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The metaphase spindle is organized for accurate chro-
mosome segregation. One of the fundamental features of 
the spindle across the species is its symmetrical shape; 
the spindle consists of two polar arrays of microtubules 
at both ends. Although it has been suggested that the for-
mation of the bipolar shape requires force balance coor-
dination by molecular motors, i.e., kinesins and dyneins, 
quantitative analysis for the pole mechanics has not been 
conducted. Here, we demonstrate that it is not only the 
shape but also the stiffness and microtubule density of 
the pairs of pole regions are symmetrically balanced in 
single spindles self-assembled in Xenopus egg extracts. 
We found that the inhibition of dynein functions dramat-
ically reduced the stiffness and microtubule density in 
the pole region. By contrast, the inhibition of one of the 
kinesins, Eg5, which is the antagonistic motor protein of 
dynein, increased the value of these parameters. More-
over, the inhibition of both dynein and Eg5 recovered 
these parameter values to those of non-treated spindle 
poles. We also found that, when one pole structure was 
held widened with the use of two glass microneedles, the 
opposite pole structure spontaneously widened, resulting 
in the formation of the barrel-like shaped spindle. The 

values of stiffness and microtubule density in the manip-
ulated pole region decreased, following the spontaneous 
decrement of those in the paired unmanipulated pole 
region. These results suggest that the spindle possesses a 
mechanism to dynamically maintain its symmetry in 
mechanical properties.
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The spindle pole consists of microtubules, molecular motors 
including kinesins and dyneins, and various microtubule- 
associated proteins (MAPs) [1,2]. The spindle poles main-
tain their shape during metaphase, although pushing and 
pulling forces are applied at every moment by microtubule 
polymerization and depolymerization, and by molecular 
motors [3]. Morphological abnormality of the pole causes 
chromosome aberration [4‒6], thus the pole structure must 
be sufficiently rigid to endure those forces.

Recently, quantitative analyses of the micromechanics 
for the overall spindle structure have been conducted by 
examining the responses of the spindle to mechanical per-
turbations using cantilevers or glass microneedles [7‒10]. 
 Shimamoto et al. [8] showed that the elasticity of the overall 
spindle structure was dramatically reduced when the pole 

Although spindle pole structure has been suggested to determine the mechanical properties of the overall spindle structure, quantitative analysis 
for the pole mechanics has not been performed. Here, we demonstrate that the mechanical properties including shape, stiffness and microtubule 
density of pairs of pole regions are symmetrically balanced in single spindles. We found that, when the one pole region was widened with two 
microneedles, the other pole region was spontaneously widened to form a barrel-like shape. These results suggest that the spindle symmetry in 
mechanical properties is dynamically maintained.
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reported previously [10]. The movement of the needles was 
controlled by two micromanipulators (MHW-3, Narishige), 
one of which was equipped with a piezo actuator (P-841.20, 
PI Japan, Tokyo, Japan). In all of the experiments, the stiff 
needle was moved at 1 μm/sec. The stiffness of a pair of pole 
regions was measured as follows: after the measurement of 
one pole region, that of the other was measured within 1 min. 
Similarly, the stiffness of the pole region was measured 
within 1 min after the measurement of the stiffness of the 
midzone region. Note that, when the midzone stiffness was 
measured, the pole stiffness measurement was taken in only 
one pole region, not in two pole regions. This is because it is 
difficult to quickly conduct three successive stiffness mea-
surements (two pole regions and one midzone region) in a 
single spindle.

Egg extracts containing metaphase spindles were spread 
onto a siliconized coverslip (custom ordered, Matsunami 
Glass, Osaka, Japan) coated with Pluronic F-127 (P2443, 
Sigma-Aldrich, St. Louis, Missouri, USA) as reported previ-
ously [10,13]. The extracts were covered with mineral oil 
(M-5310, Sigma-Aldrich) to prevent evaporation [10,13,14].

