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Abstract

The assembly of the mitotic spindle and the subsequent segregation of sis-
ter chromatids are based on the self-organized action of microtubule fila-
ments, motor proteins, and other microtubule-associated proteins, which
constitute the fundamental force-generating elements in the system. Many
of the components in the spindle have been identified, but until recently it
remained unclear how their collective behaviors resulted in such a robust
bipolar structure. Here, we review the current understanding of the physics
of the metaphase spindle that is only now starting to emerge.
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1. INTRODUCTION

Cell division results from the orchestrated organization of intracellular structures and molecules
inside the cell. At the end of the nineteenth century, Flemming (28) described the shape and behav-
ior of the mitotic spindle, a complex structure that segregates chromosomes during cell division.
In the 1950s, seminal studies by Inoué (50) using polarization microscopy showed that the spindle
was composed of filaments running along the spindle axis. Such fibers (later identified as micro-
tubules) were proposed to generate mechanical force through polymerization/depolymerization
dynamics (51), the molecular basis of which began to be revealed with the finding that microtubules
are composed of the protein tubulin (8). The discovery of spindle microtubule cross-bridges in
electron microscopy (47) motivated the proposal of a sliding filament mechanism for mitosis (72),
inspired by the sliding filament model in skeletal muscle contraction (49). The relative importance
of microtubule polymerization/depolymerization dynamics and motor-induced microtubule slid-
ing was fiercely debated, eventually settling on the modern view that both processes are crucial for
spindle form and function. Seminal studies of Bruce Nicklas on the necessary force to stall chro-
mosomes during anaphase highlighted the force-generating capacity of the spindle machinery and
the importance of mechanics in understanding spindle assembly (4, 89, 90). In the early 1990s, the
role of motor proteins in mitosis was clearly revealed by genetic analysis (26, 73, 100). A tetrameric
kinesin was identified to drive microtubule cross-linking (60) and cytoplasmic dynein was shown
to drive minus end clustering in taxol-induced aster formation (122). Kinesins were later found to
also be involved in polar ejection forces acting on chromosomes (12, 99), and many members of
the kinesin superfamily are known to play major roles in spindle assembly and maintenance (17,
96). The list of proteins involved in spindle assembly is widely believed to be close to complete
(17, 62, 102, 129), but how these proteins self-organize to generate forces and shape the spindle
is still poorly understood (24, 54, 59).

The spindle apparatus is a highly dynamic structure: All of its microtubules turn over every
∼30 s. This feature makes the spindle challenging to study, from both physical and biological
perspectives, and supports the argument that an interplay of forces and molecular kinetics
is at the heart of spindle function (24). Nonetheless, a phenomenological and quantitative
understanding of the metaphase spindle is starting to emerge, in part by virtue of great advances
in quantitative methods (see Figure 1). Polarization microscopy (Figure 1a) was one of the
first techniques used to visualize the mitotic spindle (50). This simple noninvasive technique
has recently provided remarkable insights into the liquid crystal nature of the spindle through
the analysis of orientational fluctuations of microtubules (9). Speckle microscopy (Figure 1b)
is based on the incorporation of fluorescently labeled tubulin dimers in spindle microtubules.
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Figure 1
Experimental techniques providing quantitative measurements of the metaphase spindle. (a) Slow orientational angle (i ) and retardance
(ii ) of microtubules in a Xenopus laevis meiotic spindle. Adapted from Reference 9. (b) A frame of a single-molecule time-lapse movie of
fluorescently labeled tubulin dimers in a X. laevis meiotic spindle. Adapted from Reference 9. (c) (i ) Geometry of a laser cut in a spindle.
(ii ) Images of a fluorescently labeled X. laevis meiotic spindle (top) and sketch of the microtubule architecture (bottom) before and after
the cut. Adapted from Reference 10. (d ) Three-dimensional reconstruction of a Caenorhabditis elegans metaphase spindle by combining
electron tomography and live-cell imaging. Adapted from Reference 98. (e) (i ) Experiments using flexible and stiff microneedles to
characterize the viscoelastic properties of the metaphase spindle. (ii ) Confocal image of a X. laevis spindle. Microtubules are indicated
in red and chromosomes in blue. (iii ) Bright-field image of the same spindle. Arrowheads indicate the tips of the needles, and the arrow
indicates the direction of the applied force. Adapted with permission from Reference 108. ( f ) Encapsulation of X. laevis
metaphase-arrested egg extract droplets in oil and subsequent formation of spindles. Abbreviation: MT, microtubule. Images adapted
with permission from Reference 45.

