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Introduction
Both kinetochore microtubules (MTs [kMTs]) and nonkMTs in 

mitotic and meiotic bipolar spindles of higher eukaryotes ex-

hibit poleward translocation or fl ux (Rogers et al., 2005). Most 

kMTs normally extend the full length of the kinetochore fi ber 

from their plus end attachment sites at kinetochores to minus 

end anchorage sites at spindle poles (McDonald et al., 1992). 

In animal cells, the fl ux of kMTs is coupled to minus end depo-

lymerization at spindle poles. This poleward fl ux of kMTs can 

account for 20–100% of chromosome to pole movement de-

pending on cell type (Rogers et al., 2005). The remaining poleward 

movement is produced by kinetochore “Pacman” motility that 

is coupled to kMT depolymerization at the kinetochore.

The molecular mechanisms that generate kMT poleward 

fl ux are still poorly understood. Several studies have reported 

that Eg5 (kinesin 5) is responsible for the sliding component of 

fl ux for both nonkMTs and kMTs (Miyamoto et al., 2004; 

 Shirasu-Hiza et al., 2004; Goshima et al., 2005). This plus end–

directed kinesin cross-links antiparallel MTs and slides them 

toward their minus ends. Because the plus ends of nonkMTs 

overlap with each other and with kMTs in the central region of 

a bipolar spindle, Eg5 is an ideal candidate for the role of fl ux 

driver. Forces could be applied to kMTs by interaction with Eg5 

or through lateral cross-links to adjacent fl uxing nonkMTs to 

the same pole (Margolis and Wilson, 1981; Maddox et al., 2003; 

Mitchison et al., 2004; Goshima et al., 2005). On the basis of 

these studies, Goshima et al. (2005) proposed a mechanistic 

model in which sliding forces generated by Eg5 drive poleward 

MT fl ux and activate MT minus end depolymerization at poles. 

A salient feature of this model is that pole-associated MT 

 depolymerases (e.g., kinesin 13) sense sliding forces to regulate 

the depolymerization rate and spindle length. In agreement with 

this model, the inhibition of KLP10A (kinesin 13 in Drosophila 
melanogaster) did not affect the sliding component of fl ux 

but blocked depolymerization at the poles, resulting in highly 

 elongated metaphase spindles (Rogers et al., 2004). In Xenopus 
laevis egg extract spindles, perturbation of the normal localiza-

tion of Kif2a (kinesin 13) by the disruption of dynein/dynactin 

blocks MT minus end disassembly at poles, but antiparallel MT 

sliding continues (Gaetz and Kapoor, 2004).

Here, we test whether Eg5 is the dominant mechanism of 

kMT poleward fl ux in mammalian PtK1 cells using specifi c in-

hibitors of Eg5. We assay fl ux in monopolar spindles that lack 

antiparallel MTs and test two polar complex proteins for their 
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orces in the spindle that align and segregate chromo-

somes produce a steady poleward fl ux of kinetochore 

microtubules (MTs [kMTs]) in higher eukaryotes. 

In several nonmammalian systems, fl ux is driven by the tet-

rameric kinesin Eg5 (kinesin 5), which slides antiparallel MTs 

toward their minus ends. However, we fi nd that the inhibition 

of kinesin 5 in mammalian cultured cells (PtK1) results in 

only minor reduction in the rate of kMT fl ux from �0.7 to 

�0.5 μm/min, the same rate measured in monopolar spin-

dles that lack antiparallel MTs. These data reveal that the 

majority of poleward fl ux of kMTs in these cells is not driven 

by Eg5. Instead, we favor a polar “pulling-in” mechanism 

in which a depolymerase localized at kinetochore fi ber 

minus ends makes a major contribution to poleward fl ux. 

One candidate, Kif2a (kinesin 13), was detected at minus 

ends of fl uxing kinetochore fi bers. Kif2a remains associated 

with the ends of K fi bers upon disruption of the spindle 

by  dynein/dynactin inhibition, and these K fi bers fl ux.
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possible role in poleward fl ux. An important aspect of our stud-

ies is the use of quantitative fl uorescent speckle microscopy 

(FSM [qFSM]) and fl uorescence photoactivation techniques 

combined with two-color spinning disk confocal imaging to ob-

tain much more accurate measurements for kMT poleward fl ux 

than achieved in previous studies on the roles of kinesin 5 and 

13 for all spindle MTs (Miaymoto et al., 2004; Shirasu-Hiza 

et al., 2004; Ganem et al., 2005; Goshima et al., 2005).

Results and discussion
Kinetochores in mammalian cultured cells exhibit directional 

instability (Rieder and Salmon, 1998), although the character of 

movement is usually somewhat different for individual biori-

ented chromosomes at the spindle equator. Those chromosomes 

that are positioned near the spindle axis oscillate regularly be-

tween phases of poleward and antipoleward movement. In con-

trast, chromosomes aligned at the periphery of the metaphase 

plate show little, if any, oscillation (Khodjakov and Rieder, 

1996; Cimini et al., 2004). We found by kymograph analysis 

that fl ux rates of kMTs were not signifi cantly different for 

 kinetochore fi bers attached to oscillating and stationary chro-

mosomes (Fig. 1, A–C; Video 1, and supplemental material, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200601075/DC1). 

