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The Mitotic Spindle: A Self-Made Machine 
E. Karsenti's2 and I. Vernos' 

The mitotic spindle is a highly dynamic molecular machine composed of tubulin, 
motors, and other molecules. It assembles around the chromosomes and distributes 
the duplicated genome to the daughter cells during mitosis. The biochemical and 
physical principles that govern the assembly of this machine are still unclear. How- 
ever, accumulated discoveries indicate that chromosomes play a key role. Apparently, 
they generate a local cytoplasmic state that supports the nucleation and growth of 
microtubules. Then soluble and chromosome-associated molecular motors sort them 
into a bipolar array. The emerging picture is that spindle assembly is governed by a 
combination of modular principles and that their relative contribution may vary in 
different cell types and in various organisms. 

The mitotic spindle is an aesthetically 
attractive structure (Fig. 1A). It is also 
a molecular machine capable of dis- 

tributing the genome to the daughter cells 
with stunning precision. The spindle is built 
of microtubules that are used as hacks to 
move chromosomes precisely during cell di- 
vision. In the spindle, microtubules are ar- 
ranged in two antiparallel arrays with their 
plus ends at the equator and their minus ends 
at the poles, whatever the detailed shape of 
the spindle (Fig. 1) (1-3). Although the im- 
ages shown in Fig. 1 seem to have the preci- 
sion and quality of a very stable, almost 
crystalline, structure, the spindle is, in fact, 
very dynamic: it is a dissipative, steady-state 
structure (4). 

Here, we explain our ideas on the mech- 
anism of spindle assembly, mostly on the 
basis of experiments carried out in frog eggs 
and egg extracts. They are presented histori- 
cally to show how the concepts emerged. 
Recent reviews cover the evolution of ideas 
on spindle organization and function (2, 5). 

Posing the Questions 
The first investigations of spindle assembly 
were simple observations of cell division in 
various living cells (6). In animal cells, dur- 
ing interphase, microtubules often originate 
from a central spot, called the centrosome, 
and radiate in an astral configuration through- 
out the cytoplasm. When the cell replicates its 
DNA, the centrosome duplicates. At the onset 
of mitosis (in prophase), the duplicated cen- 
trosomes move around the nucleus while nu- 
cleating two asters of microtubules. At some 
point during this process, the nuclear enve- 
lope disassembles, astral microtubules short- 
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en, and at the same time, the centrosomes 
seem to nucleate many more microtubules 
that soon start to grow asymmetrically toward 
the chromosomes (Fig. 1C) (7). 

There are variations on this theme (8).In 
plant cells and in the oocytes of some species, 
there are no centrosomes. In this case, micro- 
tubules do not arise from discrete spots but 
seem to be nucleated around the chromo- 
somes before becoming organized into a 
spindle (Fig. 1D) (9,lO). In yeast, the nuclear 
envelope does not disassemble, and the spin- 
dle forms inside the nucleus (Fig. 1A) (3 , l l ) .  
These observations and video microscopy ex- 
periments indicate that microtubule dynamics 
and organization are regulated during the cell 
cycle (8).In fact, the half-life of microtubules 
is on the order of minutes to hours in inter- 
phase and drops to a minute or less in mitosis, 
but it may vary for the different kinds of 
microtubules present in the spindle: (i) Astral 
microtubules originate from the poles and 
radiate out into the cytoplasm (Fig. 1A) (1, 
4), (ii) some microtubules connect the poles 
to specific sites on the chromosomes, the 
kinetochores, and finally (iii) a variable num- 
ber of microtubules originate from the spin- 
dle poles and overlap in an antiparallel way at 
the spindle equator or interact with chromo- 
some arms (Fig. 1A). 

These observations raise several ques-
tions: (i) What are the signals that lead to a 
change in microtubule dynamics when cells 
enter mitosis? (ii) How are various microtu- 
bule populations generated around the chro- 
mosomes? (iii) How is the length of micro- 
tubules determined in the spindle, and how is 
the size of the spindle thus determined? (iv) 
How are microtubules nucleated around chro- 
mosomes, and only there, in cells lacking 
centrosomes? (v) How are highly dynamic 
microtubules organized into a precise anti- 
parallel array around the chromosomes and 
oriented with their plus end at the equator? 
(vi) How are the poles of a spindle defined in 

the absence of centrosomes? And finally, 
(vii) how are all these processes coordinated 
in space and time to generate a geometric 
structure that maintains itself at steady state? 

