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Forces in the mitotic spindle
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products of cellular metabolism. In addition,
he was interested in the involution of adipose
tissue, and studied the fine structure of the
fibres of connective tissue and their swelling
during treatment with acids.

At a time when the focus of Flemming’s
interest was still the behaviour of individual
cells, research into the process of cell division
had already begun. In 1873, Schneider12

sketched the important steps of cell division.
He saw the transformation of the nucleus
into rod-like structures (Stäbchen), which
assembled in the centre of the cell (at what we
now know as the metaphase plate).At a stage
that we now call anaphase, two groups of
Stäbchen could be seen in the elongated cell.

Between 1874 and 1876, Flemming
described these steps in more detail13–15.
Whereas Schneider12 had postulated that the
nucleus undergoes deformation during cell

Prussia), as he had hoped, he was recruited
to the vacant Chair of Anatomy at Kiel
(Schleswig-Holstein). Almost all the medical
faculty voted for Flemming. However, during
negotiations, one faculty member strongly
recommended Friedrich Merkel, an
anatomist from Rostock, who was the son-
in-law of a well-known German anatomist.
Nevertheless, Flemming took up the position
in February 1876.

Although the Christiana Albertina
University in Kiel was very small, the old insti-
tute of anatomy was not big enough for the 70
or so medical students. There was not enough
money to buy new microscopes and other
equipment, and, at the beginning, Flemming
took charge of all lectures, seminars and
courses without assistance. He had to do bat-
tle with the university’s administration; these
struggles for resources were a heavy burden
for Flemming, a peace-loving man whose stu-
dents loved him for his cordiality and benevo-
lence. In his late forties, Flemming developed
a severe neurological disease from which he
did not recover.At the turn of the century, his
illness became so severe that he had to retire
and, on 4 August 1905, he died aged 62 in
Kiel9. By this time, however, Flemming’s insti-
tute had become a leading centre for research
into histology, cytology, comparative anatomy
and, in particular, mitosis.

Initial studies
When Flemming began his research, cell biol-
ogy was just beginning to boom (TIMELINE). In
1833, even before Schleiden and Schwann had
presented their cell theory3,4, Robert Brown10

had described an ovoid in the cell as the
“nucleus”, and Dumortier6 and von Mohl7

had discovered binary fission of the nucleus
and cell. Remak8 gave the first descriptions of
the changes that occur in the nucleus, and
Purkinje11 underlined its importance and the
requirement for this organelle throughout the
life of a cell. But in 1868, at the beginning of
his career, Flemming — whose knowledge of
histology was derived mainly from zoological

objects — was interested in the sensory
organs of molluscs. He also studied adipose
tissue, and clearly stated its character as con-
nective tissue; before this, adipose tissue had
been considered to be a separate organ.
Flemming also analysed lipid droplets as
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Figure 2 | Illustration from Zellsubstanz, Kern und Zelltheilung22.

Figure 3 | The progressive and regressive phases of cell division. Mitosis starts with the skein-like
form of the nuclear threads (prophase), which changes into the aster (star-like configuration of the threads
at prometaphase). This stage moves into the equatorial plate (metaphase), which then immediately forms
the double star (anaphase). When the threads have reached the position of the daughter-cell nucleus, the
double skein (telophase) can be observed. (Images reproduced from REF. 22).
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The mitotic spindle

Alberts et al., Molecular Biology of the Cell

kinetochore microtubules

overlap microtubulesastral microtubules

centrosome

spindle pole
motor
proteins

kinetochore
sister chromatids



Kinetochores

• attachment of chromosomes to spindle MTs 
• activation of the spindle checkpoint (tension sensing)
• force generation for chromosome movement

Functions of the kinetochore

Drew Berry



Accuracy

The principal task of the 
spindle is to segregate the 
chromosomes without 
errors.

Chromosome loss: 
1 in 10,000 cell divisions 
in yeast
(Hartwell & Smith, 1985).