This technique allows for accurate measurements of microtubule lifetime distributions (88) and
two-point microrheology measurements (9), which show that stresses are propagated by the local
interactions of microtubules. The polarity and length distribution of microtubules in spindles
were recently unveiled by means of the study of synchronous microtubule depolymerization
waves triggered by laser ablation (Figure 1c) (10). The combination of electron tomography with
live-cell imaging has only very recently provided an accurate three-dimensional reconstruction of
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the architecture of large spindles in metazoans (Figure 1d ) (98). Spindle rheology was studied by
means of accurate force measurements using glass microneedles (Figure 1e), revealing anisotropic
viscoelastic properties of the spindle (108). Finally, spindle encapsulation in cell-like compart-
ments in vitro showed that spindle size can adapt to cytplasmic volume (Figure 1f ). Many of these
recent quantitative studies of the internal organization, dynamics, and mechanics of spindles were
carried out in Xenopus laevis egg extracts (21, 44), in which spindles of ∼40 μm in length can be
assembled in a cell-free environment and can be easily perturbed both physically and chemically.
Hence, most of the discussion below is based on experimental evidence from this system.

The structure of this review is as follows: First, we provide an overview of the current state of
understanding of microtubule dynamics in spindles and their implications for spindle architecture.
Second, we discuss the regulation of spindle size and mass and argue that microtubule nucleation is
the key process. Finally, we discuss the role of molecular motors and other microtubule-associated
proteins in spindle mechanics and morphology.

2. MICROTUBULE DYNAMICS

Microtubules are polar filaments composed of αβ-tubulin heterodimers with a fast-growing plus
end and a slow-growing minus end (15, 48). Microtubule ends undergo stochastic changes between
polymerizing and depolymerizing states (see Figure 2a,b), a phenomenon known as dynamic
instability (77). Microtubules in the spindle can be divided into three different classes: kineto-
chore microtubules, nonkinetochore (sometimes referred to as interpolar) microtubules, and astral

+

+

––
–

+ +

+
c d

e

ba

–

Figure 2
Schematic description of the metaphase spindle, showing some of the most relevant physical processes.
Microtubules are depicted in green, and only a small fraction of microtubules are highlighted for illustration
purposes. The blue area corresponds to the region where microtubules are nucleated near chromosomes.
(a) Microtubule polymerization. (b) Microtubule depolymerization. (c) Antiparallel sliding driven by
kinesin-5 motors generates a poleward flux. The dashed arrows indicate microtubule movement.
(d ) Microtubule nucleation near chromosomes. (e) Minus end clustering driven by dynein motors.
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microtubules (30). Kinetochore microtubules, defined to be those with one end embedded in the
kinetochore, are crucial for signaling and chromosome positioning in prometaphase and metaphase
and are believed to drive chromosome motion in anaphase (117). Some kinetochore microtubules
extend from the kinetochore to the centrosome, but many do not span this full distance and in-
stead appear to be cross-linked to nonkinetochore microtubules (25, 71, 98). Extensive evidence
demonstrates that kinetochore microtubules are selectively stabilized, but their precise polymer-
ization/depolymerization dynamics remain unclear. It is also not known to what extent kinetochore
microtubules are nucleated at centrosomes or kinetochores or result from microtubules not an-
chored at either of those structures (124). Astral microtubules, defined as those that emanate away
from the spindle’s poles, position the spindle (128) by either pushing off the cell cortex (35, 118),
using cortically anchored pulling forces (27, 40–42, 63), interacting with force generators in the
cytoplasm (61, 109), or a combination of all of these processes (127). The remaining microtubules,
which are not kinetochore microtubules or astral microtubules, are referred to as nonkinetochore
microtubules. These microtubules make up the bulk of microtubules in large spindles in meta-
zoans. In the anastral spindles formed in X. laevis egg extract, more than 90% of the microtubules
are nonkinetochore microtubules (24, 86). Hereinafter, we refer to nonkinetochore microtubules
as simply microtubules and discuss their dynamics.

Microtubules in spindles polymerize at a velocity of vp ∼ 10−20 μm/min—as measured by EB1
(end binding 1) protein tracking, which is a polymerization plus end–tracking protein (10, 20, 53,
97, 116)—similar to the speed of polymerizing microtubule plus ends in Xenopus egg extracts far
removed from spindles (5, 123). Directly measuring microtubule depolymerization in spindles is
challenging, as there is no marker for a depolymerizing plus end. Instead, microtubule depoly-
merization can be measured by triggering synchronous waves of microtubule depolymerization
by cutting the spindle structure with a glass needle or a laser (see Figure 1c) (10, 20, 116). Upon
cutting microtubules, new plus and minus ends are created, and the newly created plus ends
depolymerize toward the minus ends. The microtubule depolymerization wave propagates at a
velocity of vd ∼ 35 μm/min, corresponding to the microtubule depolymerization velocity. Micro-
tubules undergo transitions between polymerization and depolymerization, termed catastrophes,
and the reverse transitions, termed rescues (34). It is not possible to directly measure the statistics
of catastrophes and rescues in spindles, because individual microtubules cannot be resolved due
to their high density. Instead, the statistics by which individual tubulin molecules incorporate
and disincorporate provide related information (88). These measurements reveal that the average
lifetime of a microtubule in Xenopus egg extract spindles is τ ∼ 16 s, in agreement with previous
measurements of the lifetime of microtubules in Xenopus egg extracts far removed from spindles
(5, 123). From the polymerization and depolymerization velocities, in combination with the life-
time of a microtubule, one can infer that microtubule lengths are exponentially distributed and
that the average microtubule length is � = 2τ/(v−1