Two hypotheses were put forward to ex- 
plain how a spindle forms. According to one, 
formulated by Bovery (12) at the beginning 
of the 20th century and then taken up by 
Mazia (13), centrosomes are the center of 
division of the cell, and the spindle forms 
from astral microtubules that interact with the 
chromosomes. More recently, the discovery 
of microtubule dynamic instability led to the 
search-and-capture model, according to 
which highly dynamic microtubules nucleat- 
ed by the two centrosomes are captured and 
stabilized by kinetochores, thereby forming a 
bipolar spindle (14). According to the other 
hypothesis, the chromosomes are the source 
of spindle organization. Microtubules are nu- 
cleated by kinetochores or by whole chromo- 
somes and then organized into a bipolar array 
by some kind of cross-linking activities (15, 
16). In this model, centrosomes may influ- 
ence spindle assembly mostly by orienting 
the spindle in the cell but are not essential 
organizers of spindle bipolarity. In fact, con- 
cepts from each model may contribute to 
different extents to the mechanism of spindle 
assembly in different species. 

A Source of Answers 
This complicated problem could only be ad- 
dressed in a system having a simple cell cycle 
and in which direct biochemical experiments 
could be performed in combination with light 
microscope observations. Frog eggs and then 
extracts made from them turned out to have 
these properties (17). Frog eggs have three 
interesting features (Fig. 2A). 

First, the egg is laid arrested in the 
second metaphase of meiosis and readily 
enters S phase upon fertilization. From 
cell-cycle studies, we learned that in this 
system, the transition from metaphase to 
interphase and back again is governed by 
the presence or absence of a single protein, 
cyclin, which regulates the activity of a 
master cell-cycle switch, the cdc2 kinase 
(18). Second, all of the components re-
quired for the first 12 cell cycles of early 
development are stored in the cell during 
oogenesis (1 7 ) .  

Third, the giant nucleus (400 pm) of the 
frog oocyte, which is blocked in G, of 
meiosis, breaks open when meiosis resumes 
and releases stockpiled nuclear compo-
nents, such as histones and all chromatin 
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proteins, into the cytoplasm (19). Thus, in 
contrast to the cytoplasm of somatic cells, 
that of frog eggs is a nucleo-cytoplasmic 
mixture. This explains why nuclear or spin- 
dle assembly experiments can be easily 
carried out in frog eggs. Indeed, all the 
components are naturally stored in a ready- 
to-use state. 

The Notion of Global Cytoplasmic 
State 

Experiments carried out by Bataillon at the 
very beginning of the 20th century showed 
that somatic nuclei injected into frog eggs 
would adopt the cell-cycle state of the egg 
and make spindles during mitosis (20). This 
system was then further developed by Ziegler 

Xenopus cell 1 I ~enopusoocyte I -1 pornbe S. cerevisiae 

'pindle I...... .... Fig. 1. (A) Immunoflu- 
n t rO~mes orescence and draw- I I I with centrosornes I I wittluut ~a 

ings of spindles found 
in various cells. From 
left to right: Xenopus 
XL177 cell (scale bar, 
10 Fm), a meiotic spin- 
dle from a frog egg 
(scale bar, 10 Pm), 
Schizosaccharomyces 
pombe (scale bar, 2 
Pm), and Saccharomy- 
ces cerevisiae (scale 
bar, 1 Pm). In the im- 
munofluorescence pic- 

'r I tures, microtubules'are 
red, the chromosomes 

are blue and the spindle pole marker sad1 (in S. pombe) is green. In the drawings, astral microtubules 
are yellow, kinetochore microtubules are red, interpolar microtubules are green, and chromosome arm 
microtubules are black. Note that in yeast the spindle assembles inside the nucleus, which is represented 
in gray in the drawings. (6) Microtubule dynamics, polarity, and their associated motors. Microtubules 
(red) at the plus end can grow (orange growing tip) or depolymerize (red dots). Minus ends are very 
often embedded at the centrosome (in orange). Some motors, like cytoplasmic dynein (green), move 
toward the minus end, whereas others, like kinesin (blue), move toward the plus end. (C and D) 
Pathways of spindle assembly with (C) or without (D) centrosomes. Blue, chromatin; red, microtubules; 
yellow, centrosomes; and green, kinetochores. 

Fig. 2. (A) The frog egg 
system. The oocyte is 
typically 1 mm and the 
nucleus 400 p m  in diam- 
eter. Nuclear components 
(yellow) are released in 
the cytoplasm (blue) dur- 
ing maturation induced 
by progesterone. The nu- 
cleo-cytoplasmic mixture 
produced (green) persists 
roughly until the midblas- 
tula transition. Microtu- 
bules are in red and chro- 
matin in blue. The early 
cell cycle is driven by pe- 
riodic accumulation and 
degradation of cyclin that 
activates the cdc2 kinase 
when its concentration 
reaches a threshold. (B) 
The frog egg cytoplasm: a 
two-state network. Injec- 
tion of DNA into a frog egg arrested in 5 phase results in the formation of nuclei. The same DNA 
injected into an egg arrested in M phase induces spindle assembly. The cytoplasmic state transition 
is induced solely by the activation of the cdc2 kinase. 
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and Masui (21) and Gurdon (22), who also 
showed that somatic nuclei could be repro- 
grammed by the cytoplasm, opening the way 
to individual cloning (23). 