Microscopy and image analysis
Fluorescence and bright field images were acquired 

using a charge-coupled device (CCD) camera (AxioCam 
MRm, Carl Zeiss, Oberkochen, Germany) and an upright 
microscope (Axio Imager, Carl Zeiss) equipped with a 40× 
objective (0.75 NA, Carl Zeiss), or a Hamamatsu ORCA-AG 
CCD camera (Hamamatsu Photonics, Shizuoka, Japan) or 
an electron multiplying EM-CCD camera (iXon EM+, 
Andor Technology, Belfast, UK) mounted on an inverted 
microscope (IX71, Olympus, Tokyo, Japan) with a 60× 
UPlanSApo lens (1.35NA, Olympus) and a confocal scan-
ning unit (CSU10, Yokogawa, Tokyo, Japan). AxioCam 
MRm camera was used to acquire the images of the spindles 
shown in Supplementary Figure S2A. Hamamatsu ORCA AG 
and iXon EM+ cameras were used for acquiring the images 
of the spindles and the needles during the measurement of 
the stiffness. Note that, for the measurement of microtubule 
density, only iXon EM+ camera was used for acquiring the 
images. Image acquisition was performed with Andor iQ 
software (Andor Technology). For time-lapse observation, 
images were acquired over 10 sec, and three-dimensional 
(3D) scanning was usually performed every 5 min. To visu-
alize spindles, we added ~20 μg/ml of either tetramethyl-
rhodamine (C-1171, Life Technologies, Carlsbad, CA, USA) 
or Alexa-488 (A-20000, Life Technologies) -labeled tubulin 
[15], or both, depending on the experiment, to the extracts. 
Microtubule density was estimated from the fluorescence 
intensity measured by 3D observation of a spindle, as reported 
in our previous work [10,13]. We adopted the same defini-
tion for the boundary of the spindle as that in our previous 
works; in the fluorescence images, we defined a voxel where 
the fluorescence intensity was at least 1.5 fold that of cyto-
plasm to be a voxel where the spindle microtubules exist. 

structures were disrupted by inhibition of the dynein func-
tions, however, interestingly when the pole structures were 
restored by additional inhibition of Eg5 (a tetramer of 
 kinesin-5) activities, the elasticity of the overall spindle 
structure was recovered compared to that in the absence of 
the inhibitors. Thus, the mechanical properties can be estab-
lished by multiple, possibly redundant, mechanisms.

Those mechanical perturbation experiments clarified the 
spindle micromechanics quantitatively, and moreover, they 
demonstrated the unique spindle responses to external forces. 
That is, when the spindle width was reduced by cantilever- 
induced compression, the spindle length spontaneously 
decreased, so that its aspect ratio recovered to that of unper-
turbed spindles [7,9]. When the spindle length was extended 
by applying the stretching force with a pair of glass micro-
needles, the spindle width decreased. After the stretching, 
the width spontaneously increased and the original spindle 
shape was nearly recovered [9,10]. Taken together, although 
the mechanism has not yet been clarified, the spindle intrin-
sically possesses the characteristics of maintaining its shape 
and size so as to adapt to external forces.

Contrary to the micromechanics and mechanical responses 
of the overall spindle structure, those of the pole structure 
remain elusive. In this study, using glass microneedles, we 
examined the micromechanics and mechanical response of 
the pole regions in metaphase spindles that were self- 
assembled in Xenopus egg extracts. Unlike the spindles 
organized in somatic cells, these spindles can self-assemble 
in the egg extract without centrosomes, providing a unique 
context for studying the roles of molecular motors in the 
pole mechanics.

Materials and Methods
Spindle assembly in Xenopus egg extracts

Xenopus egg extracts were prepared as reported previ-
ously [11]. The extracts were arrested at metaphase, and then 
entered into interphase by the addition of CaCl2 at 0.3 mM. 
Demembranated Xenopus sperm nuclei were incubated in 
the interphase extracts for 80 min, and they formed inter-
phase nuclei. After the addition of fresh metaphase extracts, 
these extracts were incubated for 1 h to organize metaphase 
spindles. All experiments were conducted at 20 ± 2°C. All 
procedures conformed to the “Guidelines for Proper Con-
duct of Animal Experiments” approved by the Science 
Council of Japan, and were performed according to the reg-
ulations for animal experimentation at Waseda University.

Micromanipulation of spindles
Glass microneedles were fabricated by pulling glass rods 

(G1000, Narishige, Tokyo, Japan) using a capillary puller 
(PC-10, Narishige) and a microforge (MF-900, Narishige). 
The diameter of the needle tip was 1‒2 μm. A flexible needle 
(0.3–1.0 nN/μm) was created and calibrated as described 
previously [10,12]. These needles were not passivated as 
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width and length of the pole region, respectively. (See also 
Fig. 1 legend for the definition of these parameters in greater 
detail, and Supplementary Fig. S1 for microscopic images of 
the typical spindles with various aspect ratios and the γ val-
ues of the pole region). These quantitative analyses revealed 
that the aspect ratio and the γ value of the pole region were 
0.51 ± 0.08 and 1.31 ± 0.09, respectively (mean ± S.D., Fig. 
1B, C), i.e., the pole 2D shape was analogous to an ellipse. 
We defined a normally-shaped spindle as the spindle of 
which the aspect ratio and the γ value were within the 
mean ± 3.0 S.D.; that is, the aspect ratio is 0.27‒0.75 and the  
γ value is 1.04‒1.58. No significant difference was detected 
between the pair of pole regions of an individual spindle 
(p > 0.5 for the aspect ratio and p > 0.05 for the γ value by 
Student’s t-test). These results indicate that elliptically- 

The spindle size and the displacement of the needles were 
determined by ImageJ (National Institute of Health, 
Bethesda, MD). The statistical significance of the data was 
evaluated by Mann–Whitney U test for Figure 3C and Sup-
plementary Figure S3F, and Student’s t-test for the other 
 figures. This is because the distributions of the stiffness of 
the pole and midzone regions were not Gaussian distribu-
tions (checked by the  normality test).

