollowing
out of actin described by Foe et al. (2000). To understand the
differences between the phalloidin staining in fixed embryos
(Foe et al., 2000) and the labeled actin localization in live
embryos, live embryos were simultaneously injected with
actin and phalloidin. Remarkably, the phalloidin staining

Figure 1. Four-dimensional microscopy of a GFP-Polo-expressing embryo injected with rhodamine-actin. (A–C) Actin distribution in three
consecutive confocal planes: at the cortex (A), 1 �m below the cortex (B), and 2 �m below the cortex (C). (D and E) Suggested geometry of
the actin caps (plane A) and furrow (planes B and C) in relation to the position of the nucleus and centrosomes, shown in cross section, (D),
and parallel to the cortex (E). (F) Pole-to-pole (S) and pole-to-furrow (Z) distances as functions of time in cycles 11 and 13. Bar, 5 �m.
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was consistent with the observations of Foe et al. (2000), but
the actin signal revealed the persistence of complete actin
caps (Figure 2B). The difference between the two signals
most likely indicates a difference in the structure and/or
dynamics of the caps and furrows. One possible explanation
stems from the observations of Nishida et al. (1987) who
showed that cofilin competes with phalloidin when binding
to filamentous actin. We present no evidence that cofilin is
competing with phalloidin in this instance, but the Nishida
et al. (1987) result raises the possibility that phalloidin might
only be binding to a subpopulation of the F-actin present in

the embryo based on a particular F-actin structure or a
localized binding partner of actin. Another possibility is that
the cap is formed of G-actin rather than F-actin. Although
this is possible, it does not seem likely because G-actin is free
to diffuse and would not remain in high concentrations at
the cortex throughout mitosis (minutes), as observed.

We observed that the actin caps remained flat and that
their depth was relatively constant throughout interphase–
prophase (2 
 0.7 �m; Figures 1 and 2A). Significantly, the
actin furrows did not descend before NEB, maintaining a
constant depth of �2 �m throughout prophase (our unpub-
lished data). In our study, we often observed “patches” of
actin originating from the cortex and descending close to the
centrosomes (Figure 2). When actin distribution was ob-
served in consecutive focal planes, these actin patches were
clearly visible below the cortex as protrusions of actin form-
ing an intermediate zone between the dense actin cap and
the plane where actin furrows start being visible (Figure 1B).
Actin patches were always localized above and in proximity
(�1–2 �m) to the centrosomes throughout the entire cycle,
from interphase–prophase to anaphase (our unpublished
data). Using three-dimensional images stacks, on many oc-
casions we were able to notice localized hollowing of actin at
the cortex in coincidence with these actin patches, suggest-
ing a strong interaction between actin at the cortex and MTs
reaching and deforming it.

The actin distribution relative to the centrosomes was
measured in live embryos in an attempt to characterize the
dynamic relationship between the two (Figures 1 and 2).
Actin structures (cap and furrows) surround the centro-
somes at a uniform distance throughout mitosis. The dis-
tances from the centrosomes to the furrows (along the cen-
trosomal axis, Z; Figure 1F) were in the 2-�m range, and
these distances were maintained throughout the entire cycle
(Figure 1F). The centrosomal (long) axis of the actin cap/
furrow structure elongates precisely with the centrosomes
but the transverse axis does not elongate (our unpublished
data). Precise measurements are given in Table 1.

This apparent regulation of the distance between the
growing edge of the actin cap and the centrosomes raises the
question of the pathway that couples them. To determine
whether this constant distance was due to a coincidental or
a causal mechanism, we carried out the same measurements
in Ncd null embryos. The centrosomes have been reported
to separate faster and to a larger extent in these embryos
(Sharp et al. 2000a; Cytrynbaum et al., 2003); this provides a
good test of the hypothesis that actin cap expansion is cou-
pled to centrosome separation. We found that throughout
cycles 11, 12, and 13, pole-to-furrow distances are indistin-
guishable when comparing wild type to Ncd null (Figure 3B
and Table 1). Our measurements of cycle 13 separation rates
and steady states indicate that wild-type and Ncd separation

Figure 2. (A) Sequence of five cross sections from a time-lapse
movie (37 s apart) showing actin and centrosomes (GFP-Polo-ex-
pressing embryo injected with rhodamine-actin). Note that through-
out prophase, the flat actin cap is present with no evidence of
hollowing out. (B) Simultaneous injection of rhodamine actin (top,
red in merged) and Alexa phalloidin (middle, green in merged) into
live embryos demonstrates their different localizations. Phalloidin
marks the tips of the actin furrows (staining at the top is not
specific), whereas rhodamine actin shows a broader distribution,
including the complete furrows and caps. Bar, 5 �m.

Table 1. Cycle dependence of spatial and temporal scales of the spindle dynamics

Cycle

Prophase steady state (�m) Time constant of the pole separation (s) Nuclear
diameter (�m)

(No of nuclei;
no. of embryos)

Pole-to-furrow distance (�m)

Wild type Ncd null Wild type Ncd null Wild type Ncd null

(No. of spindles; no. of embryos) (No. of nuclei)

11 8.3 
 0.4 (10; 1) 8.2 
 0.7 (18; 2) 65.6 
 25.5 (10; 1) 60.0 
 30.2 (18; 2) 5.5 
 0.5 (98; 4) 2.4 
 0.9 (938) 2.4 
 0.7 (256)
12 7.1 
 0.6 (25; 2) 7.1 
 0.7 (15; 2) 69.6 
 19.1 (25; 2) 78.4 
 35.5 (15; 2) 5.0 
 0.8 (174; 3) 2.6 
 0.7 (928) 2.7 
 0.6 (540)
13 4.7 
 0.6 (53; 2) 6.0 
 0.7 (48; 4) 115.7 
 29.7 (53; 2) 89.9 
 33.6 (48; 4) 4.5 
 0.6 (218; 4) 1.9 
 0.6 (733) 1.7 
 0.5 (1070)
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rates differ by �28% (Figures 3, B and C), whereas the
pole-to-furrow measurements indicate that the pole-to-fur-
row distance remains constant in time in both wild-type and
Ncd null embryos and that this constant distance is the same
in both embryo types.

