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Abstract

Mitochondria are dynamic organelles with multiple cellular functions, including ATP production, calcium buffering, and lipid
biosynthesis. Several studies have shown that mitochondrial positioning is regulated by the cytoskeleton during cell
division in several eukaryotic systems. However, the distribution of mitochondria during mammalian cytokinesis and
whether the distribution is regulated by the cytoskeleton has not been examined. Using live spinning disk confocal
microscopy and quantitative analysis of mitochondrial fluorescence intensity, we demonstrate that mitochondria are
recruited to the cleavage furrow during cytokinesis in HeLa cells. After anaphase onset, the mitochondria are recruited
towards the site of cleavage furrow formation, where they remain enriched as the furrow ingresses and until cytokinesis
completion. Furthermore, we show that recruitment of mitochondria to the furrow occurs in multiple mammalian cells lines
as well as in monopolar, bipolar, and multipolar divisions, suggesting that the mechanism of recruitment is conserved and
robust. Using inhibitors of cytoskeleton dynamics, we show that the microtubule cytoskeleton, but not actin, is required to
transport mitochondria to the cleavage furrow. Thus, mitochondria are specifically recruited to the cleavage furrow in a
microtubule-dependent manner during mammalian cytokinesis. Two possible reasons for this could be to localize
mitochondrial function to the furrow to facilitate cytokinesis and / or ensure accurate mitochondrial inheritance.
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Introduction

Cytokinesis is the final stage of cell division in which one parent

cell is physically divided into two daughter cells. In anaphase,

astral and spindle microtubules specify the assembly of an

actomyosin contractile ring at the equator of the cell between

separating chromosomes [1–7]. This ensures that daughter cells

inherit a proper complement of genetic and cytoplasmic material.

As the actomyosin ring contracts, the plasma membrane at the

equator of the cell pinches inwards, resulting in a cleavage furrow.

The furrow continues to ingress until the cell is cleaved in two

during abscission. A multitude of cellular and molecular processes

take place at the furrow in order for cytokinesis to proceed,

including actin polymerization, actomyosin contraction, signaling

events, motor activity and membrane trafficking and fusion [8].

Mitochondria are the major producers of cellular ATP, which

they produce through oxidative phosphorylation. In addition,

mitochondria have been shown to maintain cellular redox state,

regulate calcium homeostasis, synthesize membrane lipids and

play important roles in cellular signaling pathways [9]. Mitochon-

dria are dynamic organelles and, in higher eukaryotes, they are

transported predominantly by the microtubule cytoskeleton, but

can also anchor to actin [10]. The ability to translocate

mitochondria to discrete subcellular regions permits the cell to

spatially and temporally regulate mitochondrial activity in

response to the metabolic needs of the cell. This is particularly

evident in neurons, where trafficking of mitochondria to synaptic

terminals is essential to meet the high energy and calcium-

buffering requirements [10,11]. In addition, intracellular calcium,

ADP levels and nitric oxide have also been shown to influence

mitochondrial motility, thereby constraining mitochondria to

specific areas within the cell [12–15]. Cytokinesis is a metabolically

demanding cellular event; however, whether mitochondria are

specifically localized during cytokinesis is unknown.

Several studies have shown that mitochondrial distribution is

regulated by the cytoskeleton during division in various eukaryotic

cells [16–21]. Early work on scorpion spermatogenesis showed

that mitochondria associate with microtubules at the mitotic

spindle poles and are separated actively along with the chromo-

somes [16]. In fission yeast, mitochondria are delivered by

microtubules to opposite cell poles during division to ensure

faithful inheritance [17] and mitochondria in budding yeast are

transported from mother to bud along actin cables [18,19]. In the

asymmetric division of Acricotopus germ line cells, mitochondria are

preferentially segregated to one cell pole and may be involved in

cell-fate determination [20]. Mitochondria have been shown to be

uniformly distributed in dividing plant cells but then cluster

transiently around the new cell wall at the site of division in a

process requiring actin filaments [21]. When mammalian cells

enter mitosis, the mitochondrial network is fragmented and is

thought to remain randomly and passively dispersed throughout

the cytoplasm until cytokinesis completion [22]. However, the

distribution of mitochondria during mammalian cell division has

not been examined.
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Using spinning disk confocal microscopy, we examined the

distribution of mitochondria during cytokinesis in cultured

mammalian cells. Furthermore, using small molecule inhibitors

of cytoskeleton dynamics, we investigated the role of actin and

microtubules in determining mitochondrial positioning during

division. Herein, we report for the first time that mitochondria are

recruited to, and enriched at, the cleavage furrow during

mammalian cytokinesis using a microtubule-dependent mecha-

nism. Such microtubule-regulated positioning of mitochondrial

activity at the cleavage furrow may have mechanistic implications

in cytokinesis and mitochondrial inheritance.

Materials and Methods

Cell Culture and Drug Treatments
Mammalian cells were maintained at 37uC in a 5% CO2

incubator in culture media supplemented with 10% fetal bovine

serum (FBS; Invitrogen) and 2 mM GlutaMAX (Gibco). HeLa,

Ptk2 and Vero cells were grown in Minimum Essential Media

(MEM; Invitrogen) and C2C12 cells were grown in Dulbecco’s

Modiefied Eagles Medium (DMEM, Invitrogen). All cell lines were

purchased from ATCC. To stain for mitochondria, live cells were

incubated for 30 minutes with 40 nM MitoTracker Red CMX

Ros or MitoTracker Green (Molecular Probes) in the dark. For the

actin drug treatments, cells were treated for 15 minutes with media

containing 0.1% DMSO (vehicle control), 100 nM Latrunculin A

(Enzo Life Sciences) or 500 nM Jasplakinolide (Enzo Life Sciences)

prior to imaging. For the microtubule drug treatments, media

containing 0.1% DMSO (vehicle control), 20 mM Nocodazole

(Calbiochem) or 10 mM Taxol (Sigma) was added to cells 2 or 4

minutes after anaphase onset. Cells with monopolar spindles were

generated by incubation with 100 mM Monastrol for at least

2 hours but up to 12 hours (Enzo Life Sciences) and anaphase was

induced by addition of 30 mM Purvalanol A (Enzo Life Sciences).

Immunofluorescence
Cells on #1.5 coverslips were fixed with 3.2% paraformalde-

hyde in PBS for 15 minutes. Before antibody treatments, cells were

permeabilized with PBS containing 0.1% Triton X-100 and

blocked with 2% BSA in PBS for 30 minutes. Cells were incubated

with primary antibodies overnight at 4uC and for 45 minutes at

room temperature with secondary antibodies. The following

primary antibodies were used: mouse anti-alpha-tubulin (Sigma,

T9026), rabbit anti-GRP170 (a kind gift from J. Bergeron, McGill

University, Montreal), mouse anti-golgin-97 (a kind gift from C.

Morales, McGill University, Montreal) and anti-LAMP1 (Abcam,

ab25630). Alexa Fluor 488-conjugated secondary antibodies were

purchased from Invitrogen. F-Actin and DNA were stained with

Phalloidin 488 (Invitrogen) and DAPI (Invitrogen) respectively.