p + v−1
d ) ∼ 7 μm (76). This microtubule length

distribution and average length have been independently confirmed by laser ablation (10) (see
Section 3). Since the polymerization velocity, lifetime, and lengths of microtubules are the same
inside and outside of spindles in Xenopus egg extracts, we conclude that the spindle environment
does not modify the polymerization/depolymerization dynamics of microtubules. Furthermore,
the observations that newly generated microtubule minus ends are stable (10) and that the inferred
microtubule plus end dynamics are sufficient to account for tubulin turnover in the spindle (10,
88) support the argument that the dynamic instability of microtubule plus ends accounts for the
overwhelming majority of tubulin turnover in the spindle. The relatively short microtubule length
and lifetime compared to the length and lifetime of a spindle (∼40 μm and up to hours, respec-
tively) confer a highly dynamic nature to spindles, which allows them to recover after damage
(116), to fuse (36), and to adapt their size to volume constraints (see Figure 1f ) (38, 45).
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In addition to rapid turnover, microtubules in the spindle constantly slide relative to each
other and move toward the spindle poles. This motion results from the activity of kinesin-5, a
tetrameric kinesin molecular motor that is able to cross-link and slide antiparallel microtubules,
generating a poleward flux in spindles (see Figure 2c) (68, 81, 104, 125). The sliding velocity
has been measured by photoactivation, speckle microscopy, and single-molecule measurements,
resulting in vt ∼ 2.5 μm/min (10, 119). The continual poleward motion of tubulin in the spindle,
termed flux, was originally envisioned to be caused by individual microtubules polymerizing at
their plus ends and depolymerizing at their minus ends such that they maintain a constant length
as tubulin molecules move through them. While such a mechanism might hold for kinetochore
microtubules, it is implausible for nonkinetochore microtubules since it is now realized that they
are short compared to the length of the spindle, that their minus ends are stable, and that their
motion and turnover are not coupled (88). Thus, the flux of nonkinetochore microtubules is almost
certainly caused by these short microtubules sliding relative to each other, as they independently
turn over due to the dynamic instability of their plus ends (11, 78). Although not directly proven, the
assumption is that microtubules move to the pole to which the minus ends point. This sliding and
the highly dynamic nature of microtubules imply that the length of a spindle cannot be explained
by the simplest version of the slide-and-cluster model (11), in which microtubules nucleated at the
chromosomes are transported all the way to the poles, where they are clustered by dynein. The
reason for this is that the flux velocity and lifetime of microtubules result in the displacement of
vtτ ∼ 1 μm before a microtubule disappears. Thus, microtubules in the spindle never move far
from where they are nucleated, and if microtubules nucleated only at chromosomes, the length
of the spindle would be of the order of the length of an individual microtubule, which is not
the case in Xenopus egg extract spindles. The implication is thus that the slide-and-cluster model
must be supplemented with microtubule nucleation throughout the structure, rather than only at
the chromosomes. Additionally, the evidence that microtubule dynamics are the same inside and
outside of spindles (88) implies that the enrichment of microtubules in spindles comes from local
increased microtubule nucleation around chromosomes. In the next two sections, we discuss how
the interplay of microtubule transport and nucleation can account for spindle architecture and size.

3. SPINDLE ARCHITECTURE

The number of microtubules in spindles can range from tens to hundreds of thousands. They are
usually in a dense phase, and single microtubules cannot be resolved using light microscopy or even
superresolution techniques (105). Femtosecond laser ablation was recently shown to circumvent
this problem and to unveil the organization of microtubules in spindles. This technique can be
used to study the length distribution and polarity of microtubules throughout spindles (10). The
latter can be defined as the fraction of microtubules pointing in one direction in a certain slice
perpendicular to the spindle long axis (10). It was found that microtubule lengths are exponentially
distributed, with an average length that depends on their position in the spindle as measured from
their plus ends: Microtubules are shorter at the poles (∼2 μm), and their length monotonically
increases away from the poles up to ∼14 μm in the center (see Figure 3). A gradient in micro-
tubule polarity was also observed; this gradient was subsequently confirmed by nonlinear optical
microscopy (130). Taken together, the evidence indicates that this complex internal organization
naturally results from a simple picture in which microtubule polymerization/depolymerization
dynamics are spatially uniform and microtubules continuously slide poleward, as described above,
in conjunction with nucleation occurring throughout the spindle with a spatially varying rate that
is highest in the center of the spindle, near chromosomes (10). While this model explains the
internal variations in microtubule lengths and polarity in spindles, a complete understanding of
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Figure 3
Metaphase spindle architecture in Xenopus laevis meiotic spindles. (�) Kinesin-5 motors cross-linking a pair
of antiparallel microtubules. In this case, motors do not move, and they drive microtubule sorting.
(�) Kinesin-5 motors bind and unbind from microtubules and walk to their plus ends. (�) Microtubule
nucleation is not homogeneous in the spindle; rather, it is greater near chromosomes. (�) A kinesin-5 motor
cross-linking a pair of parallel microtubules. In this case, the microtubule pair does not move, but the
kinesin-5 motor moves to the plus ends. (�) Dynein motors move to the minus ends of microtubules.
(�) Dynein motors accumulate at the poles. Dashed arrows indicate microtubule movement, and solid
arrows indicate motor movement. The color gradient indicates that the nucleation rate is larger in the
spindle midplane and decreases toward the pole. Hence, poleward transport of microtubules due to kinesin-5
leads to longer microtubules at the spindle midplane and shorter microtubules in the poles and to a polarity
gradient due to microtubule sorting. Abbreviation: MT, microtubule.