Measurement of the Separation Time Course during Cycles
11, 12, and 13 Reveals Cycle Dependence in the Ncd Null
Phenotype
We measured the pole-to-pole distance as a function of time
in three consecutive cycles in both wild-type and Ncd null
embryos (Figures 1F and 2 and Table 1) and confirmed that
the separation kinetics are hyperbolic-like: the separation
rate is maximal in the beginning, slowing down gradually as
the separation approaches the transient prophase steady
state (Figures 1F and 3A).

In both wild-type and Ncd null embryos, the steady max-
imal pre-NEB spindle length decreases in each subsequent
cycle (Table 1 and Figure 3B), and this decrease is accompa-
nied by a comparable decrease in the average nuclear size,
although the decrease in wild-type cycle 13 is disproportion-
ately large (Table 1 and Figure 3B). Notably, there is no
difference between wild-type and Ncd null steady states in
either cycle 11 or cycle 12, but in cycle 13 the wild-type
steady state is significantly smaller (Table 1 and Figure 3B).

The characteristic times of separation in both embryo
types in cycles 11 and 12 are all statistically indistinguish-
able. The Ncd null characteristic times are indistinguishable
from each other in all three cycles. Again in sharp contrast,
the wild-type cycle 13 characteristic time is significantly
different from all others in both embryo types (Table 1 and
Figure 3C).

Although large variations in the Ncd null data may ac-
count for some of the lack of distinction between distribu-
tions, it is clear that wild-type cycle 13 is anomalous in both
its steady state and characteristic time of separation. As
quantified below with the aid of the mathematical model,

these results imply that Ncd does not play a role in the
balance of forces in interphase–prophase of cycles 11 and 12
but does make an impact in cycle 13. Thus, the effects of loss
of Ncd function reported previously are specific to cycle 13
(Sharp et al. 2000a).

Dynein Colocalizes with Cortical Actin; Ncd Colocalizes
with ipMT Bundles
To investigate the distribution of dynein and Ncd, we ex-
amined their localization in live and fixed embryos. In fixed
embryos, dynein was found to colocalize with actin at the
cortex throughout actin cap expansion: Figure 4 illustrates
the colocalization of actin and dynein during interphase–
early prophase, late prophase, and telophase.

GFP-Ncd-expressing embryos microinjected with rhoda-
mine-tubulin clearly showed in vivo colocalization of Ncd
with ipMT bundles that extend between the centrosomes
before NEB (Figure 5). Although the GFP–Ncd localization
confirms the presence of Ncd motors in the interpolar bun-
dles, it is not clear whether Ncd is necessary for the forma-
tion of the bundles. We examined wild-type and Ncd null
embryos for the prevalence of the bundles and found that
bundles were more generally evident in wild-type than in
Ncd null embryos. However, the image quality was not
consistent enough to rule out the possibility that bundles in
Ncd null embryos were present but simply not visible.
Moreover, we observed that some wild-type embryos also
failed to demonstrate bundling. Note that these early bun-
dles are much smaller than those seen later in mitosis. In-
terestingly, despite the apparently negligible role played by
Ncd in separation during cycle 12 (described above), Ncd
localizes to the ipMT bundles in cycle 12 (Figure 5B), indi-
cating that the cycle 13-specific role of Ncd in force genera-
tion is independent of its ability to localize to the bundles.

Figure 3. (A) Pole-to-pole distance in cycles
11–13 as a function of time in wild-type (blue,
circles) and Ncd null (red, triangles) embryos.
The curves are theoretical fits to the experi-
mental data used to estimate the time con-
stant and steady state of separation. (B)
Steady state pole–pole separation in wild-
type (blue circle) and Ncd null (red triangle)
embryos, constant pole–furrow distance in
wild-type (blue cross) and Ncd null (red dia-
mond) embryos, and nuclear diameter (green
square) in cycles 11–13. (C) Time constant of
spindle elongation in wild-type (blue circle)
and Ncd null (red triangle) embryos in cycles
11–13.
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Separating Centrosomes Follow Linear Trajectories during
Interphase–Prophase
Surprisingly, three-dimensional tracking of centrosome tra-
jectories showed deviation from what has been implicitly