Microscopy and Imaging
Fixed images were acquired with a Confocor LSM 510 META

confocal system on a Zeiss Axiovert 200 M inverted microscope

using a 1.4 NA 63x oil-immersion objective and Zen imaging

software (Zeiss). For live imaging, HeLa cells were grown on

35 mm glass-bottom dishes (1.5 mm thickness; MatTek) and

maintained on the microscope stage in phenol-free MEM media

(Invitrogen) at 37uC and 5% CO2 using a Chalamide TC

environmental control system (Live Cell Instruments). All live

imaging was performed using a Quorum WaveFX-X1 spinning

disk confocal system on a Leica DMI6000B inverted microscope

(Quorum Technologies Inc.). Images were acquired using a 1.4

NA 63x oil-immersion objective and captured with a Hamamatsu

ImagEM EM-CCD camera controlled with Metamorph software

(Molecular Devices). MitoTracker Red fluorescence was excited

with a 568 nm laser and 50 ms exposure time and collected with

an ET 620/60 emission filter set. MitoTracker Green fluorescence

was excited with a 491 nm laser and 50 ms exposure time and

collected with a ET 525/50 emission filter set. For time-lapse

experiments, images were collected every minute. At each time

point, 20 z-series optical slices were obtained with a step size of 1.0

mm using an ASI MS-2000 piezo stage. The brightness, contrast

and background were adjusted in Metamorph for presentation

purposes only.

Image and Statistical Analysis
To quantify changes in mitochondrial distribution during

mitosis, the average fluorescence intensity from cell pole to

equator was measured using images of cells in five representative

stages of cell division from metaphase to late cytokinesis. The

length of cell division was normalized to account for variations

between cells. The start and end points of division were defined by

eye from DIC images, with t = 0 being defined as one time point

prior to anaphase onset and t = 1 indicating a fully ingressed

cleavage furrow. The five representative division stages were

extracted from the normalized time series as follows: metaphase

(t = 0), anaphase (t = 0.25), early-cytokinesis (t = 0.50), mid-cytoki-

nesis (t = 0.75), late-cytokinesis (t = 1). For cells in which cytokinesis

was inhibited, the length of division was taken to be the same as

the average division length of control cells and the representative

time points were selected as described above. The average

fluorescence intensity along the entire perimeter of the cell at

each stage of division was measured by performing a linescan at a

distance of 15 pixels from the edge of the cell. To generate the

linescan, the perimeter of the cell in the DIC image was manually

traced and the area outside of the cell was painted black. The

image was then thresholded and binerized in order to generate a

Euclidean distance map. Based on this distance map, the image

was thresholded at a distance of 15 pixels from the edge of the cell

and a region was created around the threshold. The region was

then transferred to the corresponding fluorescence image and used

to perform a 15 pixel-wide linescan of the average fluorescence

intensity. The distance, average pixel intensities and four

reference-coordinates corresponding to the two poles and two

furrows were logged in Excel. In order to average data across

several cells, the pole-to-furrow distance was normalized and the

fluorescence intensities were binned and then normalized relative

to the mean intensity of the data set. The data used for

quantification was obtained in Metamorph using background-

corrected, but otherwise unaltered, images from live imaging

experiments. Data were normalized and averaged in MATLAB

(Mathworks) then transferred to GraphPad (Prism) for graph

plotting and statistical analysis. Lines were fitted to the data using

nonlinear regression and statistical significance was assessed using

the extra-sum-of-squares F-Test (a= 0.05). To assess the symmetry

of mitochondrial inheritance, the total mitochondrial fluorescence

intensity in pairs of daughter cells was measured by summing the

fluorescence intensities from each z-stack slice in the region

corresponding to each daughter cell, then dividing the two

summations to give an inheritance ratio, where 1 = equal

inheritance and 0 = unequal inheritance (Metamorph). Data were

plotted as a box and whisker graph in GraphPad (Prism) and

statistical significance was assessed using the Student’s T-Test

(a= 0.05).

Mitochondria in Cytokinesis
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Results

Mitochondria localize to the cleavage furrow and are
depleted at the cell poles in dividing mammalian cells

To characterize the distribution of mitochondria from meta-

phase to late cytokinesis, we performed live imaging of dividing

HeLa cells stained with MitoTracker Red to visualize mitochon-

dria and quantified the mitochondrial fluorescence intensity from

cell pole to equator (Figure 1). Representative images of five stages

of mitosis from metaphase to late cytokinesis are shown in Figure

1A and the complete time-series can be viewed in Movie S1. The

overlay of the mitochondrial signal with DIC images (Figure 1A,

bottom row) allowed the distribution of the mitochondria to be

examined in relation to the chromosomes and cytokinetic cleavage

furrow. In metaphase, the mitochondrial population was evenly

distributed in the cytoplasm around the metaphase plate. During

anaphase, the mitochondria began to accumulate at the cell

equator, the future site of the cytokinetic cleavage furrow, and

were depleted from the cell poles. As the cleavage furrow formed

in early cytokinesis, the mitochondria were further enriched at the

furrow and reduced at the cell poles. In mid-cytokinesis, the

mitochondrial population was strongly polarized towards the

cleavage furrow, assuming a symmetrical arrangement around the

furrow. The polarization of mitochondria towards the cleavage

furrow was maintained until late cytokinesis. These observations

were confirmed by quantifying the average fluorescence intensity

from cell pole to equator at each of the five representative division

stages (Figure 1B). The polarization of the mitochondria from pole

to equator was found to be statistically significant in anaphase

compared with metaphase and remained significant throughout

the subsequent stages of division (F-Test, p,0.05). The strongest

polarization of mitochondria was observed in late cytokinesis

(Figure 1B, late cytokinesis). Note that the dip in intensity at the

furrow in late cytokinesis is due to exclusion of the mitochondria

from the densely bundled mid-zone microtubules. We observed

the same polarization of mitochondria in cells stained with

MitoTracker Green, which stains mitochondria in proportion to

mass and independently of mitochondrial membrane potential

(Figure S1). Additionally, we found mitochondria enriched at the

cleavage furrow in a variety of other mammalian cell lines

including mouse myoblasts (C2C12), African monkey kidney

epithelial cells (Vero) and rat kangaroo kidney epithelial cells (Ptk2)

(Figure 2).

Mitochondrial distribution in cytokinesis is distinct from
the endoplasmic reticulum (ER), Golgi and lysosomes

We compared the localization of the ER, Golgi and lysosomes

with mitochondria in late cytokinesis by immunofluorescence

(Figure 3). HeLa cells were stained for mitochondria (MitoTracker

Red) then fixed and co-stained for the ER (anti-GRP-170), Golgi

(anti-Golgin-97) or lysosomes (anti-Lamp-1) and DNA (DAPI).

Consistent with our previous results, the mitochondria were

enriched at the cleavage furrow and reduced at the cell poles. In

contrast to mitochondria, the ER was distributed throughout the

cytoplasm excepting the areas occupied by chromosomes (Figure

3, top row). We did, however, notice a slight enrichment of the ER

at the furrow, which may be explained by the tight association

between the ER and mitochondria [23,24]. The Golgi-derived

membranes were dispersed throughout the cytoplasm but were

enriched in the region of the spindle poles (Figure 3, middle row).

Finally, the lysosomes were localized predominantly in the region

of the bundled mid-zone microtubules and the spindle poles

(Figure 3, bottom row). The distinct localization of mitochondria

at the cleavage furrow suggests that mitochondria are localized by

a different mechanism than the ER, Golgi and lysosomes.

Mitochondria localize to the cleavage furrow during
multipolar and monopolar divisions

In cultured HeLa cells, we occasionally observed aberrant

tripolar and tetrapolar mitotic cells. In such multipolar divisions,

the mitochondria accumulated at each of the multiple cleavage

furrows (Figure 4A). In light of this observation, we decided to test

whether mitochondria would also localize to the cleavage furrow

during monopolar cytokinesis in which cytokinesis is forced to

occur independently of nuclear division. Monastrol is an Eg5

inhibitor that prevents centrosome separation [25]. Cells were

treated with Monastrol to cause arrest in mitosis with monopolar

spindles and were then induced into cytokinesis by inhibition of

Cdk1 with Purvalanol A (Figure 4B and Movie S2) [26,27]. Prior

to the addition of Purvalanol A, the mitochondria were evenly

distributed throughout the cytoplasm (Figure 4B, 0 min). Addition

of Purvalanol A caused the cells to undergo a type of polarized

cytokinesis in which the chromosomes moved to one side of the

cell but did not separate and a cytoplasmic protrusion and

cytokinetic cleavage furrow formed at the opposite side of the cell

(Figure 4B, 3–12 min). Consistent with our observations in normal

bipolar division (Figure 1), the mitochondria were progressively

polarized towards the monopolar cleavage furrow (Figure 4B,

yellow arrows). Collectively, the data suggest a robust mechanism,

which actively and specifically recruits mitochondria to the

cleavage furrow in cytokinesis independently of nuclear division.