Although we consistently detected new speckles entering the 

kinetochore fi ber as kMTs polymerized during antipoleward 

movement and detected the disappearance of speckles near the 

kinetochore as kMTs depolymerized during poleward move-

ment (Fig. 1 B, arrows), the rates of fl ux remained constant 

(Fig. 1). The mean tension for stationary kinetochores as mea-

sured by the distance between sister kinetochores (2.6 ± 0.2 μm; 

n = 30 time points for each of seven kinetochores) was typi-

cally higher than the mean tension for oscillating sisters (2.36 ± 

0.52 μm; n = 30 time points for each of six kinetochores; cen-

tromere rest length was 1.3 ± 0.25 μm in cells lacking MTs). 

Thus, the higher tensions developed at kinetochores as they 

stretched their centromeres during poleward movement for 

 oscillating kinetochores had no detectable effect on the rate of 

kMT poleward fl ux in PtK1 cells, unlike what has been pro-

posed in meiotic Xenopus egg extract spindles and crane fl y 

spermatocytes (Maddox et al., 2003; LaFountain et al., 2004).

To improve the accuracy and statistical signifi cance of our 

kMT fl ux measurements, we used qFSM (Danuser and Waterman-

Storer, 2003). qFSM involves computer-vision methods to auto-

matically detect and track speckles along kinetochore fi bers 

(Fig. 1, I–K; supplemental material; and Fig. S1, A–C; available 

at http://www.jcb.org/cgi/content/full/jcb.200601075/DC1; 

Yang, G., A. Matov, and G. Danuser. 2005. Proceedings of the 

Institute of Electrical and Electronics Engineers International 

Conference on Computer Vision and Pattern Recognition. 9–17). 

This method yielded a mean kMT poleward fl ux velocity in 

 bipolar spindles of 0.65 ± 0.08 μm/min (n = 1,428 tracks; sup-

plemental material). The variation of speckle velocities within a 

spindle was larger (SD = 0.26 μm/min; Fig. 1 K) than between 

different spindles (supplemental material). This indicates that 

MT fl ux involves signifi cant heterogeneity that is possibly asso-

ciated with spatially and temporally varying contributions of 

multiple force-generation mechanisms. However, the fl ux 

 pattern did not exhibit a clear spatial organization (Fig. 1 J), 

precluding the identifi cation of the various sources of fl ux from 

heterogeneity analysis alone.

Kinetochore fi bers are composed of �25 kMTs and 25 

nonkMTs in PtK1 cells (McEwen et al., 1998). The half-life of 

kMTs has been estimated to be �5 min at metaphase, whereas 

the half-life of nonkMTs is much shorter (�0.2 min) because of 

the high dynamic instability of nonkMT plus ends and their 

rapid growth (11 μm/min) and shortening (�20 μm/min) ve-

locities (Zhai et al., 1995; Tirnauer et al., 2002). The width of a 

kinetochore fi ber (<0.4 μm) is not much larger than the resolu-

tion limit of the light microscope (0.25 μm). As a result, fl uo-

rescent speckles seen at a specifi c site in images of kinetochore 

fi bers contain fl uorophores from adjacent nonkMTs that pro-

duce fl uctuation in speckle intensity that could potentially con-

fuse automated tracking (supplemental material). Hence, we 

sought to verify fl ux rates by an independent method.

Tracking the movement of fl uorescent marks on kMTs 

produced by photoactivation is less sensitive to signal instabil-

ity caused by nonkMT turnover. Fluorescence from nonkMTs 

rapidly disappears after photoactivation (supplemental mate-

rial and Video 2, available at http://www.jcb.org/cgi/content/

full/jcb.200601075/DC1), leaving fl uorescent marks on the 

more stable kMTs in higher contrast (Mitchison, 1989). 

We applied fl uorescence photomarking methods to PtK1 cells 

expressing photoactivatable (PA) GFP (PA-GFP) fused to  

α-tubulin. PA-GFP–tubulin within spindle fi bers was photo-

activated by a 0.1-s pulse from a 408-nm laser focused by a cy-

lindrical lens into a pseudo-Gaussian line profi le with a 1.4-μm 

width at half-maximum intensity. The persistent marks on 

 kinetochore fi bers in metaphase cells were seen to move pole-

ward at a constant velocity with a mean of 0.62 ± 0.26 μm/min 

(Video 2), which is similar to our qFSM measurements and 

earlier studies (Mitchison, 1989; Zhai et al., 1995). As reported 

previously (Mitchison, 1989; Zhai et al., 1995; Waters et al., 

1996), the width of the mark along the fi bers appeared rela-

tively constant until it reached the ends of the kinetochore fi -

bers at the pole, where it shortened at the velocity of poleward 

fl ux (Video 2). We simulated mark movements along the 

5–7-μm length of kinetochore fi bers in metaphase spindles 

 using the velocity distributions obtained by qFSM (Fig. 1 K). 