Aneuploidy:
genetic disorders, cancer 



The challenge

1. How does the spindle self-assemble?

2.  What forces act on chromosomes?



How does the spindle self-assemble?

tim
e

The time required for microtubules to capture all 
kinetochores exceeds the duration of prometaphase                 
          other mechanisms.

Kirschner and Mitchison, 1986

Search-and-capture



Mechanisms that accelerate kinetochore capture

tim
e

tim
e

Carazo-Salas et al. 2001 
Wilde et al. 2001

Bias in MT dynamics towards 
the chromosomes

Nucleation of MTs at 
spindle MTs

Goshima et al. 2008



Mechanisms that accelerate kinetochore capture

tim
e

time

Nucleation of MTs 
at the kinetochore

Nucleation of MTs 
at the chromosome

Karsenti et al. 1984
Carazo-Salas et al. 1999

Witt et al. 1980
De Brabander et al. 1981



Mechanisms that accelerate kinetochore capture

tim
e

Paul et al. 2009

Chromosome movements



Observation of individual capture events
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Theoretical model
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• Microtubule pivots 
around the spindle 
pole.

• Kinetochore diffuses.

Amitabha Nandi, Benjamin Lindner, Nenad Pavin



Test of the model
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Pivoting of microtubules changes with temperature
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Tests of the model
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MT pivoting around the spindle pole accelerates capture

time

Kalinina, Nandi, ..., Lindner, Pavin, Tolić-Nørrelykke, Nat Cell Biol 2013
Pavin & Tolić-Nørrelykke, Syst Synth Biol 2014



The spindle consists of parallel and antiparallel MT bundles

Grishchuk & McIntosh, 2006



MT pivoting accelerates spindle assembly

GFP-tubulin1µm

min:s

Lora Winters



MTs growing from kinetochores pivot

Maiato et al. 2004

Drosophila S2 cells

 

KINETOCHORE FIBER FORMATION • MAIATO ET AL.
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temporal resolution without compromising the ability of the
cell to progress through mitosis and undergo normal cytokine-
sis. This feature makes it possible to discern individual K-fibers
in fluorescence recordings throughout mitosis. All experiments
reported here were conducted on S2 cells that stably express
GFP/

 

!

 

-tubulin (Goshima and Vale, 2003).

 

During mitosis some K-fibers are 
organized by the kinetochores in S2 cells

 

A common feature of mitosis in animals is that the two cen-
trosomes can be at different stages of separation at the time of
NEB (for review see Rieder, 1991). However, regardless of the
relative positions of the centrosomes at NEB, a normal bipolar
spindle ultimately forms. As originally reported (Goshima and
Vale, 2003), 

 

Drosophila

 

 S2 cells used in this study frequently
contain more than two centrosomes during prophase. These
centrosomes are easily detectable in live cells as they generate
pronounced MT asters. This feature allowed us to select cells
with only two asters at NEB for our time-lapse recordings.
Among 14 cells followed through mitosis, six had centrosomes
positioned on opposite sides of the nucleus at NEB (Fig. 1 A).
By contrast, in the other eight cells NEB occurred while the
centrosomes were still relatively close to one another (Fig. 1 B).

In cells where centrosome separation was complete be-
fore NEB, astral MTs emanating from both centrosomes rap-
idly penetrated the region of the former nucleus, making it im-
possible to follow in detail the formation of individual K-fibers
(Fig. 1 A and Video 1, available at http://www.jcb.org/cgi/content/
full/jcb.200407090/DC1). In these cells most chromosomes
congressed to the metaphase plate and spindle formation was
completed within 

 

!