To visualize the cytoskeleton during monopolar cell division

using immunofluorescence, live Monastrol-treated cells were

incubated with MitoTracker Red to stain mitochondria, then

fixed at various time points prior to or following Purvalanol A

addition. Cells were then stained for microtubules (anti-alpha-

tubulin), actin (phallodin-488) and DNA (DAPI). An image of a

representative cell in mid-cytokinesis is given in Figure 4C. We

observed that mitochondria localized in the direction of the highly

polarized microtubules as well as in proximity to regions of actin

enrichment (Figure 4C, yellow arrowheads). These observations

suggest that the mechanism of mitochondrial recruitment may be

mediated by the actin and microtubule cytoskeletons.

The actin cytoskeleton is not required for the recruitment
or anchoring of mitochondria to the cleavage furrow

In Figure 1 we observed that mitochondria localized towards

the cell cortex in the region of the cytokinetic cleavage furrow. The

cortex and cleavage furrow are both actin-rich structures and, in

accordance with this, we showed that mitochondria localized to

the actin-rich furrow in monopolar cytokinesis (Figure 4C).

Therefore, using inhibitors of actin dynamics, we tested whether

actin was required for the recruitment or docking of mitochondria

to the cleavage furrow (Figure 5 and Movie S3). Cells were treated

with either DMSO as a control or Latrunculin or Jasplakinolide to

depolymerize or stabilize actin respectively (Figure S2, top row,

and Figure S3) [28–30]. As expected, mitochondria were recruited

to the cleavage furrow and away from the cell poles in DMSO-

treated control cells (Figure 5A, top row, and Figure 5B, left

panel). When actin was depolymerized with Latrunculin A,

nuclear division proceeded normally but contractile ring formation

and cytokinesis were inhibited. We observed that mitochondria

were recruited towards the equator of the cell and away from the

cell poles despite the absence of actin filaments (Figure 5A, middle

row). Quantification of mitochondrial fluorescence from pole to

equator (Figure 5B, middle panel) showed that the mitochondrial

Mitochondria in Cytokinesis
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distribution in Latrunculin-treated cells was not significantly

different from control cells for all stages of division (F-Test,

p.0.05). In the presence of Jasplakinolide, nuclear division and

contractile ring formation proceeded normally but furrow

ingression was inhibited due to the stabilization of actin filaments.

Following Jasplakinolide treatment, mitochondria were recruited

to the equator and away from the cell poles despite the enrichment

of stabilized actin (Figure 5A, bottom row). Quantification

confirmed that the mitochondrial distribution in Jasplakinolide-

treated cells (Figure 5B, right panel) was not significantly different

from control cells (F-Test p.0.05). Therefore, these results

indicate that the recruitment of mitochondria towards the cell

equator is not dependent on actin.

Mitochondria are transported on microtubules to the
cleavage furrow

Microtubules are required to establish the site of furrow

formation in mammalian cytokinesis [7]. In addition, mitochon-

drial transport in non-dividing cells is mediated by microtubules

[31]. Furthermore, as noted above, we observed mitochondrial

enrichment in the direction of the plus-ends of the polarized

microtubules in monopolar cytokinesis (Figure 4C). Therefore,

Figure 1. Mitochondria localize to the cytokinetic cleavage furrow in dividing HeLa cells. (A) Spinning disk confocal time-lapse images of
HeLa cells stained with 40 nM MitoTracker Red to visualize mitochondria. The time points are representative of five stages of division from metaphase
to late-cytokinesis. Shown are the following: a single focal plane from the center of the confocal stack (upper row), a maximum projection of the full
Z-stack (middle row) and a merge of the DIC image with the mitochondrial single focal plane (bottom row). The full time-lapse can be seen in Movie
S1. Note the enrichment of mitochondria in the region of the cleavage furrow and reduction at the cell poles as division progresses. Yellow
arrowheads indicate the position of the cleavage furrow. Time is given in minutes after anaphase onset. Bar, 10 mm. (B) Quantification of the
distribution of mitochondria from cell pole to equator at each representative stage of division. An overlay of all five stages is also shown (last panel).
The normalized distance from cell pole to equator is displayed on the x-axis and the average mitochondrial fluorescence intensity is displayed on the
y-axis. Data are represented as mean +/– SEM (25 cells, N = 100) and lines fitted by non-linear regression.
doi:10.1371/journal.pone.0072886.g001

Mitochondria in Cytokinesis
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using inhibitors of microtubule dynamics, we tested whether the

transport of mitochondria to the cleavage furrow was microtubule-

dependent (Figure 6 and Movie S4). Cells were treated with either

DMSO as a control or Nocodazole or Taxol to depolymerize or

stabilize microtubules respectively (Figure S2, bottom row and

Figure S4) [32–34]. Note that after 5 minutes of Taxol-treatment

the appearance of interphase microtubules were not visibly altered

(Figure S2, bottom row, last panel). However, Taxol-treatment of

dividing cells caused inhibition of chromosome separation

indicating that microtubules were effectively stabilized (data not

shown).

DMSO-treated control cells displayed normal recruitment of

mitochondria to the cleavage furrow and away from the cells poles

(Figure 6A, top row and Figure 6B, top left panel). When

microtubules were depolymerized with Nocodazole in early

anaphase, nuclear division, contractile ring formation and

cytokinesis were inhibited. The mitochondria remained homo-

genously distributed in the cytoplasm and were not enriched at the

cell equator or reduced at the poles (Figure 6A, second row). This

observation was confirmed by quantification (Figure 6B, top right

panel), which showed that there was no significant polarization of

mitochondria in early Nocodazole-treated cells throughout divi-

sion (F-Test, p.0.05). Microtubules specify cytokinesis in

anaphase; therefore, to quantify mitochondrial distribution in

cells depleted of microtubules but which are able to undergo

cytokinesis, Nocodazole was added after cytokinesis specification

in late anaphase (Figure 6A, third row). In late Nocodazole-treated

cells, some mitochondria had already begun to redistribute away

from the poles and towards the furrow at the time of drug

addition; however, further mitochondrial recruitment was inhib-

ited upon addition of Nocodazole and depolymerization of

microtubules (Figure 6A, third row). Quantification of late

Nocodazole cells (Figure 6B, bottom left panel) showed that the

mitochondrial distribution was significantly less polarized com-

pared with control cells from early cytokinesis onwards, consistent

with the addition of the drug in late anaphase (F-Test, p,0.05).

Furthermore, there was no significant change in the mitochondrial

distribution in late Nocodazole cells from early cytokinesis until the

end of division ((F-Test, p.0.05). Together, these results indicate

that microtubules are required to polarize mitochondria towards

the cleavage furrow during cytokinesis.