spindle architecture requires incorporating the mechanisms that determine the spatial variation
in microtubule nucleation (see Section 4) as well as the mechanisms that determine the alignment
of microtubules and the shape of the spindle (see Section 5.2). It is ultimately desirable to have
an understanding of the molecular basis of these processes. While kinesin-5 is the primary motor
that drives microtubule sliding in the spindle, dynein is thought to be primarily responsible for
pole formation (Figure 3) (11, 67, 75, 85). Both kinesin-5 and dynein, despite their very differ-
ent behaviors and biochemical activities, are enriched at poles (74, 103). While the localization
of dynein at spindle poles is naturally explained by its minus end–directed motility, the reason
that kinesin-5, a plus end–directed motor, accumulates at poles is less clear. One hypothesis is
that dynein drives poleward transport of kinesin-5 to the poles, where it contributes to parallel
microtubule cross-linking (119).

The central importance of kinesin-5 and dynein to spindle architecture is clearly revealed by
the dramatic effect of inhibiting these motor proteins. Kinesin-5 is essential for bipolar spindle
assembly in higher eukaryotes, and its inhibition by means of S-trityl-L-cysteine or monastrol
(7, 70, 106, 111), or removal (39), leads to the formation of monopolar structures (see Figure 4,
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Figure 4
Role of kinesin-5 and dynein in metaphase spindle morphology. In the unperturbed case, the spindle has a
bipolar structure, and there is a gradient of polarity along the spindle long axis. In the dynein-inhibited case,
the spindle shows a flaglike structure, and the polarity gradient is reinforced. Conversely, in the
kinesin-5-inhibited case, the spindle becomes a monopole (or aster), with all the microtubule plus ends
pointing outward. Finally, the double inhibition of kinesin-5 and dynein surprisingly leads to a bipolar
structure; however, the polarity gradient is lost, in contrast to the unperturbed case. Green arrows indicate
the orientation and polarity of microtubules. Spindle images correspond to microtubule retardance using
polarization microscopy in Xenopus laevis meiotic spindles.

monopole image). This process has been proposed to be driven by dynein minus end clustering
(31, 46, 122). Once monopolar structures are assembled, microtubule transport is greatly reduced,
with the consequent loss of the polarity gradient found in bipolar spindles. A protein termed
monastrol antagonistic compound 1 (MAC1) was recently found to rescue monastrol-treated
spindles in cells (1). MAC1 induces the formation of microtubule nucleation centers, allowing
kinesin KIF15 to recover bipolarity in the absence of kinesin-5 activity. In monopolar structures,
microtubule plus ends point outward, and the polarity profile is constant along the radial direction
(20). Conversely, if the dynein-dynactin complex is inhibited by using p50 dynamitin or p150-CC1
(10, 22, 80) or is depleted (83), poles unfocus, and flaglike structures are formed (see Figure 4,
image showing unfocused poles). In this case, the polarity gradient becomes more pronounced than
in normal bipolar spindles (10). Intriguingly, if both motors are inhibited, the spindle maintains
its bipolar structure (see Figure 4, image showing focused poles) (10, 80), but with a highly
perturbed microtubule polarity gradient (10). Thus, while the bipolar structure of the spindle may
be determined by the relative balance of kinesin-5 and dynein, the proper internal organization
of the spindle evidently depends on the magnitude of their activity.