assumed in previous studies (Robinson et al., 1999; Sharp et
al. 2000a; Cytrynbaum et al., 2003). Injection of GFP-polo
embryos with both rhodamine-actin and dextran shows that
centrosomes begin at the top of the nucleus �2 �m below
the cortex and separate in a roughly linear manner, remain-
ing approximately the same distance from the cortex
throughout separation (2 
 0.7 �m) and without a signifi-
cant vertical displacement of the nucleus (Figure 6). This
indicates that either the centrosomes are not tightly an-
chored to the nucleus or the nucleus is not a completely rigid
structure relative to the forces involved in centrosome sep-
aration. However, the centrosomes seem to be in close con-
tact with the nucleus (Figure 6) throughout the period of
spindle pole separation. Their exact distance from the nu-
clear surface is hard to estimate due to the amorphous
structure of the centrosomes, so it is possible (in accordance
with Figure 6) that this distance increases just a little (by �1
�m) by late prophase, but the more significant factor is that
the nucleus is not a rigid body and that it can be deformed
under the influence of forces typical of those generated
during spindle morphogenesis. Note that the centrosome
trajectories are linear relative to the cortex (i.e., with respect
to depth). The nature of the centrosomes’ trajectory parallel
to the cortex proved difficult to establish in a quantitative
manner due to a lack of a fixed reference frame (drift and
deformation of the nucleus as well as drift and dynamic
turnover of the actin cortex with respect to the lab frame).
Nevertheless, a comparison of these three structures (nu-
cleus, actin cortex, and centrosomes) gives the impression
that the centrosomes follow a roughly linear trajectory rela-
tive to the surrounding actin bud, whereas the nucleus is
maneuvered into alignment with the surrounding actin bud
and the centrosomes, as one might expect of a misaligned
elastic body under tension from two points on its surface.

Another repercussion of the nondescending centrosome
trajectory is that the net force acting on the centrosomes
must be roughly parallel to the cortical surface. Further-

Figure 4. Actin (B, F, and J) and dynein (C, G,
and K) distribution at the cortex in fixed em-
bryos during telophase (A–D); interphase/early
prophase (E–H), and late prophase (I–L). Areas
of colocalization throughout the actin cap expan-
sion between actin (red) and dynein (green) are
visible in yellow in the merged images (D, H,
and L). Tubulin (A, E, and I) shows MT distri-
bution below the cortex. (M–O) Cross-sectional
view shows actin (M) and dynein (N) colocalize
at the cortex and furrows (O) during prophase.
Bars, 5 �m.

Figure 5. (A) Micrograph of a GFP-tubulin-expressing embryo shows
two adjacent nuclei with ipMT bundles and centrosomes. Nuclear
diameter is 5.5 
 0.5 �m. (B) Ncd (top, red in merged) and tubulin
(middle, green in merged) colocalize in ipMT bundles. Bar, 2.5 �m.
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more, fixed cell immunofluorescence shows dynein colocal-
ized with actin at the cortex and no significant signal else-
where (Figure 4). We find no evidence to support nuclear
localization of dynein in Drosophila syncytial blastoderm and
would argue that the linear centrosome trajectories indicate
that the cortex, rather than the nucleus, is providing the
scaffolding for centrosome separation.

Examination of trajectories of individual pairs of centro-
somes revealed that separation is not symmetric with re-
spect to the nucleus. In some cases, one centrosome is com-
pletely static, whereas the other centrosome moves rapidly
along the cortex, although as the centrosomes approach the
pre-NEB steady state, this asymmetry relative to the nucleus
disappears, likely due to the equilibration of elastic forces
exerted by the nucleus.

The Nucleus Deforms and Aligns with the Pole-to-Pole
Axis
The observation that the centrosomes separate just below the
cortex in a roughly linear manner challenges the assumption
that the nucleus is a relatively rigid sphere on whose surface
the centrosomes migrate. To test the hypothesis that the
nucleus is in fact deformable under forces typical of spindle
morphogenesis, we took advantage of the fact that large
dextrans are excluded from the nucleus, and using images of
dextran-injected embryos, we were able to fit an ellipse to
the outer edge of each nucleus. This provided a measure of
the extent of deformation (the ratio of the major axis to the
minor axis) and the direction of maximal deformation (the
angle of the major axis) relative to the centrosomal axis.
Figure 7, A–C, shows an example of this measurement tech-
nique.

It was difficult to resolve the shape of the nucleus in the
confocal planes containing the centrosomes, where maximal
deformations would be expected, due to cortical artifacts

(dextrans seem to colocalize with actin), so we looked for
deformations at 2–4 �m below the centrosomes where de-
formations might be smaller but could be resolved. To test
the hypothesis that the forces applied to the centrosomes
deform the nucleus, we measured both the extent of nuclear
elongation (Figure 7D) and the angle between the centroso-
mal axis and the axis of measured elongation (Figure 7E) as
functions of centrosome separation.

Figure 6. Centrosomes separate along linear trajectories right un-
der the cortex, whereas the nucleus deforms. Four frames from a
reconstructed cross section of a time-lapse confocal stack (t � 0 s
[A], 167 s [B], 503 s [C], and 615 s [D]) showing GFP-polo (A–D) and
rhodamine-dextrans (E–H) with the positions of the centrosomes
(green circles) and centrosome trajectories (green line) overlaid. The
contour of the nucleus is outlined in E–H. Note that the apparent
increase in the size of the nucleus is mostly due to the fact that the
centrosomes and nucleus do not start off perfectly aligned so that a
cross section of the stack through the centrosome at the beginning of
separation cuts through the nucleus off-center. Bar, 5 �m.