Figure 2. Mitochondria localize to the cleavage furrow in
C2C12, Vero and Ptk2 cells. Fixed images of dividing C2C12, Vero
and Ptk2 cells in early cytokinesis (C2C12), mid cytokinesis (Vero) and
late cytokinesis (Ptk2). Cells were co-stained for mitochondria (Mito-
Tracker Red, red), actin (Phallodin-488, green) and DNA (DAPI, blue). Bar,
10 mm.
doi:10.1371/journal.pone.0072886.g002

Figure 3. Mitochondrial localization in cytokinesis is distinct from the endoplasmic reticulum, Golgi and lysosomes. Fixed images of
HeLa cells in late cytokinesis co-stained for mitochondria (MitoTracker Red, red), DNA (DAPI, blue) and endoplasmic reticulum (anti-GRP-170), Golgi
(anti-Golgin-97) or lysosomes (anti-Lamp-1) shown in green. Bar, 10 mm.
doi:10.1371/journal.pone.0072886.g003

Mitochondria in Cytokinesis
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When microtubules were stabilized with Taxol in early

anaphase, nuclear division was inhibited but cytokinesis proceed-

ed. The mitochondria remained homogenously distributed

throughout the cytoplasm until early cytokinesis (Figure 6A,

bottom row) when some polarization of mitochondria was

observed. Quantification indicated that mitochondria polarized

at a later stage in Taxol-treated cells compared with control cells

(Figure 6B, bottom right panel). Specifically, the polarization of

mitochondria in Taxol-treated cells became significant in early

cytokinesis compared to anaphase in control cells (F-Test,

p,0.05). Furthermore, the degree of polarization was significantly

lower in Taxol-treated cells compared with controls (F-Test,

p,0.05). Since Taxol-treatment stabilizes microtubules and

abolishes microtubules dynamics, this suggests that microtubule

dynamics may be involved in the localization of mitochondria to

the furrow.

To determine whether microtubules were required for accurate

mitochondrial inheritance, we measured the total mitochondrial

fluorescence in pairs of daughter cells and expressed the symmetry

of inheritance as a ratio where 1 = equal inheritance and 0 =

unequal inheritance (Figure 6C). Untreated and DMSO-treated

control cells had median inheritance ratios of 0.91 (N = 5) and 0.85

(N = 8) respectively, indicating equal inheritance. In comparison,

Nocodazole-treated cells had a median ratio of 0.78 (N = 10) and

Taxol-treated cells had a median ratio of 0.79 (N = 6) indicating a

tendency towards unequal inheritance compared with control

cells, although this was not statistically significant (T-Test,

p.0.05). Furthermore, both Nocodazole- (IQR = 0.29) and

Taxol- (IQR = 0.23) treated cells showed a larger spread of

inheritance ratios compared with DMSO control cells

(IQR = 0.12), suggesting that disruption of microtubules reduced

the accuracy of mitochondrial partitioning.

Discussion

Mitochondria are essential for cellular function; as such,

mitochondria must be precisely positioned within the cell and

accurately segregated into daughter cells during division. Herein,

we report that mitochondria are recruited to the cleavage furrow

during mammalian cytokinesis (Figure 1). Furthermore, this

localization is distinct from the ER, Golgi and lysosomes (Figure

3). Consistent with this, mitochondrial localization to the cleavage

furrow has been noted at least twice previously in other somatic

mammalian cells [27,35], as well as in the first division of porcine

oocytes [36] and in grasshopper spermatocytes [37]. In addition,

we observed mitochondrial recruitment to the cleavage furrow in

multiple mammalian cell lines (Figure 2) and in aberrant

monopolar and multipolar divisions (Figure 4), suggesting that

the mechanism of recruitment to the furrow is robust and

conserved in mammals.

In higher eukaryotes, long-range mitochondrial transport is

dependent on microtubules, while short-range movements and

anchoring are mediated by actin [31,38]. We demonstrated with

pharmacological interference of the cytoskeleton that the locali-

Figure 4. Mitochondria localize to the cleavage furrows in multipolar and monopolar cytokinesis. (A) Live-imaging of an aberrant HeLa
cell with a tripolar spindle undergoing cytokinesis stained with MitoTracker Red to visualize mitochondria. Three frames are shown from early to late
cytokinesis. (B) Live-imaging of HeLa cells stained with MitoTracker Red that were treated with Monastrol to generate monopolar spindles then
induced into cytokinesis with Purvalanol A. The time points shown are representative of five stages of monopolar division. The full time-lapse can be
seen in Movie S2. Time is given in minutes after the first visible sign of chromosome polarization (indicating the onset of monopolar division). (C)
Same as (B), but cells were fixed and stained for mitochondria (MitoTracker Red, red), microtubules (anti-alpha-tubulin, green), actin (Phalloidin-488,
magenta) and DNA (DAPI, blue). Yellow arrowheads indicate the position of the cleavage furrow. Bar, 10 mm.
doi:10.1371/journal.pone.0072886.g004

Mitochondria in Cytokinesis
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zation of the mitochondria to the cleavage furrow is dependent on

microtubules (Figure 6) but not on actin (Figure 5). We saw no

effect on mitochondrial recruitment or localization to the cleavage

furrow when actin was depolymerized or stabilized (Figure 5). This

is surprising considering the importance of actin-mediated

movements in various systems including budding yeast, in which

actin cables are the primary cytoskeleton track for mitochondrial

transport [18,19], and in neurons, where mitochondria dock to

actin in synaptic terminals and growth cones [39,40]. In addition,

a novel human Myosin 19 that functions in actin-based

mitochondrial movements has recently been identified [41].