 

15 min after NEB.
In those cells where centrosome separation was incom-

plete at the time of NEB, many chromosomes were positioned
at NEB outside of the region saturated with astral MTs. Never-
theless, these chromosomes consistently developed K-fibers on
those kinetochores that faced away from the centrosomes, and
were thus shielded from astral MTs by the chromosome body
(Fig. 1 B and Video 2). These “distal” K-fibers were observed
in all eight cells, and they first appeared in the vicinity of the
kinetochore (Fig. 2 and Video 3) and then extended outward
away from the centromere region. It was not unusual in cells
that contained multiple distal K-fibers, for the ends of the fibers

to join to form an additional spindle pole lacking a centrosome
(Fig. 1 B). This configuration was usually transient as, one by
one the chromosomes became incorporated into a single bipo-
lar spindle as the ends of their distal kinetochore K-fibers
moved toward one of the centrosomal spindle poles. After all
K-fibers were incorporated into a bipolar spindle (Fig. 1 B) the
cell entered and completed a normal anaphase (not depicted).
Although the duration of prometaphase in these cells was
highly variable, it was usually significantly longer (up to 60
min) than in those cells in which NEB occurred in the presence
of completely separated centrosomes.

The kinetochore-directed formation of K-fibers also oc-
curred on mono-oriented chromosomes positioned close to one
of the spindle poles (Fig. 2). As described above, K-fibers were
seen to grow out of the kinetochore that was shielded from the
proximal centrosome by the chromosome body. Remarkably,
the initial orientation of the growing K-fiber was not toward
the distal centrosome, as would be predicted if fiber formation
was initiated by the capture of an astral MT. Instead, forming
K-fibers initially extended toward the cell’s periphery. At some
point in time they then exhibited a sudden turn, and their free
ends began to migrate toward a centrosome as if they were cap-
tured by astral MTs. On occasion it was possible to detect astral
MTs that approached a growing K-fiber just before it initiated
motion toward a centrosome (i.e., toward a pole; Fig. 2). Im-
portantly, the formation of this distal K-fiber, and its subse-
quent movement toward a spindle pole, transported the chro-
mosome to the spindle equator (Fig. 2; Savoian and Rieder,
2002). The features of this motion were similar to congression
motions that occur after an unattached kinetochore on a mono-
oriented chromosome is captured by an astral MT (Skibbens et
al., 1993; Khodjakov et al., 1997).

Thus far, our data reveal that kinetochores in S2 cells can
form K-fibers by a centrosome-independent mechanism. Does
this kinetochore-driven K-fiber formation also occur on kineto-
chores that are oriented toward a centrosome? This question is
difficult to address because in most cells the astral MT density
makes it impossible to clearly follow how the kinetochore ac-
quires its MTs. However, in highly flattened cells the density
of astral MTs in the vicinity of the chromosomes is signifi-
cantly decreased. This, in turn, decreases the chances of astral
MT capture which allowed us to follow the formation of indi-

Figure 2. Formation of a K-fiber on the distal
kinetochore of a mono-oriented chromosome
leads to chromosome congression. (A–E) Se-
lected frames from a combinational fluores-
cence (top)/DIC (bottom) time-lapse sequence.
This cell contains a mono-oriented chromo-
some (A, bottom, arrow), which is positioned
near the top spindle pole. A K-fiber forms in
association with the unattached kinetochore
that faces away from centrosome-generated
astral MTs (top, arrows). This fiber initially
grows from the kinetochore toward the cell’s
periphery (B and C), but it then suddenly turns
toward the bottom spindle pole and begins to
glide poleward (compare C with D). As the
result of the gliding, the fiber becomes incor-

porated into the spindle, and the chromosome congresses onto the metaphase plate (E). Note that poleward sliding of the fiber is initiated when it interacts
with an astral MT emanating from the bottom pole (arrowheads in C and D). Time is in min:s. Bar, 5 "m.
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Pivoting motion of kinetochore-bound MTs helps 
spindle assembly in higher cells.



What forces act on chromosomes?

Force generation is a key task of the spindle.



Current paradigm

K-fiber

Spindle pole

Kinetochore (KC) Chromatin

Spindle poleOverlap MTs

Cross-linkers

Forces on kinetochores are 
generated only by k-fibers. 



Our hypothesis

Spindle pole

Bridging MTs

Spindle pole

ChromatinKinetochore (KC)

Sister k-fibers are connected by MTs 
in addition to the chromatin spring. 