Later on, the injection of any kind of 
DNA into frog eggs arrested in S phase was 
shown to result in the formation of nuclei 
(24), whereas the injection of the same 
DNA into eggs blocked in M phase resulted 
in the formation of spindles (Fig. 2B) (25). 
Because there is no transcription in the 
eggs, this has to be strictly governed by the 
periodic activation of the cdc2 kinase (18). 
This means that the cytoplasm of these eggs 
can only be in one of two states at this 
phase and that the switch between the two 
states is the level of cdc2 kinase activity 
(Fig. 2B). This also means that spindles 
could assemble in the absence of both cen- 
trosomes and kinetochores, because the in- 
jected plasmid DNA lacked centromere se- 
quences and the eggs do not contain cent- 
rioles. These results lent strong support to 
the conjecture that chromosomes could be 
the main source of spindle organization in 
conjunction with the mitotic state of the 
cytoplasm. 

It soon became possible to make extracts 
that would recapitulate faithfully in vitro 
most aspects of the cell cycle, microtubule 
dynamics, and nuclear and spindle assembly 
(26-29). It is noteworthy that spindles 
formed in extracts can undergo anaphase and 
are very similar to those assembled in the 
eggs, validating the use of extracts to study 
spindle assembly. 

Clean biochemistry and video-micros- 
copy techniques done in these extracts have 
revealed the respective roles of the cyto- 
plasmic state, centrosomes, chromosomes, 
and kinetochores in spindle assembly (Fig. 
3). In interphase extracts, microtubules 
self-assemble extensively and grow off 
centrosomes, whereas in mitotic extracts, 
microtubules do not self-assemble, and 
centrosomes nucleate only a few highly 
dynamic microtubules. The transition be- 
tween these two states can be induced by 
adding purified cdc2 kinase to an inter- 
phase egg extract (28). This is consistent 
with the notion that the cytoplasmic state 
becomes globally inhibitory for microtu- 
bule nucleation and stability during mitosis. It 
was also possible to show, using a simple alge- 
braic formula devised to predict microtubule 
length from the four parameters of dynamic 
instability, that in interphase, microtubules 
grow infinitely, whereas in the mitotic state, 
they reach a steady-state length of about 4 pm 
(28) (Fig. 3). How the cdc2 kinase induces the 
transition between the two states is still un- 
known, but this must occur through a phospho- 
rylationdependent change in the relative activ- 
ity of factors that stabilize or destabilize the 
microtubules (30). 
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The Notion of Local C~to~lasmic State induction of microtubule nucleation and stabi- addition of a Ran mutant locked in the GTP- 
In mitotic extracts, spindles assemble around lization by chromatin requires the production of bound state to a mitotic extract (45). One down- 
artificial chromosomes in the absence of cen- Ran-GTP. This nucleation is probably induced stream effector of Ran has been identified, a 
trosomes and kinetochores (31) (Fig. 3). How by a local high level of Ran-GTP around chro- microtubule-associated protein, named TPX2 
could chromatin' induce the assembly of a mosomes, because this can be mimicked by the (Fig. 4B) (46). But more regulators are expect- 
large number of relatively long microtubules 
in a cytoplasm in which even centrosomes 
nucleate only a few short microtubules? 
There are two possibilities. The surface of the 
chromosomes could physically nucleate mi- 
crotubules, or the chromosomes could locally 
modify the cytoplasm to favor microtubule 
growth. Close observation of microtubule as- 
sembly around chromatin or chromosomes 
seemed to support this second possibility (15, 
32). Nice chromosome micromanipulation 
experiments in cells further strengthened this 
impression (33, 34). 

The Notion of Steady-State Gradient 
How could chromosomes influence the cyto- 
plasm to support microtubule growth? Be- 
cause microtubule dynamics are regulated by 
phosphorylation, the first possibility is a phos- 
phorylation gradient of regulatory factors 
around chromosomes (35). This was tested 
theoretically and found to be possible under 
certain conditions of kinetic parameters (36). 
This completely hypothetical idea got some 
support in the case of a known regulator of 
microtubule dynamics, the small molecule 
stathmin. Stathmin is moderately phosphoryl- 
ated both in interphase and mitotic extracts, 
and it activelv destabilizes microtubules. 