Therefore, we cannot rule out a possible role for actin in

mediating short-range, local movements of mitochondria following

their delivery to the cleavage furrow which may not be detectable

using the quantitation method developed in this study. Previous

studies have shown that the distributions of other organelles during

mammalian cell division are mediated by microtubules of the

centrosomes and the mitotic spindle [42–45]. We observed that

mitochondria accumulated at the cleavage furrow in the region of

equatorial astral microtubules and in the direction of the plus-ends

of polarized microtubules at the cleavage furrow during monopo-

lar division (Figure 4) [27]. This raised the possibility that the

equatorial astral microtubules may be involved in trafficking

mitochondria to the furrow. Indeed, depolymerization of micro-

tubules with Nocodazole inhibited the recruitment of mitochon-

dria to the furrow (Figure 6). When microtubules were stabilized

with Taxol, the polarization of the mitochondria towards the

cleavage furrow occurred at a later stage and was significantly

reduced compared with controls (Figure 6). During division, astral

microtubules are important for cleavage furrow induction and

spindle positioning [2,4]. In dividing cells, not all astral

microtubules are equal; a subset of astral microtubules which

contact the cortex near the furrow are selectively stabilized, while

those at the cell poles are more dynamic [6,7]. The more stable

equatorial astral microtubules are thought to make effective tracks

for delivering factors required for cytokinesis to the furrow [46]. It

is conceivable that, following Taxol-treatment, the normally

dynamic astral microtubules at the cell poles are stabilized and,

consequently, become available for use as alternative tracks for

mitochondrial transport. This would explain why mitochondria

are retained at the cell poles in Taxol-treated cells and polarization

towards the furrow is reduced. To our knowledge, this is both the

first time that astral microtubules have been implicated in

regulating organelle positioning during division and that mito-

Figure 5. Mitochondrial recruitment to the cleavage furrow is not dependent on F-actin. (A) Live-imaging of HeLa cells treated with
DMSO (upper row), Latrunculin A (middle row) or Jasplakinolide (bottom row) and stained with MitoTracker Red to visualize mitochondria. Five
representative frames are shown from metaphase to late cytokinesis. The full time-lapse can be seen in Movie S3. Yellow arrowheads indicate the
position of the cleavage furrow. Bar, 10 mm. (B) Quantification of the distribution of mitochondria from cell pole to equator at each stage of division in
cells treated with DMSO (left panel; 11 cells, N = 44), Latrunculin A (middle panel; 8 cells, N = 32) and Jasplakinolide (right panel; 8 cells, N = 32). The
normalized distance from cell pole to equator is displayed on the x-axis and the average mitochondrial fluorescence intensity is displayed on the y-
axis. Data are represented as the mean and lines fitted by non-linear regression (see also Figure S3).
doi:10.1371/journal.pone.0072886.g005
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Figure 6. Mitochondrial recruitment to the cleavage furrow is dependent on microtubules. (A) Live-imaging of HeLa cells treated with
DMSO (top row), Early Nocodazole (second row), Late Nocodazole (third row) or Taxol (bottom row) and stained with MitoTracker Red to visualize
mitochondria. Five representative frames are shown from metaphase to late cytokinesis. Treatments were added to live cells either 2 (DMSO, Noco
Early, Tax) or 4 minutes (Noco Late) after anaphase onset. Note the mislocalized mitochondria at the cell poles (blue arrows) in drug-treated cells
compared with DMSO-treated control cells. Red asterisks indicate the first time point following drug-addition and yellow arrowheads indicate the
position of the cleavage furrow. The full time-lapse can be seen in Movie S4. Bar, 10 mm. (B) Quantification of the distribution of mitochondria from
cell pole to equator at each stage of division in cells treated with DMSO (top left; 8 cells, N = 32), Early Nocodazole (top right; 8 cells, N = 32), Late
Nocodazole (bottom left; 10 cells, N = 40) and Taxol (bottom right; 6 cells, N = 24). The normalized distance from cell pole to equator is displayed on
the x-axis and the average mitochondrial fluorescence intensity is displayed on the y-axis. Data are represented as the mean and lines fitted by non-
linear regression (see also Figure S4). (C) Quantification of mitochondrial inheritance by daughter cells in control (Untreated and DMSO) and drug-
treated (Noco Late and Taxol) cells. Data are represented by a box and whisker plot showing maximum, minimum, upper and lower quartiles and
sample median. n.s = not significant.
doi:10.1371/journal.pone.0072886.g006
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chondria have been shown to have a microtubule-governed

distribution during mammalian cytokinesis.

Mitochondria are transported to the plus-ends of microtubules

by kinesin motor proteins. Several studies have shown that

Kinesin-1 is the primary motor for anterograde mitochondrial

transport on microtubules [47,48]. However, members of the

Kinesin-3 subfamily, KIF1b and KLP6, have also been implicated

in mitochondrial trafficking [49,50]. In the case of Kinesin-1,

binding to mitochondria is indirect and is mediated by the Miro-

Milton complex [51,52]. Miro has been shown to regulate the

distribution of mitochondria during embryonic cell division in

Arabidopsis [53]. The Drosophila kinesin-like protein, KLP67A, is

essential for proper spindle assembly and, furthermore, when

KLP67A activity is knocked down in Drosophila DL2 cells,

mitochondria are mislocalized around the spindle [54,55].

Whether kinesin motors play a role in recruiting mitochondria

to the cleavage furrow in mammalian cytokinesis is an area for

future work.

An important outcome of cytokinesis is the accurate inheritance

of subcellular organelles. Indeed, other organelles including the

endosomes, lysosomes, and Golgi are inherited by daughter cells

via ordered mechanisms that are mediated by the mitotic spindle

and the centrosomes [42–45]. Currently, the segregation of the

mitochondria into daughter cells is assumed to be a stochastic

process [56]. It has been shown that the activity of dynamin-

related protein 1 (Drp1) is upregulated in early mitosis leading to

extensive fragmentation of the mitochondrial network [22]. The

fragmented mitochondria are then randomly dispersed throughout

the cytoplasm, which is thought to facilitate stochastic inheritance

[22]. In contrast, we demonstrate that mitochondria are specif-

ically recruited to the cleavage furrow by the microtubule

cytoskeleton, indicating that mitochondrial inheritance is not

stochastic but that mitochondria are partitioned by an ordered,

microtubule-mediated mechanism. An ordered mechanism may

help to ensure the accuracy of mitochondrial partitioning between

daughter cells or may allow the dividing cell to select for a specific

subpopulation of mitochondria. In support of this, when micro-

tubules were disrupted with Nocodazole and Taxol, mitochondrial

inheritance by daughter cells showed increased variability (Figure

6C). However, since microtubule-disrupting drugs also perturb

cytokinesis, further work is required to determine whether the

increased variability of inheritance is specifically due to the

inhibition of mitochondrial recruitment to the furrow.

The transport of mitochondria to meet local energy needs is

important in highly differentiated and polarized cells. In partic-

ular, mitochondria are enriched in synapses and growth cones in

neurons [57–61], immunological synapses [62–64], at the trailing

edge in migrating lymphocytes [65] and surrounding the sperm

axoneme [66]. Even in small epithelial cells of the kidney,

mitochondria are predominantly localized to the basolateral

surface in close proximity to membrane ATPases [67]. In addition,

mitochondria have been shown to redistribute in response to

changes in cellular physiology. For example, mitochondria

translocate to the plasma membrane during calcium-dependent

T-cell activation where they function to sustain the calcium signal

[68]. Recently, it has been shown that mitochondria accumulate

around the nucleus in arterial endothelial cells under hypoxic

conditions, leading to an increase of ROS in the nucleus and

induction of transcription [69]. During cytokinesis, the cell

becomes highly polarized [70] and may, therefore, have specific

energetic and metabolic requirements that would necessitate the

local enrichment of mitochondria at the cleavage furrow. For

example, ATP produced by mitochondria is required for the

assembly and contraction of the cytokinetic ring [71–74] and is

utilized by kinases at the cleavage furrow and kinesin motors in the

spindle [74–79]. In addition, mitochondria act as highly localized

buffers of calcium [68,80–83] and localized calcium transients

along the cleavage furrow have been observed in a number of

embryonic divisions [84–86]. Global calcium transients have also

been reported in dividing mammalian cells [87]. An under-

appreciated function of mitochondria is the production of the

membrane lipid, phosphatidylethanolamine (PE) [88–90]. It has

been reported that PE is required for contractile ring disassembly

and cytokinesis completion in mammalian cells [91–94]. The

export of PE to other membranes requires close membrane

contacts, which may explain why mitochondria are enriched at the

furrow. Finally, mitochondria can govern local concentrations of

ROS second messengers that participate in redox signaling

[95,96]. Certain ROS are short-lived and must be produced by

mitochondria in close proximity to their site of action [97].

Whether mitochondria are recruited to the cleavage furrow to

perform any of the aforementioned functions is currently

unknown.

Conclusion

In this study, we have shown that mitochondria are recruited to

the cleavage furrow and away from the cell poles during

cytokinesis in mammalian cells using a microtubule-dependent

mechanism. The positioning of mitochondria by microtubules

may help to ensure the accurate partitioning of mitochondria into

daughter cells during cytokinesis. Alternatively, the recruitment of

mitochondria to the cleavage furrow may facilitate cytokinesis by

locally enriching mitochondrial activity. Further investigation is

required to establish the molecular mechanism and functional

significance of mitochondrial recruitment to the cleavage furrow in

cytokinesis.

Supporting Information

Figure S1 Quantification of MitoTracker Green stain-
ing in dividing HeLa cells for comparison with Mito-
Tracker Red, related to Figure 1. Spinning disk confocal

time-lapse images of HeLa cells stained with 40 nM MitoTracker

Green to visualize mitochondria independently of mitochondrial

membrane potential. Shown are a single focal plane from the

center of the confocal stack (upper row) and the merge of the DIC

image with the mitochondrial single focal plane (bottom row).

Yellow arrowheads indicate the position of the cleavage furrow.

Time is given in minutes after anaphase onset. Bar, 10 mm. (B)

Quantification of the distribution of mitochondria from cell pole to

equator at each stage of division. An overlay of all five stages is also

shown (last panel). The normalized distance from cell pole to

equator is displayed on the x-axis and the average mitochondrial

fluorescence intensity is displayed on the y-axis. Data are

represented as mean +/- SEM (14 cells, N = 56) and lines fitted

by non-linear regression.