K-fiber Cross-linkers



Non-kinetochore MTs bridge sister k-fibers

Bridging Microtubule (bMT) Fiber

6

tubulin-GFP CENPB-RFP

2µm

Microtubule fiber spans the region under kinetochores.

HeLa cell
Tubulin-GFP

mRFP-CENP-B bridging fiber



Non-kMTs have been seen near kinetochores in EM

African
blood lily

Jensen et al., J Cell Biol 1982 (lily)
McDonald et al., J Cell Biol 1992 (PtK1)
Ohi et al., Dev Cell 2003 (Xenopus)

Function of these MTs? 



Laser-cutting assay for the study of bridging MTs

Maiato et al., J Cell Biol 2004
Dick and Gerlich, Nat Cell Biol 2013
Sheykhani et al., Cytoskeleton 2013
Sikirzhytski et al., J Cell Biol 2014
Elting et al., J Cell Biol 2014

Similar laser-cutting of k-fibers:

Cut the outermost k-fiber Look at the fast response
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Bridging MTs are connected with k-fibers in HeLa cells

min:s

Janko Kajtez, Anastasia Solomatina



Do bridging fibers contain antiparallel overlaps?
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Bridging fiber contains dynamic MTs
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• Measured geometry of the spindle: 
• spindle length and width
• angles at the spindle pole and at the kinetochore 

• Bending rigidity of the k-fiber and of the bridging fiber
• bending rigidity of a single MT
• number of MTs in the k-fiber and in the bridging fiber

• position of the junction,         ~1 µm away from the KC
• force at the spindle pole,        ~50 pN
• force at the kinetochore,        ~300 pNFK

Theory

Maja Novak
Nenad Pavin
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How important is the bridging fiber for the force balance?

Bridging fiber with more MTs          larger force at the pole
         larger force in the bridging fiber
         faster straightening after the force is released



Cells with thicker bridging fibers

PRC1-GFP 
Tubulin-mCherry 
mRFP-CENP-B

n = 23 ± 5 MTs



What happens with the tension on KCs after cutting?

Prediction: Cutting closer to the KC should result 
in a greater release of tension at KCs.



The distance between KCs decreases after cutting

3 Results

and the stored elastic potential energy of the bent microtubule fiber is converted

into kinetic energy in an attempt of the fiber to straighten out. Our experiments

support this claim as the straightening of both the ablate stub and the intact k-fiber

was observed as the response to k-fiber severing. Force that drives the motion after

ablation is balanced in the intact fiber through the fixed anchoring at the spindle

pole.

3.2.2 Kinetochores are under tension

Just as the motion of the spindle element away from the spindle center indicates

the presence of compressive forces along the k-fiber, movement of sister kinetochores

relative to each other gives us information about the forces acting in the centromeric

region. According to our predictions, we observed that following k-fiber ablation

sister kinetochores move towards each other (Figure 12a). In order to follow the

response of the kinetochore pair to the force disruption in all the ablated cells, the

position of each outermost sister kinetochore was tracked using tracking software

developed in-house [53]. Analysis of this data revealed that in 84% (43/51) of ablated

Figure 12: a) Time laps images of HeLa metaphase spindle following the ablation with the
focus on interkinetochore distance. White circles mark the position of the two outermost
sister kinetochores. The interkinetochore distance clearly decreases after laser ablation
(marked by white triangle) implying the centromeric region was stretched prior to ablation.
Maximum projection of two planes. Bars, 1 µm. b) Interkinetochore distance normalized
to the value at the moment of the cut as a function of time. Distance between sister
kinetochres decreases in majority of cells. Grey line and light green area mark mean and
standard deviation respectively.

cells the distance between sister kinetochores decreased within the first frame after

the accompanying k-fiber was ablated (Figure 12b). This confirms that, prior to
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Bridging microtubules link sister k-fibers 
and balance the tension on kinetochores.

Conclusion
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