4. MICROTUBULE NUCLEATION

Next, we discuss the mechanisms underlying spindle size. As mentioned above, the mitotic spindle
is a highly dynamic structure in which all the microtubules constituting the structure are renewed
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in a few tens of seconds. Such a dynamic process requires constant microtubule nucleation, which
is enriched near chromosomes in acentrosomal spindles. How is microtubule nucleation spatially
regulated? The assembly of microtubules in Xenopus egg extract spindles requires the Ras-related
nuclear (Ran) protein pathway (14). Conversion of the GDP-bound form of Ran (RanGDP) to
the GTP-bound form of Ran (RanGTP) occurs in the vicinity of chromosomes through the reg-
ulator of chromatin condensation 1 (RCC1), whereas RanGTP hydrolysis occurs throughout the
cytoplasm due to the Ran-GTPase-activating protein (RanGAP). In this way, a RanGTP gradient
is formed around chromosomes. However, the relationship between the length and magnitude of
this gradient and spindle size is controversial (14, 91). Factors that regulate microtubule nucleation
(SAFs) are sequestered in the cytoplasm by the importin-α–importin-β dimer and are released by
RanGTP interacting with importin-β (13, 14, 58). The localization of some of these SAFs strongly
depends on the presence of microtubules, leading to the hypothesis that microtubule nucleators
are localized by the microtubules that they generate (91). These results are consistent with other
evidence arguing for the importance of branching, i.e., microtubules being used as templates for
Ran-regulated SAFs to nucleate new microtubules (20, 52, 91, 94). This mechanism has been
proposed to ensure the preservation of local microtubule polarity and efficient amplification (94).
However, it has been unclear to what extent these processes are sufficient to explain the spatial
regulation of microtubule nucleation in the spindle. Recently, laser ablation revealed the spatial
distribution of minus ends in microtubule structures, which can be used as a proxy for the sites of
microtubule nucleation (20). Such measurements revealed that the microtubule nucleation profile
decays monotonously far from chromatin (20). The experimentally measured microtubule density
and nucleation profiles were found to be in excellent agreement with a mathematical model based
on autocatalytic microtubule nucleation that is spatially regulated by the availability of the active
form of SAFs (see Reference 20, Figure 5, and sidebar titled Autocatalytic Microtubule Growth).
Thus, the regulation of microtubule nucleation appears to be a two-step process: Nucleators are
first activated by proximity to chromosomes and then trigger microtubule nucleation, mainly by
their association with other microtubules (20). This process generates an autocatalytic wave of
microtubule nucleation that is spatially regulated by the gradient of active nucleators from chromo-
somes. This gradient is also affected by microtubule dynamics because they regulate the nucleator
activity by acting as the substrate where active nucleators need to bind to nucleate microtubules.
Thus, the relevant length scale for setting the size of spindles is the distance at which a microtubule
generates one or fewer microtubules. This mechanism explains the upper limit in spindle size in
large cells and in cell-free extracts, where components are virtually unlimited (18, 20, 79). Further
work will be required to determine whether this mechanism also contributes to the changes in
spindle size over development and to the changes in in vitro compartments (see Figure 1f ) (38).

5. SPINDLE MECHANICS

Chromosome segregation and spindle assembly require the movement and reorganization of mi-
crotubules in the spindle. These movements are ultimately driven by mechanical forces generated
by motor proteins within the structure. Understanding the mechanics of the spindle requires un-
derstanding how and where forces (and torques) are generated and how the spindle responds to
such forces (and torques).

The spindle contains a wide variety of microtubule-associated proteins (MAPs). MAPs can be
classified as motor or nonmotor, depending on whether they generate force through an ATP cycle
or not, respectively. Motor MAPs such as dynein and kinesin are involved in a variety of spin-
dle processes that can affect microtubule polymerization/depolymerization dynamics or produce
pulling/pushing forces that transport organelles, slide antiparallel microtubules (Figure 2c), and
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Figure 5
(a) Schematic picture of a monopolar spindle under kinesin-5 inhibition in Xenopus laevis egg extract in
which microtubules radially nucleate from chromatin. The mass of microtubules is denoted in green, and
chromatin is shown in the center in blue. (b) Autocatalytic microtubule nucleation. SAFs are activated close
to the chromatin surface by RanGTP (blue circles) and are deactivated elsewhere (white circles). When
activated, nucleators can bind along microtubules and nucleate a new microtubule, maintaining the same
polarity as the mother microtubule. This autocatalytic process leads to a wave of microtubule growth that is
controlled by the spatial gradient of active nucleators extending from chromatin. The different colors of
microtubules (dark green, light green, yellow, and white) indicate the different generations of newborn
microtubules through the autocatalytic process from the oldest (dark green) to the youngest (white).

focus spindle poles (Figure 2e) (17). Nonmotor MAPs influence the stability of microtubule ge-
ometries such as asters or bundles (93), move along active microtubule networks through asymmet-
ric friction (29), and generate entropic forces driving antiparallel microtubule sliding (65). Force
generation within the spindle is mainly due to microtubule polymerization/depolymerization,
motor-based microtubule sliding, and minus end clustering (Figure 2) (17, 48, 117). As the spindle
is an entangled network of microtubule filaments being simultaneously acted on by diverse motor
and nonmotor MAPs, it is exceedingly difficult to develop a realistic, microscopically based de-
scription of spindle mechanics. Even if such models could be developed, it would be extremely chal-
lenging to experimentally test them. An alternative approach is to develop physically based coarse-
grained models that are appropriate for describing larger-length-scale behaviors and that can be
directly compared to experiments. We now turn to such continuum coarse-grained descriptions.