Biochemical perturbations
The coiled-coil domain 1 (CC1) of dynactin sidearm sub-

unit (p150), referred to as p150-CC1 (a dynein inhibitor), 
was prepared as described previously [16]. p150-CC1 was 
added to the extracts immediately after adding fresh meta-
phase extracts, because the addition of p150-CC1 at this 
 timing is the most effective to suppress pole-focusing func-
tion of dynein [17]. Monastrol (an Eg5 inhibitor; M8515, 
Sigma-Aldrich) was added to the extracts 1 h after adding 
fresh metaphase extracts. The extracts were incubated at 
16°C for 30 min after the addition of monastrol so that the 
effect of monastrol was saturated. We added these inhibitors 
in this sequence to examine the effects of dual inhibition of 
dynein and Eg5.

Results and Discussion
Definition of the pole region and quantitative evaluation 
of the spindle shape symmetry

We first examined whether or not a pair of pole structures 
in a spindle is symmetrically organized in shape. Although 
various MAPs localize near the spindle pole, the boundary 
between the pole and midzone structures is difficult to pre-
cisely determine according to the difference of their compo-
sitions (the boundary has not been quantitatively defined). 
This is because the distribution of pole-localized MAPs, 
which characterize the mechanical and biochemical prop-
erties of the poles, gradually changes from the pole to the 
equatorial plane [1]. Hence, to investigate whether the 
boundary could be defined by the shape, we measured the 
width of spindles at 5‒50% of spindle length away from the 
poles (the position at 50% of spindle length is the equatorial 
plane of the spindle). We found that the slope of the distance 
from the pole versus width plots changed when the distance 
from the pole is at 20% (Fig. 1A). The previous work showed 
that the velocity of microtubule flux (continuous transloca-
tion of the spindle microtubules in the direction from the 
equatorial plane of the spindle to the pole), is significantly 
decreased in this region [18]. Accordingly, we defined the 
region within 20% of the spindle length from the pole as the 
“pole region”. To characterize the shape of this pole region, 
we calculated the aspect ratio and γ value of the pole region, 
which depict the ratio of the width to the length of the pole 
region, and the geometrical shape of the pole region in two 
dimensions (2D), respectively (γ value of the pole region is 
calculated as S/(Wp×Lp)×2, where S, Wp and Lp are the area, 

Figure 1 A pair of poles of a spindle is symmetric in shape. (A) 
The spindle width at 5‒50% of spindle length away from the pole (left), 
and definitions of pole width Wp, pole length Lp and pole area S of the 
pole region (right). In the left panel, the distance from the pole end is 
normalized with L (pole-to-pole distance), and each plot includes 28 
spindles (error bars, ±S.D.). The orange and blue lines indicate the lin-
ear fit (slope: 0.47 and 0.14) for the plots of 5‒20% and 20‒50% of 
spindle length away from the pole, respectively. In the right panel, scale 
bar: 10 μm. (B, C) Comparison of the aspect ratio (B) and γ (C) between 
pairs of pole regions in single spindles. The aspect ratio and γ of pole 
regions were calculated as Wp/Lp and S/(Wp×Lp)×2, respectively. The 
numbers 1 and 2 for the pole region labeled on the abscissa and ordi-
nate represent the left and right pole regions in single spindles, respec-
tively. The mean ± S.D. of the aspect ratio and γ value of pole regions 
were 0.51 ± 0.08 and 1.31 ± 0.09, respectively (n = 78 poles of 39 spin-
dles). The r indicates the correlation coefficient. Schematic illustrations 
in (C) represent the spindle shape having the corresponding γ values. If 
the value of γ is 1.0 or 1.57, the pole shape is analogous to a triangle or 
a half circle, respectively. If the value of γ is between 1.0 and 1.57, the 
pole shape is analogous to a half ellipse.
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Roles of motor proteins in the mechanical properties of 
the pole regions