Figure 7. Nuclear deformation and alignment with spindle axis.
GFP-polo image showing centrosomes (A), rhodamine-dextrans
showing nuclear outline (B), and merged image (C) with an ellipse
fit to the nuclear outline and the ellipse’s major axis (red) and
spindle axis (green) superimposed to demonstrate the measurement
technique. (D) Scatter plot of nuclear elongation (the ratio of major
to minor axes) as a function of pole-to-pole distance. For separation
distances less than the nuclear diameter, elongation is minor and
uncorrelated with pole-to-pole distance (slope m � �0.02), but as
centrosomes extend beyond the nucleus’ perimeter, nuclear elonga-
tion increases with separation (slope m � 0.5). (E) Scatter plot of the
angles between the spindle axis and the major axis of the ellipse (i.e.,
long axis of the nucleus) as a function of pole-to-pole distance. Note
that when the centrosomes are close, the angles range widely but as
the centrosomes reach opposite sides of the nucleus, the angle
distribution narrows around zero.
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To determine whether elongation of the nucleus increases
with centrosome separation, a linear regression of the elon-
gation data were carried out (our unpublished data). The
slope of this regression line was 0.13, indicating a slight
increase in nuclear elongation as the centrosomes separate.
Note that up until the pole-to-pole distance reaches the size
of the nuclear diameter, one would not expect to see any
deformation but beyond that point deformation should oc-
cur. Separating the data into two sections according to this
expectation, we find that early during separation, elongation
is essentially uncorrelated (slope of �0.02) with pole-to-pole
distance, whereas after the centrosomes reach the edges of
the nucleus, the slope increases to 0.5.

Note that the nuclear deformation is small and usually not
apparent to the naked eye. Macroscopically, the intercentro-
some distance would be in exact alignment with the long
axis of the deformed nucleus, but in the microscopic envi-
ronment of the cell, thermal forces and internal nuclear
movements deform the nucleus, stochastically making the
alignment imperfect. Our measurements mean that thermal
and internal nuclear deformations are of the same order of
magnitude as the elastic deformations induced by the out-
ward force of the separating centrosomes. The observed
correlation means that the centrosome-induced deformation
is not negligible.

To test for a correlation between elongation axis and cen-
trosomal axis, we considered the distribution of angles be-
tween these two axes at different pole-to-pole distances.
Statistical tests (see Materials and Methods) revealed that
when the centrosomes are separated by a distance �80% of
the diameter of the nucleus, the distributions of angles can-
not be distinguished from a uniform distribution but above
80%, we can reject the hypothesis that the distributions are
uniform. A scatter plot of the data points is shown in Figure
7E. The tapering of the scatter plot seen as centrosome
distance exceeds 80% of the size of the nucleus illustrates
that the elongation and centrosome axes align late in
prophase.

Summarizing the results, it can be concluded that when
paired centrosomes are relatively close together, the associ-
ated nucleus is not excessively deformed, and if there is any
deformation, the direction of elongation is independent of
the positions of the centrosomes. As the centrosomes reach
opposite sides of the nucleus, any nuclear elongation that we
can detect aligns with the direction of proposed pulling by
the centrosomes, indicating that the nucleus is not rigid and

that the deformation of the nucleus may apply forces to the
separating spindle.

MT Asters Are Asymmetric, Depleted near the Spindle
Equator
The dynein generated force depends on how many astral
MTs reach the actin cortex, where they reach the cortex,
and where dynein motors are located. Figure 8 shows
three images that we used to investigate the astral MT
distribution. In Figure 8A, we show the tubulin signal
taken from a confocal plane below the cortex but above
the centrosomes averaged over 75 (aligned) buds, each at
the same stage of centrosome separation (2 �m apart,
denoted by small black circles). This image can be inter-
preted as the probability distribution for subcortical tu-
bulin, or the polymer density of the astral MTs in the
developing spindle, in the sense that the intensity at a
given pixel is proportional to the probability of finding
tubulin in that pixel in a typical bud. A similar averaging
has been used in the study of kinetochore positioning in
yeast mitotic spindle (Sprague et al., 2003). The two high-
intensity regions correspond to the centrosomes, whereas
at the edge of the image (roughly 3– 4 �m away), tubulin
intensity drops off significantly.

To test whether each of the two centrosome-anchored
MT asters is radially symmetric about their respective
centrosomes, we need to compare the actual tubulin dis-
tribution to a theoretically determined tubulin distribu-
tion from hypothetical symmetric asters (Figure 8B). To
construct image B, we assume that the measured tubulin
density distal to the centrosomes (that is, in the left and
right thirds of image A) corresponds to the MT length
density of a single aster emanating from the closest cen-
trosome. This assumption is valid provided that the con-
tributions to the tubulin density from a few very long MTs
originated from the opposite centrosome are negligible
and that there are no interactions between MTs from the
two asters in the distal regions. We can think of a line scan
through these distal regions (black lines) as being equiv-
alent to radial scans through a single centrosome aster.
Rotating these line scans about the two centrosomes and
summing up the signal, we obtain Figure 8B, which rep-
resents a theoretical scenario in which the tubulin distri-
bution corresponds to the superposition of two com-
pletely radially symmetric MT asters. Note that the total
number of MTs originating from each centrosome is not

Figure 8. Experimental verification of the asymmetry of MT asters. The tubulin signals from individual spindles from time-lapse movies
of GFP-tubulin embryos were digitally extracted, aligned so that the centrosome axis of all spindles was horizontal, grouped by centrosome
distance, and, finally, averaged. Shown in A is one sample of the average tubulin signal from 75 spindles with centrosomes 2.0 
 0.1 �m apart
taken from two embryos. (B) The theoretical superposition of the signals from two asters one would expect if the MTs from each centrosome
were distributed in a radially symmetric manner. (C) Difference between the average tubulin signal in A and the symmetric superposition
signal in B. The shadow bar gives a measure of relative tubulin density in C; negative values correspond to MT depletion.
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necessarily equal, so the two asters in Figure 8B are not
quite identical. The tubulin density of this symmetric
superposition is different from the measured tubulin den-
sity near the spindle equator, between the centrosomes.
To detect this difference, we took the pointwise difference
in intensities between images A and B in Figure 8, thereby
generating image C. Notice that there is a pronounced
dark region (corresponding to negative values) between
the centrosomes in image C, indicating that the intensity
in that region is lower in image A than in image B. This is
indicative of “depletion” of MTs in the spindle equatorial
region and hence of asymmetry of each aster. This result
indicates that the number of MTs reaching the cortex near
the spindle equator is less than that in the distal regions of
the cortex, which supports the idea that MTs interacting
with dynein at the cortex generate a net outward force.