These simulations produced movements of photoactivated 

marks that closely approximated the experimental data and in-

dicated that the heterogeneity of speckle velocities does not 

detectably widen the mark over its short travel to the pole (sup-

plemental material and Video 3).

To determine whether kMT poleward fl ux in PtK1 cells 

depends on the activity of kinesin 5, we used several specifi c 

small-molecule inhibitors. Monastrol (Miyamoto et al., 2004), 

HR22C16-E1 (Hotha et al., 2003), and s-trityl-l-cysteine 

(DeBonis et al., 2004) were used at concentrations reported to sub-

stantially inhibit fl ux in Xenopus egg extract spindles (100–200 μM 

monastrol) or induce monopolar spindles in mammalian cultured 

cells (10 μM HR22C16-E1 and 2 μM s-trityl-l-cysteine). Both 

qFSM and photoactivation  app roaches revealed that the inhibi-

tion of Eg5 in bipolar metaphase spindles did not abrogate kMT 
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poleward fl ux,  although the rate decreased by �25% (to 0.5 ± 

0.27 μm/min; Fig. 2 and see Fig. 5 A, supplemental material, and 

Videos 4 and 5; available at http://www.jcb.org/cgi/content/full/

jcb.200601075/DC1). Spindle length and the character of chromo-

some movement also remained normal upon kinesin 5 inhibition 

(mean sister kinetochore distance = 2.16 ± 0.23 μm; either 

 kinetochores with 20–30 time points each; P = 0.2, which is not 

signifi cantly different from the control). Thus, Eg5 is  responsible 

for only a minor contribution to kMT poleward fl ux during meta-

phase in PtK1 cells. This differs substantially from reports of kMT 

poleward fl ux and spindle length regulation in Drosophila S2 cells 

(Goshima et al., 2005) and MT fl ux in meiosis II Xenopus egg 

extract spindles (Miyamoto et al., 2004; Shirasu-Hiza et al., 2004) 

in which Eg5 has a dominant role.

Figure 1. Poleward fl ux and relative kinetochore movements in control PtK1 cells. (A) Single frame from combined time-lapse sequence of tubulin (green) 
and CENP-F labeling of kinetochores and poles (red; Video 1, available at http://www.jcb.org/cgi/content/full/jcb.200601075/DC1). A fast Fourier 
transform fi lter set at high pass with a 20% cutoff in MetaMorph v4.5 was performed on the entire image sequence to help visualize fl uorescent speckles 
above background. Black box denotes the region containing a MT kinetochore fi ber, and its attached pole and kinetochore are shown in B. White box de-
notes the region shown in C. (B) Montage of cropped region from the interior of the spindle containing a kinetochore fi ber and its attached pole and kineto-
chore. Each frame is 20 s apart; entire montage is 10 min from left to right. Maximum pole to kinetochore distance is 10 μm. Dotted lines follow the position 
of two speckles from frame to frame whose slopes indicate the rate of fl ux (0.6 and 0.7 μm/min, respectively). Open arrow denotes the time point at which 
the kinetochore is moving away from the pole and a new fl uorescent speckle has incorporated into the kinetochore fi ber. Closed arrow denotes the time 
point at which the kinetochore is moving poleward and “chewing up” a fl uorescent speckle. (C) Montage of cropped region from the outer part of the spindle. 
Pole to kinetochore distance is 10 μm. The slopes of the dotted lines indicate a rate of speckle fl ux of 0.62 and 0.54 μm/min. (D) Single frame of fl uo-
rescently labeled CENP-F localized at the kinetochores and poles (same spindle as in A). Dotted lines show the location of the kymograph lines shown in 
E and G. (E) Kymograph of sister kinetochores in the interior of the spindle. (F and H) Kinetochore position (color) and pole position (gray) over time. 
(G) Kymograph of sister kinetochores at the spindle periphery. (I) Single frame of a time-lapse sequence showing a spindle imaged in FSM. (J) Frame in I 
overlaid with tracks of computer-detected speckle movement (color-coding according to the histogram in K). (K) Distribution of individual speckle velocities 
in J. Number of speckles tracked is 111; mean velocity is 0.70 ± 0.22 μm/min. Bars, 10 μm.
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Although Eg5 is thought to be the molecule responsible 

for antiparallel MT sliding, it is conceivable that other molecu-

lar motors can contribute to this mechanism. Therefore, we ana-

lyzed kMT poleward fl ux in monopolar spindles that do not 

have overlapping MTs of opposite orientation. The addition 

of kinesin 5 inhibitors before nuclear envelope breakdown 

results in the formation of monopolar spindles with unseparated 

centrosomes (Kapoor et al., 2000). Plus ends of MTs in the 

monopolar spindles are uniformly oriented away from the pole, 

as evident from time-lapse recordings of PtK1 cells expressing 

the GFP form of the +TIP protein EB1 (Fig. 3 A and Video 7, avail-

able at http://www.jcb.org/cgi/content/full/jcb.200601075/DC1; 

Tirnauer et al., 2002). Chromosomes attach to monopolar spin-

dles via either one (monotelic) or both sister kinetochores (syn-

telic) and oscillate toward and away from the pole in a normal 

fashion (Video 6; Tirnauer et al., 2002).