We next investigated the role of dynein on the stiffness of 
the pole region and the shape symmetry. Dynein forms a 
complex with dynactin to crosslink overlapping microtubules 
and transport MAPs towards the spindle pole [1,19]. There-
fore, the disorganized pole structure under the suppression 
of dynein functions [17] (Supplementary Fig. S2A middle) 
is thought to result from the loss of the crosslinking force on 
microtubules. Although we tried to measure the stiffness of 
the pole region of the spindles under complete inhibition of 
dynein functions, the pole structure (Supplementary Fig. S2A 
middle) was too weak to detect the deflection of the flexible 
needle during the widening. Therefore, we decided to mea-
sure the stiffness of the pole region under partial inhibition 
of dynein functions. We found that, while the pole structures 
of over 90% of spindles were collapsed with 400 nM p150- 
CC1 (γ≃2.0), about 75% of spindles maintained their nor-
mal bipolar shape with 100 nM (Supplementary Fig. S2B 
left). Thus, we decided to measure the stiffness of pole regions 
of the normally shaped spindles in the presence of 100 nM 
p150-CC1 (i.e., we measured the stiffness of pole regions in 
the spindles having the aspect ratio and the γ value of the 
pole region which were equal to those of non-treated spin-
dles). We found that, even though the pole shape of the spin-
dles was indistinguishable from a non-treated spindle (Fig. 
3A, B left) and the shape symmetry of these spindles was 
retained (correlation coefficient r = 0.48 for aspect ratio and 
0.53 for γ, n = 35 spindles; Fig. 3A, B left), the mean stiffness 
of the pole region was reduced by 73% (0.84 to 0.23 nN/μm, 
Fig. 3C). The symmetry of the reduced stiffness of the pole 
region was maintained (correlation coefficient r = 0.60, Fig. 
3D). The reduction of the stiffness of pole regions should 
reflect the loss of the crosslinking force between microtu-
bules. Therefore, these results suggest that the spindle poles 
can adapt to the change of forces applied to their structure, 
so that their shape and symmetry are maintained.

Complete inhibition of dynein functions dramatically 
changed the pole shape, but not the spindle width (Supple-
mentary Fig. S2A middle). Therefore, we assumed that the 
inhibition of the dynein function may be less effective on the 
stiffness of the midzone. To test this assumption, we mea-
sured the stiffness of the midzone region in the presence of 
100 nM p150-CC1. The midzone region was defined as the 
region within ± 10% of the spindle length from the spindle 
equatorial plane. The stiffness of the midzone region was 
measured by widening this region using the stiff and flexible 
needles (Supplementary Fig. S3A). Similar to the stiffness 
of the pole region, the stiffness of the midzone region was 
not dependent on the spindle size (Supplementary Fig. S3B, 
C) or the pole shape (Supplementary Fig. S3D, E). We found 
that, while suppressing dynein function reduced the mean 
stiffness of pole regions by 73% (0.84 to 0.23 nN/μm, Fig. 
3C), it decreased the mean stiffness of the midzone region 
by 50% (0.49 to 0.24 nN/μm, Supplementary Fig. S3F, G). 

shaped poles were formed symmetrically in a spindle.

Mechanical properties of the pole regions
We next examined the mechanical properties such as the 