We also observed significant tubulin–actin colocalization
at the cortex throughout the mitotic cycle (Figure 9), lending
further support to the idea that astral MTs can both mediate
actin dynamics regulation, and contact dynein motors at the
cortex to develop outward force.

Quantitative Force Balance Model of the Spindle
To properly understand the mechanisms of spindle morpho-
genesis, it is informative to quantify the movement of the
major players in the process, but it would be even more
valuable to determine the forces that underlie these move-
ments. It is difficult to implement direct and invasive bio-
physical techniques in vivo; however, we use live and fixed
fluorescent microscopy coupled with sophisticated data
analysis techniques and quantitative modeling to estimate
the relevant forces. First, we use a simple mathematical
model to test the force balance in the developing spindle and
then test the modeling hypotheses using realistic stochastic
computations.

Mathematical Model. As a simple model for centrosome
separation, we derive a single equation for S(t), the distance
between the centrosomes as a function of time. The forces
acting on the centrosomes include a constant outward dy-
nein force; the force of the cross-linking motor Ncd; the
nuclear elastic force; and, finally, the drag force (Figure
10A). Assuming linear force-velocity relations for dynein
and Ncd motors (see Materials and Methods), the following

one-dimensional force balance equation describes the time
course of pole separation:

ndFd�1 �
1

2vd

dS
dt� � 
ncdSFncd�1 �

1
2vn

dS
dt� � Fnucl�S� �

�

2
dS
dt

outward

dynein
force inward Ncd force

inward nuclear

elastic force effective

viscous drag

(1)

where nd is the number of active dynein motors pulling
outward on the centrosomes; 
ncd is the number of Ncd
motors per micron of ipMT overlap; Fd and Fncd are the
dynein and Ncd stall forces, and vd and vn are the corre-
sponding unloaded velocities; and � is the effective drag
coefficient for the centrosomes. All parameter values are
specified in Table S1. At separation greater than the nuclear
diameter, D, the nuclear elastic force can be approximated
by a linear spring (see Materials and Methods): Fnucl (S) �
k(S � D), where k is the effective nuclear spring constant.
From Eq. 1, we can extract an estimate for the prophase
steady-state separation (dS/dt � 0):
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(2)

Linearizing Eq. 1 near the steady state, it is easy to find that
S(t) � Sst (1 � exp[�t/�]) and to estimate the time constant
for the pre-NEB separation of the centrosomes:
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To analyze large data sets from several embryos and to
improve the statistics of the data collected, we fit each indi-
vidual separation time course with a simple two-parameter
fit (a logistic function) to find values of Sst and � for each
spindle. This permits us to calculate not only the mean
steady state and time constant but also the variation in these
as well. Figure 3 shows the accumulated data through cycles
11, 12, and 13. We found that the wild-type and Ncd null
steady states and time constants are statistically indistin-
guishable in cycles 11 and 12. In cycle 13, the steady-state

Figure 9. MTs and actin at the cortex. Snap-
shots (0, 78, and 145 s) of MTs (green) and
actin (red) at the cortex (A-C) taken from live
images of GFP-tubulin-expressing embryo in-
jected with rhodamine-actin. Yellow area
shows MTs contacting actin at the very cortex
throughout the duration of early spindle mor-
phogenesis. Stars in A�–C� show the corre-
sponding centrosomes position 2 �m below
the cortex. Bars, 2 �m.
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separation is significantly larger in the Ncd null embryo
than in the wild-type embryo, as reported previously (Sharp
et al. 2000a), and the separation takes significantly longer in
wild type than in Ncd null but the Ncd null time constant
does not differ significantly from the previous two cycles.

The model depends on nine parameters: Fd, Fncd, vd, vn, D,
k, 
ncd, �, and nd. The orders of magnitude of the first four of
them are available from the literature (Table S1). We mea-
sure the nuclear diameter in this work and estimate the
spring constant of the nucleus in Materials and Methods using
available data. By measuring the prophase steady state and
time constant in cycles 11, 12, and 13 in Ncd null embryos
and using the described fitting procedure, we estimate pa-
rameters nd and � (Table 2). Then, using the fitting results
for the wild-type embryos, we estimate 
ncd (Table 2).

Note, that the estimated number of Ncd motors per mi-
crometer is compatible with the motor’s size (20–30/�m).
Also, the estimated number of active and pulling dynein
motors (10–30) compares well with independent estimates
(Grill et al., 2003). Note also that the viscous drag coefficient
of the MT aster is of the order of hundreds of
piconewtons�second per micrometer. The effective viscous
drag from nuclear deformation can be estimated from the
existing data (Tseng et al., 2004) to have the same order of

magnitude. From fitting our data, we estimate the full effec-
tive viscous drag to be 1 order of magnitude greater, which
most likely indicates sources of friction other than the fluid
of the cytosol.