The rate of kMT poleward fl ux in monopole spindles mea-

sured by qFSM was 0.56 ± 0.1 μm/min (n = 7 cells; 792 tracks; 

Fig. 3, B–D). We also measured fl ux in monopoles using photo-

activation of a bar of fl uorescence across a monopolar spindle 

in between the chromosomes and the pole (Fig. 3 F). Much as 

in bipolar spindles, photoactivated marks disappeared quickly 

for nonkMT fi bers and persisted for fi bers containing kMTs. 

These persistent marks moved poleward at a constant velocity 

(Fig. 3 G) until they reached the ends of their kinetochore fi bers. 

Then, the width of the mark decreased at the rate of fl ux (Fig. 3, 

Fig. S1 E, and Video 8, available at http://www.jcb.org/cgi/ 

content/full/jcb.200601075/DC1). Photoactivation measurements

yielded a velocity of poleward fl ux of 0.44 ± 0.26 μm/min 

(n = 13 cells; 17 tracks; see Fig. 5 A and supplemental material). 

Thus, when Eg5 is inhibited, the velocity of fl ux is similar be-

tween monopolar and bipolar spindles. This, in turn, implies 

that most of kMT poleward fl ux in mammalian spindles is not 

based on the sliding of antiparallel MTs.

Recently, Ganem et al. (2005) reported that MT poleward 

fl ux in bipolar mitotic spindles is inhibited by siRNA depletion of 

the depolymerase Kif2a in human U2OS cells. These cells were 

also depleted of another depolymerase, mitotic centromere-

 associated kinesin, which alone did not block fl ux. In this study, 

they were unable to resolve kinetochore fi bers. In PtK1 cells, we 

found that Kif2a was concentrated at the polar minus ends of 

 kinetochore fi bers from late prometaphase through anaphase, and 

it also localized to centromeres throughout mitosis and to centro-

somes during interphase and mitosis (Fig. S2, available at http://

www.jcb.org/cgi/content/full/jcb.200601075/DC1). Microinjection 

of antibodies to either human or Xenopus Kif2a into prophase or 

prometaphase cells had no effect on the progression of chromo-

some alignment or segregation as  assayed by live cell imaging (un-

published data). Because siRNA for Kif2a is currently not possible 

in PtK1, we attempted to alter Kif2a localization at spindle poles 

by microinjecting a recombinant protein fragment (p150_CC1) of 

the NH2-terminal coil-coiled domain of the p150Glued subunit of 

dynactin. P150_CC1 disrupts dynein/dynactin, induces spindle 

lengthening, and has been shown to greatly diminish Kif2a local-

ization to spindle poles in Xenopus egg extract spindles (Gaetz and 

Kapoor, 2004). In PtK1 cells, p150_CC1 microinjection altered 

spindle morphology, causing centrosomes to become disconnected 

from the ends of the spindle and minus ends of kinetochore fi bers 

to become less focused (Fig. 4 and Fig. S2). Nevertheless, pole-

ward fl ux continued in both bipolar (0.70 ± 0.08 μm/min; Video 9) 

and monopolar spindles, and Kif2a remained most concentrated 

at the minus ends of the kinetochore fi bers (Fig. 4). In addition, 

most sister chromosomes continued to oscillate as assessed by 

themovement of dark bars (absence of fl uorescence) between 

growing and shortening sister kinetochore fi ber pairs (Video 9). 

Figure 2. Poleward fl ux in bipolar PtK1 cells treated with 200 𝛍M 
monastrol. (A) Single frame of FSM time-lapse sequence of the spindle in 
a PtK1 cell treated with monastrol (Video 4, available at http://www.jcb.
org/cgi/content/full/jcb.200601075/DC1). Bar, 5 μm. (B) Image in A 
overlaid with computer-tracked speckle trajectories (color-coding accord-
ing to histogram in C). (C) Distribution of individual speckle velocities in B. 
Number of speckles tracked is 77; mean velocity is 0.61 ± 0.30 μm/min. 
(D) Phase-contrast image of a PtK1 cell expressing PA-GFP–tubulin that was 
treated with monastrol. (E) Time series of fl uorescence images showing 
photoactivated fl uorescent mark of GFP-tubulin (Video 5). Time in minutes/
seconds is given in the bottom right corner of each image. Bar, 10 μm. 
(F) Distance between the distal end of mark and pole versus time. Slope 
 indicates kMT fl ux rate of 0.43 μm/min.
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These results indicate that Kif2a is an integral part of a  complex 

of proteins that concentrates at the minus ends of individual, fl ux-

ing kinetochore fi bers even when the minus ends of the  fi bers are 

not attached to the centrosome and are not  focused together.