elastic stiffness of the pole region and investigated whether 
or not a pair of pole regions possesses equal stiffness in a 
spindle. Because the spindle pole is mainly composed of 
microtubules and crosslinking proteins, the elastic stiffness 
of pole regions should be determined by the rigidity of 
microtubules, and the spring constant of crosslinking pro-
teins (therefore, the stiffness of pole regions should be 
enhanced by increasing microtubule density). To measure 
the elastic stiffness of pole regions, a stiff glass microneedle 
and force-calibrated flexible glass microneedle were inserted 
into one side of the pole region, and this pole region was 
widened by moving the stiff needle at 1 μm/sec (Fig. 2A–C 
and Supplementary Movie). Immediately after widening of 
the pole region and measuring the elasticity in one side, 
these two needles were removed from this pole region (the 
first pole region), and inserted into the opposite side pole 
region (the second pole region) to widen in a similar fashion. 
The measurement of the stiffness of the second pole region 
was performed within 1 min after the measurement on the 
first pole region. Notably, the pole region widened in this 
process started to become narrow just after the removal of 
the needles, and then it recovered to its original shape within 
a few seconds (see the left pole in the Supplementary Movie), 
suggesting that our deformation procedure did not disrupt 
the pole structure. The force applied to the pole region during 
the widening could be estimated from the deflection of the 
force-calibrated flexible needle. We defined the stiffness as 
the force required to increase the unit distance between these 
two needles. In all experiments, the force was linearly ele-
vated until the distance between the two needles d reached 
2 μm (Fig. 2D), indicating that the pole structure was predom-
inantly elastic for the time period during this deformation 
(<10 sec) and at this displacement rate (i.e., the displacement 
rate of the stiff needle, 1 μm/sec), which was consistent with 
our previous work [8]. Accordingly, we judged that this dis-
placement rate is suitable to measure the elastic stiffness, 
and we calculated the stiffness from the slope of d versus 
force plots in which d ranged from 0 to 2 μm. Probably due 
to such a small deformation, the stiffness of the pole region 
was not dependent on the spindle size (Fig. 2E, F) or the pole 
shape (Fig. 2G, H). The stiffness of the pole region was esti-
mated to be 0.84 ± 0.40 nN/μm (mean ± S.D., n = 39 poles  
of 39 spindles), the magnitude of which is comparable with 
that of the spindle stiffness reported in our previous works 
[7,8,10]. We found that the stiffness of a pair of pole regions 
in a spindle is nearly equal (Fig. 2I). This result suggests that 
a pair of pole regions in a spindle is symmetrical regarding 
the mechanical property.
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Figure 2 Stiffness of a pair of pole regions is symmetrical in a spindle. (A) Schematic illustration and (B) microscopic images of the spindle 
and glass microneedles during measurement of the stiffness of the pole region. In (B), SN and FN in the left image indicate stiff and flexible needles, 
respectively. The right image is the kymograph of the region within the yellow box in the left image. In the left image, scale bar: 10 μm. In the 
kymograph, scale bars: 10 μm (vertical) and 4 sec (horizontal). (C) Time courses of the displacement of the stiff needle and the distance between 
two needles d, obtained from the manipulation experiment shown in (B). In the left panel, red plots indicate the force estimated from the deflection 
of the flexible needle, and black plots denote the displacement of the stiff needle. (D) The relationship between d and force determined from the 
deflection of the flexible needle shown in (B). The grey line indicates the linear fit for the plots in the region where d was 0‒2 μm. The stiffness of 
the pole region was calculated from the slope of the d versus force plot in the region where d was 0‒2 μm, because the force had a linear correlation 
with d in this region. (E‒H) The dependencies of the stiffness of the pole region on spindle length (E), spindle width (width at the equatorial plane 
of the spindle) (F), the aspect ratio of the pole region (G) and γ (H) of the pole region. The r indicates the correlation coefficient. We examined n = 39 
poles of 39 spindles (one pole of each spindle). (I) Comparison of the stiffness between pairs of pole regions in single spindles. The numbers 1 and 
2 for the pole region labeled on the abscissa and ordinate represent the left and right pole regions in single spindles, respectively.
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Eg5 recovered the pole structures [22]. This fact implicates 
that Eg5 and dynein antagonistically contribute to the pole 
formation, i.e., in contrast to dynein, Eg5 might weaken the 
stiffness of the pole region [23]. To verify this implication 
quantitatively, we measured the stiffness of the pole region 

This result could reflect the difference of the distribution of 
crosslinking proteins between the pole and midzone regions 
[1,17,20,21].

Complete inhibition of dynein functions disorganized the 
pole structures, but the additional inhibition or depletion of 

Figure 3 Dynein and Eg5 are involved in the maintenance of the mechanical strength of spindle poles. In all panels, blue, green and orange 
colors represent p150-CC1- (dynein inhibitor), monastrol- (Eg5 inhibitor) and p150-CC1 and monastrol-treated spindles, respectively. (A, B) Com-
parison of the aspect ratio (A) and the γ value (B) between pairs of pole regions in single spindles in the presence of p150-CC1 and monastrol. The 
numbers 1 and 2 for the pole region labeled on the abscissa and ordinate represent the left and right pole regions in single spindles, respectively. 
Mean ± S.D. is shown in the upper left corners (the mean ± S.D. with the asterisk means that the value is significantly different from that of non-
treated spindles, p < 0.05 by Student’s t-test). Closed circles represent the mean values. (C) The stiffness of the pole region in the presence of inhib-
itors. Solid lines indicate the mean values. Mean ± S.D.; 0.84 ± 0.40 (non-treated), 0.23 ± 0.14 (p150-CC1), 1.12 ± 0.44 (monastrol) and 0.81 ± 0.41 
(both p150-CC1 and monastrol). n = 39 (non-treated), 18 (p150-CC1), 44 (monastrol) and 40 (both p150-CC1 and monastrol) spindles. n.s. (not 
significant): p > 0.1 by Mann–Whitney U test. (D) Comparison of the stiffness between pairs of pole regions in single spindles. n = 26 (non-treated), 
15 (p150-CC1), 15 (monastrol) and 11 (both p150-CC1 and monastrol) spindles. The correlation coefficients are 0.82 (non-treated), 0.60 (p150-CC1), 
0.44 (monastrol) and 0.80 (both p150-CC1 and monastrol). The plots represent mean values (error bars, ± S.D.). The r indicates the correlation 
coefficient.
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change (non-treated: r = 0.64; Fig. 1B, treated with both 
inhibitors: r = 0.69; Fig. 3A orange plots), that of γ value of 
the pole region dramatically decreased (non-treated: r = 0.48; 
Fig. 1C, treated with both inhibitors: r = 0.09; Fig. 3B orange 
plots). This fact means that the shape symmetry of the spin-
dle was disrupted, compared to the non-treated spindles. 
Inhibition of either dynein or Eg5 did not break the shape sym-
metry (Fig. 3B), so this result implies that the shape symme-
try is maintained in a redundant manner, that is, dynein and 
Eg5 can compensate for each other to robustly sustain the 
shape symmetry. We found that the stiffness of dual-inhibited 
spindle pole regions (0.81 ± 0.40 nN/μm, mean ± S.D., n = 40 
poles of 40 spindles) was nearly equal to that of non-treated 
spindle pole regions (0.84 ± 0.40 nN/μm, Fig. 3C). Contrary 
to the stiffness of the pole region, the stiffness of the mid-
zone region under the dual inhibition (0.78 ± 0.40 nN/μm) 
was significantly higher than the stiffness of the non-treated 
spindle midzone region (0.49 ± 0.32 nN/μm, Supplementary 
Fig. S3F, G). This could be explained from the results that 
the effects of p150-CC1 and monastrol on the stiffness differ 
between the midzone and pole regions (Fig. 3C and Supple-
mentary Fig. S3F, G). Taken together, dynein and Eg5 have 
an antagonistic relationship, that is, dynein and Eg5 function 
to stiffen and weaken the pole structure, respectively.