(TIF)

Figure S2 Evaluation of actin and microtubule drug-
treatments, related to Figures 5 and 6. Top row: cells were

treated for 15 min with either 0.1% DMSO (control), 100 nM

Latrunculin A or 500 nM Jasplakinolide then fixed and stained for

actin with Phalloidin 488. Yellow arrowheads indicate represen-

tative cells in which the majority of actin filaments have been

depolymerized. Red arrowheads indicate representative cells with

stabilized actin and increased focal adhesions. Bottom row: cells

were treated for 5 min with 0.1% DMSO (control), 20 mM

Nocodazole or 10 mM Taxol, then fixed and stained for
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microtubules (anti-alpha tubulin). Yellow arrowheads indicate

representative cells in which the dynamic microtubule filaments

have been depolymerized and only stable microtubules remain.

Red arrowheads indicate cells with stabilized microtubules, which

have similar staining to control cells but are not dynamic (for

discussion see main text). Bar, 20 mm.

(TIF)

Figure S3 Quantification of mitochondrial fluorescence
intensity in actin drug-treated cells, related to Figure 5.
The normalized distance from cell pole to equator is displayed on

the x-axis and the average mitochondrial fluorescence intensity is

displayed on the y-axis. Data are represented as mean +/- SEM

and lines fitted by non-linear regression.

(TIFF)

Figure S4 Quantification of mitochondrial fluorescence
intensity in microtubule drug-treated cells, related to
Figure 6. The normalized distance from cell pole to equator is

displayed on the x-axis and the average mitochondrial fluores-

cence intensity is displayed on the y-axis. Data are represented as

mean +/- SEM and lines fitted by non-linear regression.

(TIFF)

Movie S1 Full time-series for Figure 1, showing mito-
chondria localized to the cleavage furrow in a dividing
HeLa cell. Images were acquired every 1 minute and the display

rate is 3 frames / sec. Bar, 10 mm.

(MOV)

Movie S2 Full time-series for Figure 4B, showing
mitochondria localized to the cleavage furrow during
monopolar cytokinesis. Also shown is a second cell in which

the cytokinetic cleavage is clearly visible. Red arrows indicate the

position of the cleavage furrow. Images were acquired every 1

minute and the display rate is 3 frames / sec. Bar, 10 mm.

(MOV)

Movie S3 Full time-series for Figure 5, showing mito-
chondria localized to the cell equator in Latrunculin A-
and Jasplakinolide-treated cells. Also shown is a DMSO-

treated control cell for comparison. Images were acquired every 1

minute and the display rate is 3 frames / sec. Bar, 10 mm.

(MOV)

Movie S4 Full time-series for Figure 6, showing mis-
localized mitochondria in Nocodazole- and Taxol-treat-
ed cells. Also shown is a DMSO-treated control cell for

comparison. Red asterisks indicate the time of drug addition.

Images were acquired every 1 minute and the display rate is 3

frames / sec. Bar, 10 mm.

(MOV)

Acknowledgments

Imaging was performed in the CIAN Microscopy and Life Sciences

Imaging Facilities in McGill University. We are grateful to Vincent

Pelletier and Claire Brown for their help using Metamorph and also Justin

Kollman and Jason Lapointe for helpful discussions. We would especially

like to thank Gregory Twork for designing and writing the MATLAB script

used for the quantitative analysis in this manuscript.

Author Contributions

Conceived and designed the experiments: EJL CAM. Performed the

experiments: EJL. Analyzed the data: EJL CAM. Contributed reagents/

materials/analysis tools: EJL CAM. Wrote the paper: EJL CAM.

References

1. Rappaport R (1996) Cytokinesis in Animal Cells.

2. Canman JC, Cameron LA, Maddox PS, Straight A, Tirnauer JS, et al. (2003)
Determining the position of the cell division plane. Nature 424: 1074–1078.

3. Inoue YH, Savoian MS, Suzuki T, Mathe E, Yamamoto MT, et al. (2004)
Mutations in orbit/mast reveal that the central spindle is comprised of two

microtubule populations, those that initiate cleavage and those that propagate

furrow ingression. J Cell Biol 166: 49–60.

4. Bringmann H, Hyman AA (2005) A cytokinesis furrow is positioned by two

consecutive signals. Nature 436: 731–734.

5. Bement WM, Benink HA, von Dassow G (2005) A microtubule-dependent zone

of active RhoA during cleavage plane specification. J Cell Biol 170: 91–101.

6. Foe VE, von Dassow G (2008) Stable and dynamic microtubules coordinately

shape the myosin activation zone during cytokinetic furrow formation. J Cell
Biol 183: 457–470.

7. von Dassow G (2009) Concurrent cues for cytokinetic furrow induction in
animal cells. Trends Cell Biol 19: 165–173.

8. Fededa JP, Gerlich DW (2012) Molecular control of animal cell cytokinesis. Nat
Cell Biol 14: 440–447.

9. McBride HM, Neuspiel M, Wasiak S (2006) Mitochondria: more than just a
powerhouse. Curr Biol 16: R551–560.

10. Hollenbeck PJ, Saxton WM (2005) The axonal transport of mitochondria. J Cell
Sci 118: 5411–5419.

11. Attwell D, Laughlin SB (2001) An energy budget for signaling in the grey matter
of the brain. J Cereb Blood Flow Metab 21: 1133–1145.

12. Yi M, Weaver D, Hajnoczky G (2004) Control of mitochondrial motility and

distribution by the calcium signal: a homeostatic circuit. J Cell Biol 167: 661–
672.

13. Zanelli SA, Trimmer PA, Solenski NJ (2006) Nitric oxide impairs mitochondrial
movement in cortical neurons during hypoxia. J Neurochem 97: 724–736.

14. Mironov SL (2007) ADP regulates movements of mitochondria in neurons.
Biophys J 92: 2944–2952.

15. Saotome M, Safiulina D, Szabadkai G, Das S, Fransson A, et al. (2008)
Bidirectional Ca2+–dependent control of mitochondrial dynamics by the Miro

GTPase. Proc Natl Acad Sci U S A 105: 20728–20733.

16. Wilson EB (1916) The Distribution of the Chondriosomes to the Spermatozoa in

Scorpions. Proc Natl Acad Sci U S A 2: 321–324.

17. Yaffe MP, Stuurman N, Vale RD (2003) Mitochondrial positioning in fission

yeast is driven by association with dynamic microtubules and mitotic spindle
poles. Proc Natl Acad Sci U S A 100: 11424–11428.

18. Simon VR, Karmon SL, Pon LA (1997) Mitochondrial inheritance: cell cycle

and actin cable dependence of polarized mitochondrial movements in

Saccharomyces cerevisiae. Cell Motil Cytoskeleton 37: 199–210.

19. Peraza-Reyes L, Crider DG, Pon LA (2010) Mitochondrial manoeuvres: latest

insights and hypotheses on mitochondrial partitioning during mitosis in

Saccharomyces cerevisiae. Bioessays 32: 1040–1049.

20. Staiber W (2007) Asymmetric distribution of mitochondria and of spindle

microtubules in opposite directions in differential mitosis of germ line cells in

Acricotopus. Cell Tissue Res 329: 197–203.

21. Sheahan MB, Rose RJ, McCurdy DW (2004) Organelle inheritance in plant cell

division: the actin cytoskeleton is required for unbiased inheritance of

chloroplasts, mitochondria and endoplasmic reticulum in dividing protoplasts.

Plant J 37: 379–390.

22. Taguchi N, Ishihara N, Jofuku A, Oka T, Mihara K (2007) Mitotic

phosphorylation of dynamin-related GTPase Drp1 participates in mitochondrial

fission. J Biol Chem 282: 11521–11529.