Our results reveal that neither Eg5 nor antiparallel MTs 

are required for the majority of kMT poleward fl ux in PtK1 

cells. The velocity of fl ux in PtK1 cells is slow relative to fl ux in 

Drosophila embryo and Xenopus egg extract spindles, and there 

is little (Goshima et al., 2005) to no (Mitchison et al., 2004) fl ux 

in monopolar spindles in these systems. These results suggest 

that mechanisms responsible for fl ux contribute differently in 

different systems (e.g., mammals vs. lower animals).

Although polar ejection forces on chromosome arms push 

nonkMTs poleward, they pull kinetochores and their kMTs 

away from the pole (Rieder and Salmon, 1998). As a result,  polar 

ejection forces cannot be the source of force that produce 

a constant rate of kMT poleward fl ux in monopolar spindles, 

particularly during kinetochore poleward movement when kineto-

chores pull strongly on their kMTs in a direction opposite to fl ux.

Instead, our data indicate that in PtK1 cells, the dominant 

mechanism of kMT poleward flux is a poleward pulling-in 

mechanism coupled to minus end depolymerization (Fig. 5 B; 

Margolis and Wilson, 1981; Sawin and Mitchison, 1991; 

Waters et al., 1996; Chen and Zhang, 2004; Ganem et al., 2005). 

This mechanism may be similar in principle to the kinetochore 

Pacman mechanism. However, the mechanism of dynamic at-

tachment and pulling force generation at a depolymerizing end 

is not well understood. It might involve sleeve mechanisms 

as envisioned by Hill (1985), rings of DASH/DAM proteins like 

those discovered in budding yeast, anchorage proteins like 

NuMA, and pulling forces generated by inside-out peeling of 

tubulin protofi laments at depolymerizing ends promoted by the 

ATPase activity of depolymerases like Kif2a (Salmon, 2005). 

Figure 3. Poleward fl ux in monopolar PtK1 cells treated with monastrol. 
(A) PtK1 cell expressing GFP-EB1 treated with 200 μM monastrol (Video 7, 
available at http://www.jcb.org/cgi/content/full/jcb.200601075/DC1). 
Image 2 was subtracted from image 1 in MetaMorph software to show the 
direction of EB1 movement. White mark exterior to black mark shows that 
MT plus ends are oriented away from the pole. (B) FSM frame of a PtK1 
cell treated with 100 μM monastrol (Video 6). (C) Frame in B overlaid with 
computer-tracked speckle trajectories (color-coding according to the histo-
gram in D). (D) Distribution of individual speckle velocities in C. The number 
of speckles tracked is 176; mean velocity is 0.57 ± 0.24 μm/min. (E) Phase 
image of monopolar spindle in a PtK1 cell expressing PA-GFP–tubulin 
treated with 200 μM monastrol. (F) Time series of fl uorescence images 
showing the photoactivated fl uorescent mark of GFP-tubulin (Video 8). 
Time in minutes/seconds is given in the bottom right corner of each image. 
(G) Distance between the distal end of mark and pole versus time. Slope 
indicates a MT fl ux rate of 0.56 μm/min. Bars, 5 μm.

Figure 4. Localization of Kif2a in control and p150_CC1-injected PtK1 
cells. Control bipolar spindle showing Kif2a (A) and tubulin (A′) localiza-
tion. (B) Cells injected with p150_CC1 and rhodamine-tubulin were then 
fi xed and stained for Kif2a. Tubulin (B′) is from the injected rhodamine-
 tubulin signal. (C) Cells treated with 200 μM monastrol and injected with 
p150_CC1 and tubulin showing the localization of Kif2a (C) and tubulin 
(C′) in the monopolar spindle. Images are the addition of two planes of a 
z series in which each pole is most in focus. Asterisks denote the position 
of the centrosome as found in other planes of the z series. Bar, 5 μm.
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Our p150_CC1 data suggest that a kind of self-feeding mecha-

nism is working in which both the depolymerase and pulling 

activity are in the same complex that remains at minus ends of 

K fi bers and does not require anchorage to the centrosome or 

focused pole. Flux and depolymerization rates may depend crit-

ically on load, as proposed by Goshima et al. (2005). A plus 

end–directed kinesin motor attached to the complex of proteins 

at the minus ends of kinetochore fi bers may be critical for driv-

ing poleward fl ux (Sawin and Mitchison, 1991) as well as re-

ducing the load on the depolymerization mechanism (“thresher 

mechanism”). Sensitivity of the minus end depolymerization 

mechanism to load would also explain how kinesin 5–driven 

sliding forces in bipolar PtK1 spindles produce a 25% increase 

in the poleward fl ux rate of kMTs.