Relationship between the stiffness and microtubule 
density of the pole region

Inhibitor treatment experiments demonstrated that, whereas 
dynein inhibition weakened the pole structure, Eg5 inhibi-
tion stiffened the pole structure. Meanwhile, the stiffness of 
the overall spindle structure increased with the microtubule 
density [8]. The previous report raises another possibility 
that the inhibitor-induced changes of the crosslinking 
dynamics could modulate the microtubule density in the pole 
region, leading to the changes in the stiffness of pole regions 
as detected in the present experiments. To determine whether 
or not 100 nM p150-CC1 and 25 μM monastrol change the 
microtubule density in the pole region, we measured the 
tubulin density in the spindle as we previously reported: we 
performed a 3D observation of a spindle and measured the 
volume of the pole or midzone region V, and the amount of 
tubulin in the pole or midzone region M based on the fluo-
rescence intensity of the fluorescent labeled tubulin incorpo-
rated into the microtubules [10,13]. We estimated the mean 
density (D) of microtubules in the pole and midzone regions, 
according to D = M/V. Note that the density of microtubules 
we estimated was a relative value and not the actual value. 
We found that the D value in the pole region changed in a 
similar manner to the stiffness of the pole region, namely, 
dynein inhibition decreased the mean value of D by 25% (79 
to 59 a.u./μm3), Eg5 inhibition increased it by 43% (79 to 
113 a.u./μm3), and dual inhibition recovered D to the value 
of the non-treated spindle poles (79 to 79 a.u./μm3, Fig. 4A). 
The D value was nearly equal in the two pole regions of 
individual spindles, independent of the presence of the inhib-

in the presence of an Eg5 inhibitor (monastrol) which alloster-
ically prohibits Pi release from Eg5, leading to a loss of its 
sliding force (Supplementary Fig. S2A top) [24,25]. To avoid 
the effects of the monastrol-induced shape change on our 
stiffness measurement (generally, the spring constant depends 
on the shape), we sought to first determine the appropriate 
concentration of monastrol where spindles maintain their 
bipolar shape, similar to the p150-CC1-treatment experiments. 
We found that, while over 90% of spindles were monopolar 
at 100 μM monastrol, about 75% of spindles maintained their 
bipolar shape at 25 μM (Supplementary Fig. S2B right). Thus, 
we decided to measure the stiffness of pole regions in the 
presence of 25 μM monastrol. The shape symmetry was main-
tained (correlation coefficient r = 0.72 for the aspect ratio 
and 0.43 for γ, Fig. 3A, B middle). On the other hand, com-
pared with non-treated spindles, the γ value of pole regions 
did not change (p > 0.3, Fig. 3B), but the aspect ratio of pole 
regions was markedly decreased from 0.51 to 0.47 (p < 0.05, 
 Student’s t-test, Fig. 3A). We considered that this difference 
did not significantly affect our measurement of the stiffness, 
because the stiffness of the pole region was independent of 
the aspect ratio of the pole region (Fig. 2G). As expected, the 
inhibition of Eg5 with monastrol enhanced the mean stiffness 
of pole regions by 33% (0.84 to 1.12 nN/μm, Fig. 3C), and the 
symmetry in the pole stiffness was retained (r = 0.44, Fig. 
3D). In the presence of 25 μM monastrol, the flux velocity of 
microtubules was about one-half of that in non-treated spin-
dles [26], thus the stiffness of the pole region might be 
enhanced by lowering the fluidity of spindle microtubules, 
as shown in actomyosin networks [27]. In this context, 
monastrol is more effective in the midzone region, because 
the velocity of the microtubule flux in the midzone region is 
higher than that in the pole region [18]. The degree of the 
monastrol-induced increment of the stiffness of the midzone 
region (83%; 0.49 to 0.89 nN/μm, Supplementary Fig. S3F, 
G) was consistently higher than that of the pole region.