Computational Model. Although the simple mathematical
model realistically describes the separation time course, it
assumes the existence of an asymmetry in the distribution of
dynein motors pulling on astral MTs and reduces the system

Figure 10. (A) Proposed model of spindle morphogenesis. The centrosomes separate to the prophase steady state determined by the balance
of a constant outward dynein force and the sum of the inward Ncd force and nuclear elastic force. (B) Snapshot of the computer simulation.
The yellow curve above shows the predicted level of dynein activation. The red shading of the cortex indicates the predicted graded actin
density (bright, high density; dark, low density). Note that the nucleus is deformed and pressed against the actin cortex. (C) Hypothesis I:
Depletion of “inner” astral MTs decreases the inward dynein force on centrosomes but increases the inward Ncd force. However, short ipMT
bundles limit the Ncd force when the centrosomes are close, but, as centrosomes separate, the Ncd force grows to match the outward force
generated by dynein at the cortex. (D) Hypothesis II: MT tips locally inhibit dynein at the cortex. In the vicinity of the centrosomes and at
the spindle equator, MT tips from both poles overlap, so there is a high effective density of MT tips, and dynein is inhibited. In the regions
distal to the centrosomes, MT tips from only one pole reach the cortex, so there is a low effective density of MT tips, and dynein is active.
Note that dynein is active where it can generate the outward forces.

Table 2. Model parameters estimated in this study

Cycle
11

Cycle
12

Cycle
13

nd (number of working dynein
motors per centrosome)

28 (140) 21 (105) 14 (70)


ncd (number of working Ncd
motors per micrometer)

0 0 26

� (effective centrosome drag
coefficient, piconewtons·second
per micrometer)

5.103 7.103 8.103
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to a single dimension that is the axis between the centro-
somes. This oversimplifies the system and ignores the sto-
chastic aspects of pole separation. To model spindle mor-
phogenesis on a more realistic level, we generalized the
force balance equation described above to a higher dimen-
sion. Although a three-dimensional generalization of this
model is simple to formulate, it would be a technical and
computationally intensive improvement but not necessarily
informative so we restrict ourselves to a two-dimensional
cross-sectional model. In the computational model, we use
Monte Carlo calculations to simulate MT asters undergoing
dynamic instability, pushing against the cortex by polymer-
ization, pulling on the cortex via dynein, and undergoing
dynamic cross-linking and contraction mediated by Ncd
(Videos 3 and 4). In addition, we treat the nucleus as an
elastic body. The details are described in Materials and Meth-
ods. A snapshot from the computer simulations is shown in
Figure 10B.

Most importantly, the model allows us to investigate the
hypothetic mechanisms of the outward dynein force gener-
ation. In our previous work (Cytrynbaum et al., 2003), we
assumed that the corresponding asymmetry in dynein-gen-
erated forces was due to nonuniformities of the actin cap:
hollow on top with furrows surrounding the nascent spin-
dle. Data presented in this article indicate that this geometry
is incorrect and other sources of asymmetry are required.
We propose two possibilities: 1) depletion of astral MTs
from the inner spindle region by cross-linking (Figure 10C)
and 2) centrosome- or MT-based regulation of dynein (Fig-
ure 10D).

The first mechanism causes depletion of the astral MTs
from the region between the spindle poles, because in that
region MTs from opposite centrosomes can intersect and get
cross linked into the ipMT bundle by Ncd or other MAPs.
Then, only MTs growing outward reach the cortex, which
leads to the outward pulling force asymmetry (Figure 10C).
Thus, there is a loss of inward force at the cortex but a gain
of inward force by Ncd. Despite this apparently compensat-
ing gain, separation is nonetheless facilitated by this transfer
of MTs from the cortex to ipMT bundles; when centrosomes
are close together, the length of ipMT bundles is limited to
the distance between centrosomes thereby keeping the force
produced by Ncd to a minimum. Thus, the loss of inward
force generated by cortical MTs is greater than the gain in
inward force by Ncd, allowing the centrosomes to move
apart. As the centrosomes separate, the length of the ipMT
bundles increases leading to an increase in the Ncd and
nuclear elastic forces until the outward force generated by
cortical MTs balances the inward force and the centrosomes
come to rest at a steady distance. One difficulty with this MT
depletion mechanism is that in Ncd null embryos, there
might be less cross-linking and hence less cortical depletion
of MTs. However, it is possible that other cross-linkers are
involved, especially considering that Ncd is nonprocessive
and hence unlikely to be the sole cross-linker.

The second mechanism requires the presence of a kinase
or other regulatory molecule (diffusing in the cytoplasm or
being transported on the astral MTs) that is activated at the
centrosomes, deactivated in the cytosol, and, when active,
down-regulates dynein at the cortex. This means that there
is a region around each centrosome from which neither
centrosome is pulled. This does not generate asymmetry for
a single centrosome but with two centrosomes present, each
one feels a weaker cortical pull toward the other than away
from the other (Figures 10, B and D). Indeed, in the vicinity
of the centrosomes and at the spindle equator, MT tips from
both poles overlap, so there is a high effective density of MT

tips, more regulatory molecules are delivered, and dynein is
inhibited. In the regions distal to the centrosomes, MT tips
from only one pole reach the cortex, so there is a low
effective density of MT tips, less regulatory molecules are
delivered, and dynein is active. Note that dynein is active
where it can generate the outward forces. Diffusion from the
centrosomes through the cytoplasm causes the same effect.
Computer simulations (see Materials and Methods) show that
either of these mechanisms, or their combination is sufficient
to generate the necessary outward asymmetry of the dynein
force.