Finally, we found little change in the length of bipolar 

spindles when Eg5 was inhibited, a result typical for mitotic 

mammalian spindles in late prometaphase or metaphase  (Kapoor 

et al., 2000). Unlike meiosis II spindles in Xenopus egg extracts, 

other factors such as astral or polar ejection forces may play 

a much more signifi cant role in determining metaphase spindle 

length than Eg5 sliding forces.

Materials and methods
Cell culture
PtK1 cells were maintained in Ham’s F-12 medium (Sigma-Aldrich) and 
were complemented with 10% FBS, antibiotics, and antimycotic (Cimini 
et al., 2004). A PtK1 cell line stably expressing PA-GFP fused to α-tubulin 
was created by selecting cells transfected with a vector that was made by 
removing α-tubulin with BamHI and XhoI from the GFP-tubulin vector 
(CLONTECH Laboratories, Inc.) and ligating it into pPA-GFP-C1 (gift of G. 
Patterson and J. Lippincott-Schwartz, National Institute of Child Health and 
Human Development, Bethesda, MD; Patterson and Lippincott-Schwartz, 
2002). PA-GFP–tubulin PtK1 cells were selected with 1 mg/ml geneticin 
and maintained in Ham’s F-12 as PtK1 cells except they were sometimes 
complemented with 15% FBS to promote the growth and health of cells. 
A PtK1 cell line stably expressing GFP-EB1 was a gift of J. Tirnauer (Univer-
sity of Connecticut Health Center, Farmington, CT) and was maintained in 
Ham’s F-12 with 0.25 mg/ml geneticin. For live cell imaging, all cells were 
incubated in Leibovitz’s L-15 (Invitrogen) complemented with 10% FBS, 
 antibiotics, antimycotic, 7 mM Hepes, 4.5 g/L glucose, and 0.45 U/ml 
oxyrase (Oxyrase).

Microinjection and microscopy
We used two-color fl uorescence live cell imaging. PtK1 cells were coin-
jected with low levels of X-rhodamine–labeled tubulin to fl uorescently 
speckle MTs (Waterman-Storer et al., 1998) and AlexaFluor488-labeled 
antibodies to CENP-F protein (gift of D. Cleveland [University of California, 
San Diego, San Diego, CA] and T. Tafari [National Institute of Environmen-
tal Health Sciences, Research Triangle Park, NC]) to label kinetochores 
and spindle poles (Cimini et al., 2004). Microinjection was performed at 
room temperature to prevent tubulin polymerization inside the micro-
needle. For dynein/dynactin inhibition experiments, 0.2 μg/ml p150_CC1 
recombinant protein (needle concentration; gift of J. Gaetz and T. Kapoor, 
The Rockefeller University, New York, NY) was coinjected with rhodamine-
labeled tubulin (to designate which cells were injected for the immuno-
fl uorescence of Kif2a or for speckle labeling of MTs in live cell imaging 
experiments to measure fl ux rates). Some cells were injected with tubulin 
alone and fi xed and stained for Kif2a (human antibody to Kif2a was a gift 
of D. Compton, Dartmouth Medical School, Hanover, NH; Xenopus anti-
body to Kif2a was a gift of R. Ohi, Harvard Medical School, Boston, MA) 
to ensure that rhodamine-tubulin injection was not altering Kif2a localiza-
tion. Tubulin and antibody or p150_CC1 were diluted into tubulin injec-
tion buffer (50 mM K-glutamate and 0.5 mM MgCl2, pH 7.0, with KOH) 
and coinjected into prophase and/or early prometaphase cells. Digital 
 images were collected with a cooled CCD camera (Orca ER; Hamamatsu) 
coupled to a Yokogawa spinning disk confocal unit (CSU10; PerkinElmer), 
which was attached to an inverted microscope (TE300; Nikon [Cimini 

et al., 2004]) with a 100× 1.4 NA plan-Apochromatic differential inter-
ference contrast objective. Stage temperature was maintained at �35°C 
 using an air curtain incubator (ASI 400; Nevtek). Near simultaneous fl uo-
rescence images were acquired at 488 and 568 nm at a single focal 
plane every 5–20 s. For photoactivation, a 408-nm laser (56ICS323; 
Melles Griot) was focused by a cylindrical lens into a pseudo-Gaussian 
line profi le with a 1.4-μm width at half-maximum intensity. Images were 
collected before and after a 0.1-s photoactivation through a 100× 1.4 
NA plan-Apochromatic phase objective to track chromosome and spindle 
location (phase contrast) and the photoactivated bar (488-nm fl uorescence 
and 1-s exposure).

Speckle tracking and data analysis
Each frame of the FSM image sequence was aligned to the previous 
frame in the sequence using a correlation-maximization algorithm (Pratt, 
2001). Speckle detection was then performed on the aligned images as 
previously described (Ponti et al., 2003). Speckle tracking was formu-
lated as a modifi ed optimal bipartite graph linear assignment problem 
and was solved using the Jonker-Volgenant algorithm (Yang, G., A. Matov, 
and G. Danuser. 2005. Proceedings of the Institute of Electrical and 
Electronics Engineers International Conference on Computer Vision and 
Pattern Recognition. 9–17). The fl ux rate for each track was defi ned as its 
mean velocity. When computing fl ux rates in a specifi c region, only those 
tracks that were contained completely within that region were considered. 