5.1. Spindle Rheology

The spindle behaves as a liquid-like material in certain cases, being able to fuse with other spindles
(36) or to rearrange its interior after physical perturbations, such as those from microneedles
or laser ablation (10, 108, 116). Other experiments showed that the spindle can display more
complex mechanical properties, such as viscoelastic mechanics (54, 108, 114), hysteresis under
force-compression cycles, and plasticity under large compression forces (54). What are the origins
of the viscoelastic nature of the spindle? A viscoelastic material has properties of both fluids and
elastic materials. Purely elastic materials are able to store energy when deformed, but they do not
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AUTOCATALYTIC MICROTUBULE GROWTH

We consider a simplified one-dimensional model of autocatalytic microtubule nucleation motivated by monopolar
spindle growth (see Figure 5) (20). We define the microtubule-bound and microtubule-unbound populations of
active nucleators (or active SAFs) as nb(x, t) and nu(x, t), respectively. When unbound, active nucleators can diffuse
with diffusion coefficient D and can become inactive with rate k0. Active nucleators can bind to microtubules with rate
kb and can unbind with rate ku. A bound nucleator can nucleate a microtubule from a preexisting microtubule with
rate kbra. Since a daughter microtubule nucleates at a certain distance from the minus end of the mother microtubule,
there is a flux of microtubule mass that will advance with a certain velocity. This velocity can be obtained from
the following argument: Let us assume that a nucleator can bind anywhere along a microtubule. Since microtubule
lengths are exponentially distributed with an average length �, a nucleator will bind at a distance � from the minus
end of the mother microtubule. This leads to a mass flux with velocity equal to the polymerization velocity vp.
Finally, we denote the number density of microtubule plus ends as ρ(x, t). Given the previous considerations, the
dynamical equations governing the system read

∂tnu = D∂2
x nu − kb�bnuρ + kunb − k0nu, 1.

∂tnb = kb�bnuρ − kunb, 2.

∂tρ = −vp∂xρ + kbranb − �ρ, 3.

where �b is a characteristic binding length scale for the active nucleators and � is the average microtubule turnover
rate. Unbound nucleators are assumed to be activated with constant rate � at the chromatin surface in the center
of the monopole (x = 0) (see Figure 5b). This leads to a boundary condition for the flux of active nucleators
at the chromatin surface; the condition is expressed as −D∂xnu|x=0 = �. At steady state, Equation 2 leads to
nb(x) = �0nu(x)ρ(x), where �0 ≡ �bkb/ku. Using the last expression in Equation 1 and the boundary condition at
x = 0, we obtain the profile of unbound active nucleators at steady state:

nu(x) = Ae−x/�u , 4.

where A = �/
√

Dk0 is the amplitude of the gradient, proportional to the rate of activation � at the chromatin
surface, and �u ≡

√
D/k0 is the characteristic length scale of the gradient of unbound active nucleators. Finally, by

using Equation 3 we find the steady-state distribution of microtubule plus ends:

ρ(x) = λ(x)e−x/�, 5.

where λ(x) = ρ(0) exp
[
α(1 − e−x/�u )

]
is a lifetime-independent function, ρ(0) is the density of plus ends at x = 0,

and α ≡ ��0kbra
vpk0

is a dimensionless parameter. Hence, we have two main length scales in the system: �u, which is
dictated by the gradient of unbound active nucleators and does not depend on microtubule lifetime, and �, which
is the mean microtubule length and does depend on microtubule lifetime.

dissipate energy when load is applied. An ideal spring is the prototypical example of an elastic
object. Conversely, fluids dissipate energy under load due to viscous friction, as in the case of
a dashpot. A viscoelastic material combines both properties: It is able to store energy and also
dissipates energy. Simple mathematical models of viscoelastic materials can be built by using
the combination of springs and dashpots. Many elements, such as kinetochore microtubules,
nonkinetochore microtubules, motor proteins, and passive cross-linkers, could confer elasticity to
the spindle (17, 108, 117). The boundary of the spindle can give rise to an apparent elasticity due to
surface tension or active contractile stresses, even if the spindle is entirely viscous, similar to how
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a droplet of water elastically resumes a spherical shape after being perturbed, even though water is
a purely viscous material. In turn, microtubules and motor proteins can actively generate ∼1–10-
pN forces by hydrolyzing GTP (23, 64) or ATP (37, 55, 120), respectively. Microtubule turnover
occurs in ∼5 min for kinetochore microtubules and in ∼10 s for nonkinetochore microtubules,
whereas motor protein stepping is ∼10 ms, and the binding/unbinding timescale is ∼0.1–1 s (48).
This implies a great variety of processes acting on several different timescales (108). The fact that
cross-linkers in the entangled spindle network have their own binding/unbinding kinetics leads
to a fluidization process at long timescales (82, 92, 108, 115), resulting in an apparent viscosity
of the spindle of ∼102 Pa·s (108), which is at least a hundred times larger than the one measured
in the cytoplasm by studying the Brownian motion of cytoplasmic particles near spindles (2).
The apparent viscosity is proportional to the elastic modulus of the network and is inversely
proportional to the typical rate of the cross-linker kinetics (57, 95). With an elastic modulus on
the order of kilopascals (54), we find the typical cross-linking timescale to be ∼0.1 s, in agreement
with typical motor binding/unbinding kinetics (48). A key property of the spindle is that it is
anisotropic, with the majority of microtubules oriented along its long axis. This property has
direct consequences for the spindle’s mechanical properties, leading to greatly distinct elastic and
viscous properties between the long and short axes (54, 108, 114). The Young’s modulus along
the long axis has been found to be on the order of several kilopascals, whereas along the short axis
it is estimated to be tenfold lower (54). These values are still several orders of magnitude greater
than the Young’s modulus measured in in vitro cytoskeletal networks (2–10 Pa) (121), reflecting
the distinct properties of the spindle relative to simple entangled cytoskeletal networks.