23. Rizzuto R, Pinton P, Carrington W, Fay FS, Fogarty KE, et al. (1998) Close

contacts with the endoplasmic reticulum as determinants of mitochondrial Ca2+
responses. Science 280: 1763–1766.

24. Wang HJ, Guay G, Pogan L, Sauve R, Nabi IR (2000) Calcium regulates the

association between mitochondria and a smooth subdomain of the endoplasmic

reticulum. J Cell Biol 150: 1489–1498.

25. Mayer TU, Kapoor TM, Haggarty SJ, King RW, Schreiber SL, et al. (1999)

Small molecule inhibitor of mitotic spindle bipolarity identified in a phenotype-

based screen. Science 286: 971–974.

26. Gray NS, Wodicka L, Thunnissen AM, Norman TC, Kwon S, et al. (1998)

Exploiting chemical libraries, structure, and genomics in the search for kinase

inhibitors. Science 281: 533–538.

27. Hu CK, Coughlin M, Field CM, Mitchison TJ (2008) Cell polarization during

monopolar cytokinesis. J Cell Biol 181: 195–202.

28. Bubb MR, Spector I, Beyer BB, Fosen KM (2000) Effects of jasplakinolide on

the kinetics of actin polymerization. An explanation for certain in vivo

observations. J Biol Chem 275: 5163–5170.

29. Murthy K, Wadsworth P (2005) Myosin-II-dependent localization and dynamics

of F-actin during cytokinesis. Curr Biol 15: 724–731.

30. Kondo T, Itakura S, Hamao K, Hosoya H (2012) Phosphorylation of myosin II

regulatory light chain controls its accumulation, not that of actin, at the

contractile ring in HeLa cells. Exp Cell Res 318: 915–924.

Mitochondria in Cytokinesis

PLOS ONE | www.plosone.org 10 August 2013 | Volume 8 | Issue 8 | e72886



31. Saxton WM, Hollenbeck PJ (2012) The axonal transport of mitochondria. J Cell

Sci 125: 2095–2104.

32. Amin-Hanjani S, Wadsworth P (1991) Inhibition of spindle elongation by taxol.

Cell Motil Cytoskeleton 20: 136–144.

33. Shannon KB, Canman JC, Ben Moree C, Tirnauer JS, Salmon ED (2005)

Taxol-stabilized microtubules can position the cytokinetic furrow in mammalian

cells. Mol Biol Cell 16: 4423–4436.

34. Murthy K, Wadsworth P (2008) Dual role for microtubules in regulating cortical

contractility during cytokinesis. J Cell Sci 121: 2350–2359.

35. Christiansen EG (1949) Orientation of the mitochondria during mitosis. Nature

163: 361.

36. Sun QY, Wu GM, Lai L, Park KW, Cabot R, et al. (2001) Translocation of

active mitochondria during pig oocyte maturation, fertilization and early embryo

development in vitro. Reproduction 122: 155–163.

37. Alsop GB, Zhang D (2004) Microtubules continuously dictate distribution of

actin filaments and positioning of cell cleavage in grasshopper spermatocytes. J

Cell Sci 117: 1591–1602.

38. Morris RL, Hollenbeck PJ (1995) Axonal transport of mitochondria along

microtubules and F-actin in living vertebrate neurons. J Cell Biol 131: 1315–

1326.

39. Chada SR, Hollenbeck PJ (2004) Nerve growth factor signaling regulates

motility and docking of axonal mitochondria. Curr Biol 14: 1272–1276.

40. Sung JY, Engmann O, Teylan MA, Nairn AC, Greengard P, et al. (2008)

WAVE1 controls neuronal activity-induced mitochondrial distribution in

dendritic spines. Proc Natl Acad Sci U S A 105: 3112–3116.

41. Quintero OA, DiVito MM, Adikes RC, Kortan MB, Case LB, et al. (2009)

Human Myo19 is a novel myosin that associates with mitochondria. Curr Biol

19: 2008–2013.

42. Shima DT, Cabrera-Poch N, Pepperkok R, Warren G (1998) An ordered

inheritance strategy for the Golgi apparatus: visualization of mitotic disassembly

reveals a role for the mitotic spindle. J Cell Biol 141: 955–966.

43. Bergeland T, Widerberg J, Bakke O, Nordeng TW (2001) Mitotic partitioning of

endosomes and lysosomes. Curr Biol 11: 644–651.

44. Dunster K, Toh BH, Sentry JW (2002) Early endosomes, late endosomes, and

lysosomes display distinct partitioning strategies of inheritance with similarities to

Golgi-derived membranes. Eur J Cell Biol 81: 117–124.

45. Wei JH, Seemann J (2009) The mitotic spindle mediates inheritance of the Golgi

ribbon structure. J Cell Biol 184: 391–397.

46. Odell GM, Foe VE (2008) An agent-based model contrasts opposite effects of

dynamic and stable microtubules on cleavage furrow positioning. J Cell Biol 183:

471–483.

47. Tanaka Y, Kanai Y, Okada Y, Nonaka S, Takeda S, et al. (1998) Targeted

disruption of mouse conventional kinesin heavy chain, kif5B, results in abnormal

perinuclear clustering of mitochondria. Cell 93: 1147–1158.

48. Pilling AD, Horiuchi D, Lively CM, Saxton WM (2006) Kinesin-1 and Dynein

are the primary motors for fast transport of mitochondria in Drosophila motor

axons. Mol Biol Cell 17: 2057–2068.

49. Nangaku M, Sato-Yoshitake R, Okada Y, Noda Y, Takemura R, et al. (1994)

KIF1B, a novel microtubule plus end-directed monomeric motor protein for

transport of mitochondria. Cell 79: 1209–1220.

50. Tanaka K, Sugiura Y, Ichishita R, Mihara K, Oka T (2011) KLP6: a newly

identified kinesin that regulates the morphology and transport of mitochondria

in neuronal cells. J Cell Sci 124: 2457–2465.

51. Fransson A, Ruusala A, Aspenstrom P (2003) Atypical Rho GTPases have roles

in mitochondrial homeostasis and apoptosis. J Biol Chem 278: 6495–6502.

52. Koutsopoulos OS, Laine D, Osellame L, Chudakov DM, Parton RG, et al.

(2010) Human Miltons associate with mitochondria and induce microtubule-

dependent remodeling of mitochondrial networks. Biochim Biophys Acta 1803:

564–574.

53. Yamaoka S, Nakajima M, Fujimoto M, Tsutsumi N (2011) MIRO1 influences

the morphology and intracellular distribution of mitochondria during embryonic

cell division in Arabidopsis. Plant Cell Rep 30: 239–244.

54. Pereira AJ, Dalby B, Stewart RJ, Doxsey SJ, Goldstein LS (1997) Mitochondrial

association of a plus end-directed microtubule motor expressed during mitosis in

Drosophila. J Cell Biol 136: 1081–1090.

55. Gandhi R, Bonaccorsi S, Wentworth D, Doxsey S, Gatti M, et al. (2004) The

Drosophila kinesin-like protein KLP67A is essential for mitotic and male meiotic

spindle assembly. Mol Biol Cell 15: 121–131.

56. Warren G (1993) Membrane partitioning during cell division. Annu Rev

Biochem 62: 323–348.

57. Povlishock JT (1976) The fine structure of the axons and growth cones of the

human fetal cerebral cortex. Brain Res 114: 379–379i.

58. Gotow T, Miyaguchi K, Hashimoto PH (1991) Cytoplasmic architecture of the

axon terminal: filamentous strands specifically associated with synaptic vesicles.

Neuroscience 40: 587–598.

59. Morris RL, Hollenbeck PJ (1993) The regulation of bidirectional mitochondrial

transport is coordinated with axonal outgrowth. J Cell Sci 104 ( Pt 3): 917–927.