Figure 5. Summary of fl ux measurements and model. (A) Bar graph com-
paring the fl ux rate in control, kinesin 5–inhibited bipoles, and monopoles 
using qFSM (black bars) and photoactivation (white bars). Error bars are 
the SD between spindles. (B) Model of spindle components contributing to 
poleward fl ux in bipolar and monopolar PtK1 cells.
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Software for image alignment, speckle detection, speckle tracking, and 
statistical analysis of tracking results was developed using MATLAB (Math-
works) and C++. For photoactivation image analysis, the distance be-
tween the photoactivated mark and the closest pole was tracked and 
measured over the time course of the video using MetaMorph software 
(Molecular Devices). A graph of distance versus time was plotted, and the 
slope of the best-fi t line was determined to be the fl ux rate for that mark.

Online supplemental material
Online supplemental material includes methods for fl uorescent speckle de-
tection and tracking, a simulation of photoactivation, and additional analy-
sis of fl ux velocity distributions in monastrol-treated cells. Fig. S1 shows an 
example of speckle tracking (A–C) and a cumulative velocity histogram 
comparison (D). Fig. S1 E is a kymograph corresponding to the monopolar 
spindle in Fig. 3 F. Fig. S2 shows the localization of Kif2a and the effects 
of p150_CC1 injection in PtK1 cells. Table 1 contains a summary of all 
poleward fl ux measurements. Video 1 corresponds to Fig. 1 (A–C). Video 
2 shows a photoactivated mark of tubulin fl uorescence moving to the pole 
in a control spindle. Video 3 shows four photoactivation simulations that 
are described in the supplemental material. Videos 4 and 5 correspond to 
Fig. 2, and Videos 6–8 correspond to Fig. 3. Video 9 is a time lapse 
of p150_CC1 plus a rhodamine-tubulin–injected PtK1 cell (as in Fig. 
4 B). Online supplemental material is available at http://www.jcb.
org/cgi/ content/full/jcb.200601075/DC1.
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Speckle detection and tracking 

Image alignment. 
Alignment was performed on cropped images of the spindle without segmenting the speckled region. For a given image sequence 1,... ,...k NI I I , the translation 

and rotation between consecutive frames were calculated using a standard correlation-maximization algorithm (Pratt, 2001). Specifically, if we denote the 
aligned image of −1kI  by −′ 1kI , spindle motion between kI  and its aligned preceding frame −′ 1kI was approximated locally using a linear transformation 
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that maximizes the correlation between kI  and −′ 1kI , where kR and kD denote spindle rotation and translation, respectively. 

Speckle detection. 
Speckle detection was performed on the aligned images as previously described (Ponti et al., 2003). When out of focus fluorescence was significant, the 

coefficient in the shot noise model was set to zero in order to avoid the influence of model inaccuracy. 

Speckle tracking. 
A new particle-tracking algorithm was developed for fluorescent speckle microscopy (Yang, G., A. Matov, and G. Danuser. 2005. Proceedings of the 

Institute of Electrical and Electronics Engineers International Conference on Computer Vision and Pattern Recognition. 9–17). In brief, speckle tracking was 
formulated as a modified bipartite graph linear assignment problem and was solved using the Jonker-Volgenant algorithm (Jonker and Volgenant, 1987) 
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where ( , )ka i j denotes the unknown assignment matrix. =( , ) 1ka i j if and only if element i in subgraph kG is assigned to element j in subgraph +1kG . Subgraph 

kG and +1kG consist of all detected speckles in frame k and k + 1, respectively. k ( , ) c i j denotes the association cost of assigning speckle i to speckle j. This cost is 
weighed by the probability for linking i to j given the global speckle flux vector field ( )⋅F at speckle i, which is denoted ( )( ), ,p i j F i . 

Definition of speckle flux vector field. 
The vector field of speckle flux is required to solve Eq. 1. For this purpose, a more robust version of the graph algorithm described in Vallotton et al. (2003) 

was developed (Yang, G., A. Matov, and G. Danuser. 2005. Proceedings of the Institute of Electrical and Electronics Engineers International Conference on 
Computer Vision and Pattern Recognition. 9–17). This algorithm exploits the speckles in three consecutive frames to establish smooth motion in the flux field. 
However, because of the small size of PtK1 spindles, the relatively low number of speckles, and the short speckle lifetime, the flux vector field F could not be 
computed reliably. Instead, the flux field was defined interactively based on spindle geometry. An example (a monastrol-treated monopolar spindle) is shown in 
Fig. S1 A. After the pole center 0C (shown in red in Fig. S1 B) was defined, the speckle flux vector at position kX was computed as 
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A deviation tolerance angle, set to be between 45 and 60°, was used to accommodate the inaccuracy of this simplified approximation of spindle geometry 
and the randomness of speckle motion. For a given track i that consists of the point sequence of …,0 ,1 ,, , ,i i i NX X X , its flux rate iV is defined as its mean velocity; 
namely, the ratio between total speckle displacement and time (Fig. S1 C): 
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Limits of accuracy in tracking speckles in PtK1 spindle fibers produced by the short lifetime of non-KMTs 
Because of the short lifetime of nonkMTs, we had to sample one frame every 10 s or faster to guarantee that speckles associated with nonkMTs have a mean 