Micromechanic experiments using microneedles on X. laevis meiotic spindles have shown that
the simplest viscoelastic model consistent with the short-axis rheology of the spindle is a Zener-
type model (108, 114). This is the simplest model that describes creep and stress relaxation (16).
The model is based on a dashpot and a spring in series. The model predicts an elastic behavior at
short timescales (<1–10 s) and long timescales (>100 s), while at intermediate timescales (∼10–
100 s) it exhibits a fluid-like behaviour. One study found that a Zener-type model described the
mechanics of the long axis of the spindle (114), while another work suggested that this response
is purely fluid (108). An important difference between the two studies is that in the first case the
two microneedles interacted with the poles and in the second case only a stiff microneedle inter-
acted with a pole, whereas the other flexible microneedle remained in the spindle center. Hence,
the differences in the mechanical behavior along the long axis may be attributed to spatially de-
pendent rheological properties. These differences could arise directly from the nonhomogeneous
distribution of bound motor proteins cross-linking the microtubules in the spindle. Nonkine-
tochore microtubules seem to be responsible for the viscoelastic response at short timescales
(108). In contrast, at long timescales (∼5 min), kinetochore microtubules were suggested to be
the relevant elastic elements. At intermediate timescales, the viscous regime dominates, and the
origin of the apparent friction drag is suggested to be due to the dynamic cross-linking of mi-
crotubules (108). However, spindles can last for hours, and the rheological studies were done
on a timescale of minutes. The spindle should behave as a fluid at sufficiently long times due to
the turnover of microtubules and MAPs. Further studies must be done to clearly resolve these
issues.

5.2. The Spindle as an Active Liquid Crystal

The previous studies focus on the rheological properties of the spindle as a complex material;
however, the spindle is an out-of-equilibrium structure that constantly consumes ATP and GTP
and can generate stresses on its own. Hence, it is an active system (9, 56, 57, 69, 95).
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Continuum active hydrodynamic theories are emerging as powerful predictive tools to un-
derstand problems in molecular cell biology at the coarse-grained level (69, 95). Such theories
are based on symmetry arguments and/or on the formalism of linear irreversible thermodynam-
ics (69). To provide a top-down approach, one first needs to identify the relevant physical fields
describing the spindle. The simplest choice is to define coarse-grained fields describing the ori-
entation, polarity, and concentration of microtubules. We recently used the intimate connection
between the statistics of spatiotemporal correlation functions of the spontaneous fluctuations of
microtubule density, orientation, and stress and the underlying physical processes that drive them.
This approach showed that spindles behave as continuum materials whose properties can be un-
derstood in the framework of an active liquid crystal description (9). A general hydrodynamic
limit description that is consistent with spatiotemporal correlations of microtubule density, ori-
entation, and microrheology (9) is detailed in the sidebar titled Active Liquid Crystal Description
of the Metaphase Spindle; this description includes the dynamics of microtubule concentration
and orientation and the different types of passive and active stresses. A hallmark of active polar
gels such as the cytoskeleton is the presence of active stresses due to the self-organized action of
molecular motors and polar filaments. The latter can be extensile or contractile, depending on
the nature of the system (69). Examples of contractile behavior are found in actomyosin systems
(3, 84, 113) and microtubule networks in cytoplasmic extracts (6, 31, 126). In contrast, extensile
stresses can arise due to polarity sorting, leading to active flows in microtubule bundles in vitro
(43, 101). The combination of plus end– and minus end–directed multimeric motor populations
in vitro can lead to the formation of complex, out-of-equilibrium steady-state structures, such as
asters, vortices, and networks of interconnected poles (112).