Additional inhibition of Eg5 with dynein recovered not 
only the pole shape, but also the stiffness of the overall 
 spindle structure [8]. This result suggests that, although the 
mechanism is unclear, the formation of the spindle pole may 
be closely related to the elasticity of the whole spindle. 
However, whether or not the stiffness of the pole region 
itself is also restored under the dual inhibition of dynein and 
Eg5 remains unknown. To resolve this question, we quanti-
tatively analyzed the pole shape and measured the stiffness 
of the pole region in the presence of 100 nM p150-CC1 and 
25 μM monastrol. The mean aspect ratio of the pole region 
was slightly changed under the dual inhibition (0.51 to 0.48, 
Fig. 3A right), but we concluded that the effects of such a 
shape difference on the stiffness of the pole region can be 
disregarded based on the same reason as under the suppres-
sion of only Eg5 (i.e., the stiffness of the pole region was 
independent of the aspect ratio of the pole region ranging 
from 0.27 to 0.75, Fig. 2G). While the correlation coefficient 
r of the aspect ratio of the pole regions did not significantly 
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Maintenance of the spindle symmetry of the mechanical 
properties and the shape

We have elucidated that the shape, stiffness and micro-
tubule density of a pair of pole regions are symmetrical in an 
individual spindle. To examine whether or not such symme-
try is dynamically balanced, we widened one pole region 
using two glass microneedles, maintained it in the widened 
state and investigated how the shape, stiffness and micro-
tubule density in the other pole region change. It is note-
worthy that, an additional stiff needle was placed on the 
unmanipulated pole region during the widening to avoid 
incline of the spindle from the focal plane. We found that, 
when one pole region (manipulated pole region) was held in 
the widened state (Fig. 5A 0 min, 5B left), the other pole 
region (unmanipulated pole region) was spontaneously 
 widened to form a barrel-like shape (Fig. 5A 11 min, and 5B 
left). When the barrel-like shaped spindle was formed, the 
ratio of the γ value of the unmanipulated pole region to that 
of the manipulated pole region was 1.00 ± 0.13 (mean ± S.D., 
n = 15 spindles), indicating that the spindles were organized 
in the symmetric structures, and had thereby adapted to the 
asymmetrical deformation by the external force.

The spindles spontaneously escaped from the inserted 
needles, as reported previously [29]. Within 10 min after the 
escape from the needles, the manipulated pole structure was 
restored (Fig. 5A 21 min, 5B left). Following the restoration 
of the manipulated pole structure, the unmanipulated pole 
structure also recovered, leading to the organization of the 
bipolar shape (Fig. 5A 43 min, 5B left). The shape recovery 
of these pole structures was similar to the fusion of two 
 spindles shown in previous works [13,30]. The fusion is 
mediated by dynein [30], so the shape recovery could be 
driven mainly by this motor protein. It is not only the pole 
shape, but also the microtubule density in the pole region 

itors (Fig. 4B). If the stiffness of the pole region is dependent 
only on the microtubule rigidity, the stiffness would increase 
linearly with microtubule density D [28]. To examine this 
possibility, we tried to fit the stiffness versus the microtubule 
density relationship (Fig. 4C) with Db, and determined the 
value of b. As a result, the best fit value of b was 1.91, which 
was consistent with the previous work [12]. This suggests 
that the stiffness depends not only on the microtubule rigid-
ity but also on the crosslinking proteins [28]. In the case of 
dynein inhibition, p150-CC1 reduced the number of cross-
linking proteins, which directly decreased the stiffness of the 
pole region. Additionally, the p150-CC1-treatment lowered 
the D value, which also contributed to the decrement of the 
stiffness.