Fig. 3. Summary of mi- 
crotubule behavior in 
interphase and mitotic 
extracts. Calcium is 
used to inactivate a cy- 
tostatic factor present 
in mitotic extracts and 
to send the extract into 
interphase. Addition of 
spindle components to 
egg extracts allows one 
to discern the relative 
contributions of the cy- 
toplasmic state, cen- 
trosomes, and chroma- 
tin to spindle assembly. 
Yellow, centrosomes; 
blue, chromatin; and 
red. microtubules. 

Chromatin beads induce a hyperphosphoryl- 
ation of stathmin (as measured globally) on 
sites known to inactivate its destabilizing ef- 
fect on microtubules (37) and a chromosomal 
kinase (Plxl) that may do this has recently 
been identified (38). A gradient of phospho- 
rylated stathmin could therefore lead to mi- 
crotubule stabilization around chromatin 
(Fig. 4A). However, the existence of such a 
gradient remains controversial (39). 

The notion of dynamic gradients in the cell 
had also emerged in the field of nucleo-cyto- 
plasmic transport in interphase. The shuttling of 
proteins with nuclear localization signal (NLS) 
through nuclear pores is governed by the state 
of the small Ran guanosine triphosphatase 
(GTPase). Ran is mostly bound to GTP in the 
nucleus and to GDP (guanosine diphosphate) in 
the cytoplasm (40, 41). The steady-state ratio 
between the GTP- and GDP-bound states of 
Ran depends on the relative activity or concen- 
tration of GTPase-activating proteins (GAPS, 
required for Ran to hydrolyze GTP) and GTP 
exchange factors (GEFs), required to load Ran 
with GTP. The steady-state asymmetric distri- 
bution of Ran-GTP between nucleus and cyto- 
plasm is the result of the localization of the Ran 
GEF (RCC1) on chromosomes and of the GAP 
in the cytoplasm (42) (Fig. 4B). Something 
similar seems to happen in mitosis, but in the 
absence of a nuclear envelope (43, 44). The 
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Fig. 4. (A) A hypothetical phosphorylation gradient of the microtubule-destabilizing factor stath- 
min. A chromosomal kinase (polo) would locally phosphorylate stathmin that is kept in a 
dephosphorylated state by a type 2A phosphatase in the cytoplasm. The relative kinetics of 
phosphorylation, dephosphorylation, and diffusion of stathmin would result in a gradient of 
stathmin phosphorylation. Because stathmin destabilizes microtubules when not phosphorylated, 
this could result in local microtubule stabilization around chromosomes. However, see text for 
reservations about this simple model. (B) A hypothetical Ran-GTP gradient around chromosomes. 
Ran is kept in a GDP form in the cytoplasm by a soluble Ran GTPase-activating enzyme (RanGAP) 
and loaded with GTP by the RCCI GEF factor concentrated on chromosomes, resulting in a 
steady-state Ran-GTP gradient. The presence of Ran-GTP around chromosomes dissociates a 
complex made of importins (a, P) and TPX2. When released from the complex, TPXZ nucleates 
microtubules. The Ran gradient has other effects, such as stabilizing microtubules and activating 
motors. (C) Regulating spindle size. When microtubules are destabilized by removing a stabilizing 
factor like XMAP 215 or by adding a destabilizing factor like a mutant of stathmin that cannot be 
dephosphorylated, shorter spindles are formed. 
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ed to be found (47,48). Thus, in addition to the 
overall two-state model of the cytoplasm (inter- 
phase and mitosis), there seems to be a spatial 
regulation of the local state of the cytoplasm 
defined by localized enzymes or regulators that 
promote microtubule nucleation and stability 
around chromosomes. 

Regulating Spindle Size 
In egg extracts, spindles assembled around 
added sperm nuclei have a precise length of 
25 ? 0.2 pm (44). In the same extracts, the 
steady-state length of microtubule popula- 
tions nucleated by centrosomes is on the or- 
der of 4 pm (44,49). In egg extracts contain- 
ing a GTP-locked form of Ran (RanQ69L), 
the average steady-state length of centro- 
some-nucleated microtubules is about 12 pm, 
which compares with 12.5 pm in a half- 
spindle (44). This strongly suggests that the 
steady-state length of the spindle is largely 
determined by the global microtubule dynam- 
ics imposed by the active cdc2 kinase and by 
a local modulation of these dynamics by Ran- 
GTP and phosphorylation gradients around 
chromosomes. How this works is not clear 
yet, but we know that the balance between the 
activity of microtubule-stabilizing and desta- 
bilizing factors (50) determines spindle 
length (Fig. 4). In addition, the balance of 
forces generated by molecular motors in- 
volved in organizing microtubules into a bi- 
polar spindle must also be coordinated with 
microtubule dynamics to maintain the steady- 
state length of the spindle (5). 