Active stresses can have, in general, an isotropic part that acts like a pressure and an anisotropic
part, an intrinsically nonequilibrium phenomenon that can give rise to steady-state flows (87)
(see sidebar titled Active Liquid Crystal Description of the Metaphase Spindle). The dynein-
dependent bulk contraction of taxol-stabilized microtubule networks in Xenopus egg extracts sug-
gests that dynein drives contractile stress in the spindle through minus end clustering (31). This
dynein-mediated isotropic active stress was estimated to be �4 Pa, which accounted for at least
�96% of contractile stresses present in those microtubule networks (31). Isotropic contractile
stress generated by dynein may explain dynein’s role in spindle pole formation. Measurements
of stress fluctuations in the spindle also revealed the presence of an anisotropic active stress of
�70 Pa (9) (see sidebar titled Active Liquid Crystal Description of the Metaphase Spindle) (9).
In contrast, the role of kinesin-5 in active stress generation is still not understood. Kinesin-5 may
not generate appreciable active stresses and may instead function by sliding or actively orienting
microtubules.

6. OUTLOOK

Obtaining a complete understanding of the spindle will require establishing how perturbing pro-
teins influences the parameters that characterize the coarse-grained active liquid crystal theory of
the spindle, as well as testing whether these changes in parameters are sufficient to account for the
resulting changes in spindle architecture and dynamics. Many of these parameters can be mea-
sured by studying the internal fluctuations of the relevant fields in spindles (9). However, it would
be highly desirable to have theories to relate the microscopic behaviors of microtubules, motors,
and other MAPs to the phenomenological coefficients in continuum hydrodynamic descriptions
of the cytoskeleton. Despite some progress in this regard (31–33, 66, 69, 107), future work still
needs to be undertaken to fully understand the complexity of spindles.
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ACTIVE LIQUID CRYSTAL DESCRIPTION OF THE METAPHASE SPINDLE

At a coarse-grained level, we can build local fields that change smoothly over the characteristic timescales and length
scales of a system. For example, in a certain region of the spindle, one can average microtubule orientation locally
and build a nematic vectorial quantity n(x, t) at position x at time t. Likewise, the polarity strength and microtubule
density can also be described as coarse-grained fields p(x, t) and c(x, t), respectively. The dynamic equations for
such fields are usually of phenomenological origin making use of symmetry arguments (9, 19, 69). To lowest order
in the relevant fields:

Dnα

Dt
= −ν1vαβnβ + hα

γ1
, 6.

Dp
Dt

= λ1 pβ∂β p + ξnβ∂β c + p(χ − νp2) + K p∇2 p , 7.

Dc
Dt

= −∂β [c pβv0 − D∂β c ] + � − �c , 8.

where hα = − δFp
δnα

; Fp is the free energy due to nematic distortions; δ/δnα is the functional derivative with respect
to the director n; v is the velocity field; Dnα

Dt ≡ ∂tnα + vβ∂βnα + ωαβnβ is the comoving and corotational derivative
of the nematic director orientation; and ωαβ ≡ 1

2 (∂αvβ − ∂βvα) and vαβ ≡ 1
2 (∂αvβ + ∂βvα) are the antisymmetric

and symmetric parts of the velocity gradient tensor, respectively. Dp
Dt ≡ ∂t p + vβ∂β p is the material derivative for

the polar field. Here we used ∂α ≡ ∂/∂xα and the Einstein summation convention. The first term in Equation
6 stands for flow alignment of microtubules, while the last terms in Equations 6 and 7 come from the energetic
cost of spatial inhomogeneous deformations of the polarity field (19, 69). In Equation 7, the first term introduces
self-advection, the second term is a contribution of polarity sorting driven by kinesin-5, and the third term indicates
a possible spontaneous polarity due to microtubule branching. Dc

Dt ≡ ∂t c + vβ∂β c is the material derivative of the
concentration field; the first two terms account for self-advection with velocity v0 and diffusion with coefficient D,
respectively; the third term corresponds to microtubule nucleation with rate �; and the last term denotes microtubule
catastrophes with constant rate �. Finally, force balance in the limit of small Reynolds number reads ∂βσαβ = 0,
where σαβ = σ r

αβ + σ a
αβ + σ d

αβ is the total stress tensor which has passive reactive (r), active (a), and dissipative (d)
contributions. The passive reactive contribution is in general a combination of the Ericksen stress and the tensor
hαnβ (19). The dissipative and active contributions can be expressed as

σ d
αβ = 2

∫ t

−∞
dt′Gαβγ ν (t − t′)vγν , 9.

σ a
αβ = Wi (c ) δαβ + W (c ) qαβ , 10.

where Gαβγ ν is a general relaxation function describing the anisotropic viscoelastic response of the system and
qαβ = pα pβ − p2

3 δαβ is the nematic order tensor. The active stress contains an isotropic part (W i) presumably
driven by dynein minus end clustering, which has been proposed to have a quadratic form on the microtubule
concentration (31), and a traceless part (W ), which would be proportional to the microtubule concentration [i.e.,
W (c ) ∝ c ] motivated by studies in ordered suspensions of self-propelled particles (110).
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56. Joanny JF, Jülicher F, Kruse K, Prost J. 2007. Hydrodynamic theory for multicomponent active gels.
New J. Phys. 9:422
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