The simulations also confirmed that the detailed force
balance keeps the centrosomes separating along the linear
trajectories right under the cortex and that the nucleus is
“squashed” against the cortex. The simulations revealed
significant stochastic fluctuations in the separation rates and
asymmetries between the sister centrosomes in agreement
with our experimental observations. These fluctuations and
asymmetry are due to significant fluctuations in the number
of astral MTs reaching the cortex and developing the pulling
force (their number oscillates �30%).

Finally, we simulated the F-actin cap dynamics. It has
been suggested that the dynamic redistribution of actin is
due to transport of actin along MTs by an unidentified plus
end directed motor (Foe et al., 2000), one possible candidate
being Pav-KLP (Minestrini et al., 2003). One possible prob-
lem with this mechanism is the previously described ‘hol-
lowing out’ of the actin caps (Foe et al., 2000), which is not
supported by our observations. Instead, we suggest a poly-
merization/depolymerization mechanism mediated by e.g.,
a kinase either diffusing from the centrosomes or being
transported on the astral MTs. Evidence in favor of this
hypothesis includes studies implicating Abelson kinase in
actin regulation and furrow formation (Korey and Van Vac-
tor, 2000; Grevengoed et al., 2003), localization of actin nu-
cleating protein Arp2/3 to the edges of the expanding caps
(Stevenson et al., 2002), and localization of plus-end directed
motor Pav-KLP, which interacts with actin-regulating pro-
teins, to the furrows and cap edges (Minestrini et al., 2003).
We used the model to simulate the kinase distribution and
resulting F-actin dynamics (see Materials and Methods). The
model predicts the F-actin cap expanding (Figure 10B) syn-
chronously with the separating centrosomes provided the
actin polymerization/depolymerization kinetics, as well as
the kinase dynamics are at least a few fold faster than the
characteristic rate of centrosome separation.

DISCUSSION

Over the last few years, much has been learned about the
role of individual motors in cytoskeletal organization during
mitosis (Goshima and Vale, 2003; Kwon and Scholey, 2004).
However, despite available molecular information, the task
of constructing a mechanistic and quantitative understand-
ing of mitosis remains a major challenge. Following several
recent studies (Sprague et al., 2003; Brust-Mascher et al.,
2004), we used a combination of experimental and modeling
tools to understand the coordinated behavior of motors,
MTs, actin, and the nucleus in spindle morphogenesis.

Quantitative data gathered from observations of succes-
sive cycles in the syncytial blastoderm stage of the Drosophila
early embryo combined with modeling allows us to con-
clude that the nucleus plays a crucial role in determining the
size of the nascent spindle at the end of prophase. In addi-
tion, we observe that the nucleus deforms and aligns with
the spindle axis, so we suggest that nuclear elasticity (as-
sisted by Ncd in cycle 13) develops a spring-like inward
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force growing with the pole-to-pole separation. We provide
evidence that dynein is spread more or less uniformly
throughout the actin cortex, in the shape of solid and flat,
not hollowed out, caps expanding in synchrony with the
separating centrosomes. Interestingly, cap expansion is not
accompanied by furrow ingression during the pre-NEB
stage. Moreover, the subcortical linear trajectories of the
centrosomes imply an outward force on the spindle origi-
nating at the cortex.

Comparing successive cycles in the blastoderm stage, we
conclude that Ncd, which colocalizes with the ipMT bun-
dles, does not play as significant a role in pre-NEB centro-
some separation before cycle 13 as it does in cycle 13 (the
cycle studied in Sharp et al. 2000a). This observation is
consistent with the fact that it is only after cycle 12, when the
cortex is crowded with hundreds of buds, that the embryo
must implement additional means of preventing inappro-
priate MT–kinetochore connections between buds. It seems
more likely that NCD affects the final spindle length rather
than the centrosomes’ ability to separate or their separation
rate. For example, it could be that Ncd is one of the cross-
linking agents responsible for ipMT bundling and thus it
indirectly regulates the outward force acting on the spindle
poles. Also, Ncd action could be ipMT-length dependent
due to plausible collective motor effects. To conclude, Ncd is
probably not essential during spindle assembly and nuclear
elasticity is in fact equally or more important in determining
spindle size, particularly in the Ncd-null embryo.

Our computational model leads us to suggest that the
actin cap growth at the cortex is regulated by the centro-
somes with possible involvement of astral MTs, and that
dynein at the cortex generates a constant outward force. Of
course, other structures in the vicinity of the centrosomes,
such as the nucleus, are alternative candidate sources of
kinases generating the diffusible signal. The model predicts
that to generate sufficient outward force, either dynein ac-
tivity has to be locally inhibited by the centrosomes, or astral
MTs have to be depleted at the cortex between the centro-
somes by cross-linking or other mechanisms, or both; oth-
erwise, the dynein force would have a significant inward
component, and pole separation could not proceed. The
simplest interpretation of our results is that cap expansion is
directly affected by centrosome- or astral-MT-mediated reg-
ulation of actin. Furthermore, actin polymerization dynam-
ics has to be at least as fast as centrosome separation, or
otherwise, actin cap growth would be rate limiting and
centrosomes would not be able to move any faster in the
Ncd null embryo than in wild type.