Spindle Self-organization 
The initial observations made on the kinetics 
of microtubule reorganization around DNA 
injected into frog eggs during spindle assem- 
bly suggested that some kind of cross-linking 
component was involved (15). Some years 
later, the involvement of motors was estab- 
lished in various organisms, using a genetic 
approach (51). In the past years, a large body 
of work camed out in frog egg extracts has 
led to the formulation of a model that tenta- 

Fig. 5. Role of motors in spindle 
self-organization.   an do mi^ nu- 
cleated microtubules become 
aligned by a cross-linking motor 
(eg5). The chromosome-associ- 
ated ~ l u s  end-directed motor 

tively explains how the collective action of 
soluble and chromosome-bound motors leads 
to spindle self-organization in the absence of 
centrosomes (52) (Fig. 5). 

The microtubules that are randomly nu- 
cleated around chromatin are first cross- 
linked and aligned by the homo-tetrameric 
kinesin Eg5, generating an antiparallel bun- 
dle of microtubules (53, 54) (Fig. 5). It is 
noteworthy that the generation of ran-GTP by 
chromatin seems to coordinate microtubule 
nucleation and dynamics with the activity of 
eg5 (55). At the same time, microtubules are 
captured by the chromatin-associated plus- 
end motor Xklp I, which moves microtubule 
minus ends away from chromatin (56, 57) 
(Fig. 5). Finally, dynein, which was known to 
form asters in egg extracts (58), focuses mi- 
crotubule minus ends into the poles (59). 

Obviously, this model is based on exper- 
iments carried out in extracts and may ac- 
count in very general terms for the mecha- 
nism of spindle assembly in systems lacking 
centrosomes. However, in systems where 
centrosomes are involved, similar principles 
are likely to hold. This is extensively dis- 
cussed in references (59-61) but further ex- 
periments are needed to determine the gener- 
alizability of these ideas. 

An Organizational Field Around 
Chromosomes 
In this review, we have mostly summarized 
the principles that have emerged from a large 
body of work done in the frog egg system. 
These principles are more akin to those gov- 
erning the formation of dissipative structures, 
than to those determining the formation of a 
crystal. Local inhomogeneities, gradients, 
and transport-dependent self-organization 
processes must be key principles behind spin- 
dle organization. Robustness of spindle as- 
sembly must come from guidance of the sto- 
chastic behavior of microtubules by a field. A 
field is defined as an area within which a 
force exerts an influence at every point. The 
question is thus, what kind of force? Gradi- 

Nucleation + Coalescence ----+ Bipolarity 

Xklpl 'captures microtubules on 
the chromatin and pushes their 
minus ends away, leading to 
their sorting into two half-spin- 

J 
dles on each side of the chromo- 

form of the minus-end motor 
dynein focuses spindle poles. 

some mass. Finally, a mukimeric 

This is an intuitive working mod- 
-+ 

Dynein 

el based on many experiments 
carried out in egg extracts. But it probably reflects, to some extent, the principles involved in 
spindle assembly and stability. Red arrows indicate the direction of movement of a microtubule; 
arrows in the same color as a motor indicate the direction of movement of the motor. 

ents of regulators of microtubule dynamics 
and motor activities around chromosomes ap- 
pear to be just that. 

To what extent this view applies to all 
spindles is still unclear. Although there 
seem to be large differences between yeast 
and frog egg spindles (to take strikingly 
different examples), nothing proves that the 
principles are radically different. Large dif- 
ferences in final shapes may come from 
moderate variations in the parameters asso- 
ciated with microtubule dynamics or mo- 
tors, but not necessarily from differences in 
fundamental principles. Also, the respec- 
tive importance of self-organization, search 
and capture, and centrosome-dependent nu- 
cleation of microtubules obviously varies 
from one species to the other. Computer- 
ized models taking into account known pa- 
rameters related to microtubule dynamics, 
microtubule numbers, types of motors in- 
volved, and their associated physical prop- 
erties will certainly be required to under- 
stand fully how various spindles form (62). 
But, in any event, if the role of chromo- 
somes as initiators of spindle organization 
turns out to be general, this would be a 
striking example of the assembly of a ma- 
chine that is induced by its one purpose. 

Note added in prooJ Some issues that 
could not be addressed in this review because 
of space limitations are nicely discussed in 
(63). 
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