speckle lifetime of approximately three frames, which is necessary for reliable tracking. However, this constraint works against the requirements for time 
sampling imposed by the limited spatial resolution we could afford. Because of the low photon number produced by the few fluorophores per speckle, we were 
obligated to apply 2 × 2 pixel binning to capture a fluorescent signal significantly above camera noise. This restricted the effective pixel size to 0.13 μm in object 
space. Under this condition, 10-s sampling is the fastest rate in which an instantaneous speckle velocity of 0.7 µm/min can be captured (assuming a speckle 
localization error of ?0.5 pixels). Together, these calculations indicate that qFSM of MT flux in PtK1 spindles reaches the limits of fluorescence imaging and 
tracking technology. 



 

 

Photoactivation simulation 
To study whether spatial heterogeneity of MT flux can be revealed by photoactivation measurements, we performed a series of simulation experiments in 

which flux rates of tubulin marks were assumed to follow normal distributions. The results are summarized as follows (see Video 3). (1) Simulation results 
confirm that the difference in mean MT flux among different fibers is small. The first part of the video PAsimulation_case1 simulates the case when there is no 
variation in MT flux between different fibers and within each individual fiber (the mean flux rate is set to be 0.65 μm/min). In comparison, the next section of the 
video PAsimulation_case2 simulates the case when there is a SD of 0.27 μm/min in flux rates between different fibers but no variation within a fiber. This 
simulation shows that if the variations in flux rate were mainly caused by different flux rates in different fibers, the activated fluorescent bar across several fibers 
would have gradually disintegrated into multiple blobs. It is clear from actual photoactivation videos that the fluorescent bar across different fibers remained 
largely intact. This indicates that the flux rates along different fibers are similar. (2) Simulation results show that spatial heterogeneity in MT flux cannot be 
observed from photoactivation videos. The third part of the video, PAsimulation_case3, simulates the case when there is no variation in flux between different 
fibers but flux varies within a fiber with a SD of 0.27 μm/min. No significant differences can be observed between PAsimulation_case1 and PAsimulation_case3. 
The last section of the video, PAsimulation_case4, simulates the case when there are two modes in MT flux distribution: a total of 75% of the fluorescent marks 
obey normal velocity distribution of ( )0.65,0.27N  and remain active throughout the video, whereas the remaining 25% of fluorescent tubulin marks obey a normal 
velocity distribution of ( )0.33,0.27N and disappear after the first five frames. Except for the relatively small elongation of the blobs in the first five frames, no 
difference can be observed between this video and PAsimulation_case3. It would be very difficult to fully recover the two-mode distribution using only 
photoactivation data because the responses of those short lifetime events of a small population can be easily masked by the rest. 

Comparison of flux distribution in monastrol-treated bipolar spindles with monastrol-treated monopolar spindles 
We compared the flux distribution of bipolar spindles with monopolar spindles in cells treated with 100 µM monastrol by computing their cumulative 

probability distribution (Fig. S1 D). The cumulative distribution is essentially free of influences from the discrete spatial and temporal sampling observed in this 
specific group of data (effective pixel size is 0.13; frame rate is 10 s/frame; see inset histogram of monastrol-treated bipole). For each spindle configuration, data 
from two videos are pooled together to increase the number of samples. The number of tracks used to compute monastrol bipole distribution is 138 (Fig. S1 D, 
red); the number of tracks used to compute monastrol monopole distribution is 242 (Fig. S1 D, green). The distributions show that there are a higher percentage 
of tracks with low flux rate in monastrol-treated bipole than in monastrol-treated monopole. By performing a Kolmogorov-Smirnov test of the two distributions, 
we get a P value of 0.0167, indicating that the distributions are different. However, the mean flux values are statistically indistinguishable (0.56 ± 0.25 µm/min 
for monastrol-treated bipole; 0.57 ± 0.35 µm/min for monastrol-treated monopole). We conjecture that the difference between the two configurations originate in 
the overlap that is still present in the monastrol-treated bipole. Although its ATPase activity is blocked, kinesin 5 may act as a partial cross-linker between 
oppositely oriented MT fibers and, thus, oppose the pulling-in mechanism in driving poleward flux. Kinesin 5–mediated cross-linking of oppositely oriented MTs 
is absent in a monopole (compare with Fig. 3 A). This model needs verification in larger spindles where the degree of overlap can be measured accurately. 
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