60. Ruthel G, Hollenbeck PJ (2003) Response of mitochondrial traffic to axon

determination and differential branch growth. J Neurosci 23: 8618–8624.

61. MacAskill AF, Atkin TA, Kittler JT (2010) Mitochondrial trafficking and the

provision of energy and calcium buffering at excitatory synapses. Eur J Neurosci

32: 231–240.

62. Quintana A, Schwindling C, Wenning AS, Becherer U, Rettig J, et al. (2007) T

cell activation requires mitochondrial translocation to the immunological

synapse. Proc Natl Acad Sci U S A 104: 14418–14423.

63. Contento RL, Campello S, Trovato AE, Magrini E, Anselmi F, et al. (2010)

Adhesion shapes T cells for prompt and sustained T-cell receptor signalling.

EMBO J 29: 4035–4047.

64. Baixauli F, Martin-Cofreces NB, Morlino G, Carrasco YR, Calabia-Linares C,

et al. (2011) The mitochondrial fission factor dynamin-related protein 1

modulates T-cell receptor signalling at the immune synapse. EMBO J 30: 1238–

1250.

65. Campello S, Lacalle RA, Bettella M, Manes S, Scorrano L, et al. (2006)

Orchestration of lymphocyte chemotaxis by mitochondrial dynamics. J Exp Med

203: 2879–2886.

66. Fawcett DW (1975) The mammalian spermatozoon. Dev Biol 44: 394–436.

67. Zhai XY, Birn H, Jensen KB, Thomsen JS, Andreasen A, et al. (2003) Digital

three-dimensional reconstruction and ultrastructure of the mouse proximal

tubule. J Am Soc Nephrol 14: 611–619.

68. Quintana A, Schwarz EC, Schwindling C, Lipp P, Kaestner L, et al. (2006)

Sustained activity of calcium release-activated calcium channels requires

translocation of mitochondria to the plasma membrane. J Biol Chem 281:

40302–40309.

69. Al-Mehdi AB, Pastukh VM, Swiger BM, Reed DJ, Patel MR, et al. (2012)

Perinuclear mitochondrial clustering creates an oxidant-rich nuclear domain

required for hypoxia-induced transcription. Sci Signal 5: ra47.

70. Hehnly H, Doxsey S (2012) Polarity sets the stage for cytokinesis. Mol Biol Cell

23: 7–11.

71. Mabuchi I, Okuno M (1977) The effect of myosin antibody on the division of

starfish blastomeres. J Cell Biol 74: 251–263.

72. De Lozanne A, Spudich JA (1987) Disruption of the Dictyostelium myosin heavy

chain gene by homologous recombination. Science 236: 1086–1091.

73. Pollard TD (2010) Mechanics of cytokinesis in eukaryotes. Curr Opin Cell Biol

22: 50–56.

74. Matsumura F, Yamakita Y, Yamashiro S (2011) Myosin light chain kinases and

phosphatase in mitosis and cytokinesis. Arch Biochem Biophys 510: 76–82.

75. Yasui Y, Amano M, Nagata K, Inagaki N, Nakamura H, et al. (1998) Roles of

Rho-associated kinase in cytokinesis; mutations in Rho-associated kinase

phosphorylation sites impair cytokinetic segregation of glial filaments. J Cell

Biol 143: 1249–1258.

76. Madaule P, Eda M, Watanabe N, Fujisawa K, Matsuoka T, et al. (1998) Role of

citron kinase as a target of the small GTPase Rho in cytokinesis. Nature 394:

491–494.

77. Wordeman L (2010) How kinesin motor proteins drive mitotic spindle function:

Lessons from molecular assays. Semin Cell Dev Biol 21: 260–268.

78. Eda M, Yonemura S, Kato T, Watanabe N, Ishizaki T, et al. (2001) Rho-

dependent transfer of Citron-kinase to the cleavage furrow of dividing cells. J

Cell Sci 114: 3273–3284.

79. Poperechnaya A, Varlamova O, Lin PJ, Stull JT, Bresnick AR (2000)

Localization and activity of myosin light chain kinase isoforms during the cell

cycle. J Cell Biol 151: 697–708.

80. Rutter GA, Rizzuto R (2000) Regulation of mitochondrial metabolism by ER

Ca2+ release: an intimate connection. Trends Biochem Sci 25: 215–221.

81. Yang F, He XP, Russell J, Lu B (2003) Ca2+ influx-independent synaptic

potentiation mediated by mitochondrial Na(+)–Ca2+ exchanger and protein

kinase C. J Cell Biol 163: 511–523.

82. Rizzuto R, De Stefani D, Raffaello A, Mammucari C (2012) Mitochondria as

sensors and regulators of calcium signalling. Nat Rev Mol Cell Biol 13: 566–578.

83. Dedkova EN, Blatter LA (2013) Calcium signaling in cardiac mitochondria. J

Mol Cell Cardiol 58: 125–133.

84. Fluck RA, Miller AL, Jaffe LF (1991) Slow calcium waves accompany cytokinesis

in medaka fish eggs. J Cell Biol 115: 1259–1265.

85. Miller AL, Fluck RA, McLaughlin JA, Jaffe LF (1993) Calcium buffer injections

inhibit cytokinesis in Xenopus eggs. J Cell Sci 106 ( Pt 2): 523–534.

86. Webb SE, Lee KW, Karplus E, Miller AL (1997) Localized calcium transients

accompany furrow positioning, propagation, and deepening during the early

cleavage period of zebrafish embryos. Dev Biol 192: 78–92.

87. Tombes RM, Borisy GG (1989) Intracellular free calcium and mitosis in

mammalian cells: anaphase onset is calcium modulated, but is not triggered by a

brief transient. J Cell Biol 109: 627–636.

88. Vance JE (1990) Phospholipid synthesis in a membrane fraction associated with

mitochondria. J Biol Chem 265: 7248–7256.

89. Stone SJ, Vance JE (2000) Phosphatidylserine synthase-1 and -2 are localized to

mitochondria-associated membranes. J Biol Chem 275: 34534–34540.

90. Osman C, Voelker DR, Langer T (2011) Making heads or tails of phospholipids

in mitochondria. J Cell Biol 192: 7–16.

91. Emoto K, Kobayashi T, Yamaji A, Aizawa H, Yahara I, et al. (1996)

Redistribution of phosphatidylethanolamine at the cleavage furrow of dividing

cells during cytokinesis. Proc Natl Acad Sci U S A 93: 12867–12872.

92. Emoto K, Umeda M (2000) An essential role for a membrane lipid in

cytokinesis. Regulation of contractile ring disassembly by redistribution of

phosphatidylethanolamine. J Cell Biol 149: 1215–1224.

93. Emoto K, Umeda M (2001) Membrane lipid control of cytokinesis. Cell Struct

Funct 26: 659–665.

Mitochondria in Cytokinesis

PLOS ONE | www.plosone.org 11 August 2013 | Volume 8 | Issue 8 | e72886



94. Emoto K, Inadome H, Kanaho Y, Narumiya S, Umeda M (2005) Local change

in phospholipid composition at the cleavage furrow is essential for completion of
cytokinesis. J Biol Chem 280: 37901–37907.

95. Ray PD, Huang BW, Tsuji Y (2012) Reactive oxygen species (ROS) homeostasis

and redox regulation in cellular signaling. Cell Signal 24: 981–990.

96. Murphy MP (2012) Modulating mitochondrial intracellular location as a redox

signal. Sci Signal 5: pe39.

97. Redmond RW, Kochevar IE (2006) Spatially resolved cellular responses to

singlet oxygen. Photochem Photobiol 82: 1178–1186.

Mitochondria in Cytokinesis

PLOS ONE | www.plosone.org 12 August 2013 | Volume 8 | Issue 8 | e72886