On a more quantitative front, the computational model
predicts that the total dynein force is of the order of tens of
piconewtons, indicating that tens of dynein motors at the
cortex function by pulling on tens of astral MTs. This is in
agreement with previously estimated numbers of MTs
(Piehl and Cassimeris, 2003) and of pulling dynein motors
(Grill et al., 2003) in other cells. Following Cytrynbaum et al.
(2003), we predict an unexpectedly large value of the effec-
tive viscous drag coefficient of the centrosome. One plausi-
ble explanation is a dynamic cross-linking of astral MTs to
either the nuclear envelope, F-actin, or the hypothetical spin-
dle matrix. Alternatively, motor-mediated sliding may have
effective friction associated with it. Also, in contrast with our
earlier modeling attempts, the time series for pole separation
can be fit without the MT polymerization force that we
invoked in the initial model (Cytrynbaum et al., 2003). There
is no convincing proof, however, that this force does not
contribute to spindle morphogenesis; future research is
needed to resolve this issue.

To summarize, we have significantly improved the previ-
ous spindle elongation model (Sharp et al., 2000a; Cytryn-
baum et al., 2003) by resolving existing uncertainties and
proposing new hypotheses. The resulting quantitative
model successfully explains the obtained data, including the
kinetics of pole separation before NEB, through the balance
of effective drag, dynein, and nuclear elastic forces and of
the Ncd force in cycle 13.

Our updated model underscores additional uncertainties
that should be addressed in future studies. For example,
cortical myosin II was identified as a critical motor for
spindle assembly in some cells (Rosenblatt et al., 2004). How-
ever, we feel it is unlikely to play an important role in the
interphase–prophase force-balance analyzed in our studies
1) based on direct observations of syncytial embryos (Foe et
al., 2000; Royou et al., 2004); 2) because myosin II was found
to act only after NEB (Rosenblatt et al., 2004), which is not
relevant to our studies addressing pre-NEB spindle assem-
bly; and 3) because the suggested coordinated cortical ex-
pansion and contraction model (Rosenblatt et al., 2004)
seems to require a circumferential cortex surrounding the
entire spindle, which is also not relevant to the syncytial
blastoderm where the cortex is adjacent to only one surface
of the spindle. Given the conservation of spindle-associated
force-generating mechanisms, however, directly testing the
role of actin-myosin II sliding in the force balance will be
worthwhile. In addition, rapid motor-mediated transport of
regulatory molecules along astral MTs may influence the
growth of the actin cap edges and the activity of cortical
dynein, Pav-KLP being one candidate (Minestrini et al.,
2003), but other mechanisms, including transport of F-actin
and MT cross-linking, are also possible. Specifying the na-
ture of such mechanisms is of utmost importance. Measure-
ments of MT nucleation and dynamic instability parameters
are needed to verify the model assumptions. It would be
very important to obtain a spatial-temporal map of dynein
activity. Direct biophysical measurements of the nuclear
mechanics as well as the numbers, force-velocity relation-
ships and collective force-generating properties of the mul-
tiple molecular motors would make our understanding of
spindle morphogenesis more precise. Another open bio-
physical question is the nature and magnitude of the effec-
tive viscous drag on the centrosomes. The crowding effects
of the synchronous division of thousands of nuclei near the
embryo’s surface have not yet been explored and will likely
uncover interesting interbud interactions. Finally, extending
the quantitative model to describe later stages of mitosis, a
process already begun in (Brust-Mascher et al., 2004), is
necessary for understanding the role of forces and move-
ments in spindle morphogenesis.

Our work also seems to be relevant to the currently in-
triguing question of whether the mitotic spindle contains an
additional mechanical component, the spindle matrix,
whose activity augments those of microtubules and mitotic
motors in driving spindle morphogenesis and chromosome
motility (Scholey et al., 2001; Wells, 2001; Bloom, 2002).
Although no definitive evidence for the existence of such a
matrix exists, proposed candidates include actin, NuMA/
Asp, the elastic “microtrabecular matrix” (reviewed in
Scholey et al., 2001) the Drosophila skeletor–megator–chro-
mator matrix (Walker et al., 2000; Qi et al., 2004) and poly-
(ADP-ribose) (Chang et al., 2004). In our initial model for
early spindle morphogenesis (Cytrynbaum et al., 2003), we
argued that such a spindle matrix is not required because a
force-balance involving only MT polymer ratchets, mitotic
motors, and the cortex could account for the dynamics of
spindle pole separation. However, it could be argued that
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the augmentation of the force-generating properties of MTs
and motors by cortical and nuclear dynamics fulfills some of
the functions proposed for the matrix. Indeed, in some re-
spects the inward elastic restoring force exerted by nuclear
deformation on the spindle poles acts in the manner pro-
posed for the hypothetical elastic microtrabecular matrix. It
will therefore be interesting to determine whether this me-
chanical function of the nucleus in spindle morphogenesis is
transferred to another spindle component such as the skel-
etor–megator–chromator complex after NEB at which times
the nuclear envelope cannot serve as an underlying mechan-
ical substrate.

Our findings have general cell biological implications,
because many crucial phenomena suggest self-organizing
interactions between microtubules, actin, and molecular mo-
tors. These include maintaining the polarity of migrating
cells and the formation of a contractile ring and cleavage
furrow in cytokinesis (reviewed in Rodriguez et al., 2003).
An important feature of all such interactions is cross-talk
between mechanical and force- and movement-generating
molecular machines and biochemical regulation mecha-
nisms. In this study, MTs, the nucleus, and dynein and Ncd
motors play the role of the former, whereas our proposed
actin and dynein regulators, potentially delivered by MT-
mediated pathways, play the role of the latter. A combina-
tion of experimental studies and quantitative modeling of
such complex mechanochemical machines proved to be very
effective in recent studies of the mitotic spindle (Grill et al.,
2003; Sprague et al., 2003; Brust-Mascher et al., 2004); our
article is another step down this road.
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