Considering our result that the stiffness was dependent on 
crosslinking proteins (Fig. 3C, D and Supplementary Fig. 
S3F, G), the difference in the stiffness between pole and 
midzone regions could be attributed to the difference of the 
distributions of crosslinking proteins between the two regions. 
In fact, although the microtubule density D in the midzone 
region was nearly equal to that in the pole region (Supple-
mentary Fig. S4; the pole region: 79 ± 12 a.u./μm3, the mid-
zone region: 78 ± 16 a.u./μm3, n = 14 spindles), the stiffness 
of the midzone region was significantly lower than that of 
the pole region (Supplementary Fig. S3G, the pole stiffness: 
0.84 ± 0.34 nN/μm, the midzone stiffness: 0.49 ± 0.32 nN/μm, 
n = 39 spindles). Inhibitor-treated spindles showed similar 
results (Supplementary Fig. S3G and S4). This stiffness 
differ ence is not likely derived from the shape difference 
between the pole and midzone regions, because the stiffness 
of both regions is independent of the spindle shape (Fig. 2E, 
F and Supplementary Fig. S3B, C). Rather, this result sup-
ports our conclusion that crosslinking proteins significantly 
contribute to the stiffness.

Figure 4 Dynein and Eg5 regulate microtubule density in the pole region. In all panels, black, blue, green and orange colors represent non-
treated, p150-CC1, monastrol and both of p150-CC1 and monastrol-treated spindles, respectively. (A) Microtubule density D in the pole region: 28 
poles of 14 spindles (non-treated), 16 poles of 8 spindles (p150-CC1), 16 poles of 8 spindles (monastrol) and 20 poles of 10 spindles (both 
p150-CC1 and monastrol). n.s. (not significant): p > 0.1 by Student’s t-test. (B) Comparison of microtubule density D between pairs of pole regions 
in single spindles. The numbers 1 and 2 for the pole region labeled on the abscissa and ordinate represent the left and right pole regions in single 
spindles, respectively. n = 19 spindles (non-treated), 8 spindles (p150-CC1), 8 spindles (monastrol) and 10 spindles (both p150-CC1 and monastrol). 
Error bars, ± S.D. (C) Relationship between microtubule density D and the stiffness of the pole region. The solid curve indicates the best fit by the 
stiffness (= a×Db where a = 1.34×10–4 and b = 1.91).
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Because the microtubule density was closely related to the 
stiffness of the pole region (Fig. 4C), we expected that the 
stiffness of the manipulated pole region would decrease by 
the widening, and that of the unmanipulated pole region 
would also decrease. As expected, when the barrel-like shaped 
spindle was formed by keeping one pole region in the wid-
ened state for ~10 min, the stiffness of this manipulated pole 
region reduced (Fig. 5D open circles), and that of the unma-
nipulated pole region became nearly equal to that of the 
manipulated pole region (Fig. 5D closed circles). Note that, 
we did not measure the stiffness of the unmanipulated pole 
region before the widening of the manipulated pole region, 
because the deformation of the pole region reduces its stiff-
ness as seen in the manipulated pole region. Therefore, we 

exhibited the similar results. Keeping the widened state with 
the needles reduced the microtubule density in the manip-
ulated pole region (Fig. 5B right 0 min). Following this 
reduction, the microtubule density in the unmanipulated pole 
region also decreased (Fig. 5B right 5 min, see two other 
examples in Supplementary Fig. S5). This result implies 
that the unbinding of crosslinking proteins due to the forc-
ible widening of the interaction space of the crosslinking 
proteins is sequentially transmitted from the manipulated 
pole to the unmanipulated pole region along the pole-to-pole 
axis. This consideration is supported from the fact that the 
time period required for the spindle to recover the symmetri-
cal shape, i.e., a barrel-like structure, was proportional to the 
spindle length but not to the width (Fig. 5C).

Figure 5 A pair of pole regions in a single spindle is symmetrically balanced in the shape, stiffness and microtubule density. (A) Time-lapse 
images of the spindle which was held asymmetrically deformed for ~10 min. In the 0 min image, the two orange rods indicate the glass microneedles 
for the widening, and the blue rod represents the microneedle positioned to avoid incline of the spindle from the focal plane). 0 min: the timing of 
the start of the widening, Scale bar: 10 μm. (B) Time courses of the γ value (left panel) and the microtubule density D in the pole regions (right panel) 
in the spindle shown in (A). (C) The relationship between the spindle width (left panel), spindle length (right panel) and the time period from the 
widening to the timing when the γ value of the unmanipulated pole region became the maximum value during the observation (at this timing, all 
spindles formed the barrel-like shape as in (A)). n = 15 spindles. (D) The stiffness of the pole region before and after the widening of only one pole 
structure in a single spindle. The same colors indicate the same spindle (e.g., the black open and closed circles indicate the stiffness of the manipu-
lated and unmanipulated pole regions, respectively, in a single spindle). n = 4 spindles.
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of proteins regulating the microtubule density have been 
identified in addition to dynein and Eg5, for example, Kif2a, 
MCAK, Augmin, Op18, etc. [17,31‒33]. These proteins may 
also be involved in the mechanism of symmetry mainte-
nance of spindles, which will need to be clarified in future.
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