
An Improved Quantitative Approach for the Assessment
of Mitochondrial Fragmentation in Chemoresistant
Ovarian Cancer Cells
Lee Farrand1, Ji Young Kim1,2,4, Akechai Im-Aram1, Jeong-Yong Suh1, Hyong Joo Lee1,

Benjamin K. Tsang1,2,3,4,5*

1World Class University Major in Biomodulation, Department of Agricultural Biotechnology, College of Agriculture and Life Sciences, Seoul National University, Republic

of Korea, 2Department of Obstetrics & Gynaecology, University of Ottawa, Ottawa, Ontario, Canada, 3Department of Cellular & Molecular Medicine, University of Ottawa,

Ottawa, Ontario, Canada, 4 Interdisciplinary School of Health Sciences, University of Ottawa, Ottawa, Ontario, Canada, 5Chronic Disease Program, Ottawa Hospital

Research Institute, Ottawa, Ontario, Canada

Abstract

Mitochondrial fission is a process that involves cleavage of mitochondria into smaller fragments and is regulated by the
GTPase Dynamin-related protein 1 (Drp1). Higher levels of mitochondrial fission are associated with the induction of
apoptosis in cancer cells. However, current methods to accurately quantify mitochondrial fission in order to compare
therapeutics that target this process are often ambiguous or rely on subjective assessment. Mitochondria are also prone to
aggregation, making accurate analysis difficult. Here we describe an improved approach for the quantification of
mitochondrial fragmentation involving several differences from currently existing methods. Cells are first subjected to
cytological centrifugation, which reduces cellular z-axis height and disperses individual mitochondria for easier observation.
Three commercially available fluorescence analysis tools are then applied to disambiguate remaining mitochondrial clusters
that require further inspection. Finally, cut-off scoring is applied, which can be tailored to individual cell type. The resultant
approach allows for the efficient and objective assessment of mitochondrial fragmentation in response to treatment. We
applied this technique to an experimental question involving chemosensitive and chemoresistant ovarian cancer (OVCA)
cells. Cisplatin and the phytochemical piperlongumine were found to induce both mitochondrial fission and apoptosis in
chemosensitive cells, while only piperlongumine was able to elicit these cellular responses in chemoresistant cells.
Piperlongumine-induced apoptosis appeared to be mediated by Drp1-dependent mitochondrial fission since the apoptotic
response was attenuated by the presence of the Drp1 inhibitor mDivi-1. Our study provides groundwork for a more
objective approach to the quantification of mitochondrial fragmentation, and sheds further light on a potential mechanism
of action for piperlongumine in the treatment of chemoresistant OVCA.
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Introduction

Mitochondria are dynamic organelles found in most eukaryotic

cells that undergo the processes of fission (dividing into separate

structures) and fusion (merging of two or more adjacent

structures). Fission is known to precede apoptosis in a number of

cell types, and is thought to facilitate a more rapid release of

mitochondrial pro-apoptotic factors, including cytochrome c and

smac [1]. However, the accurate quantification of mitochondrial

fission is technically challenging due to the sheer number present

in many cell types, and their morphological features. Cells

typically exhibit varying degrees of fission depending on the cell

type and environmental context [2].

The majority of current approaches for the quantitative

assessment of mitochondrial fission are variations of two

overarching strategies [2–7]. The first approach requires mea-

surement of the lengths of individual mitochondria to determine

the degree of fission [3–5]. We have found that aggregation of

mitochondria [6,7], especially coiling and knotting of the

structures [8], as well as the large number of mitochondrial

fragments within each cell renders this approach impractical for at

least some cell types. It also fails to take into account the 3-

dimensional structure of mitochondria within cells, which does not

allow measurement along the z-axis if a single 2-dimensional

image is used. Another approach requires the subjective judgment

of mitochondrial morphology, and requires the operator to show

images that are deemed to be representative of cells with tubular

or fragmented mitochondria (other terms used to describe

morphology include elongated, fused, intermediate, punctuated

and ‘grainy’). Quantification using this approach is essentially

based on the opinions of the observer, and each cell is categorized

according to which representative image it more closely resembles

[9–11]. A major concern in applying this technique is its reliance

on subjective decision which introduces variability between
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Figure 1. Effect of cytological centrifugation on mitochondrial imaging with confocal microscopy. (A) 3-dimensional top view and side
profiles of untreated OV2008 cells, with and without cytological centrifugation prior to fixation. Yellow arrows indicate typical areas of separation that
appear between mitochondria after centrifugation. (B) Orthogonal sections of the same images seen in (A) taken with identical camera exposure
settings. Cells were fixed in 3.7% paraformaldehyde and stained for nuclear (DAPI, blue) and mitochondrial (TOM20, green) signal. (C) Comparison of
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individual observers. Traditional immunocytochemistry in cham-

bered vessels also produces images that typically contain at least

some mitochondria that are out of focus during fluorescence

imaging, and therefore incomplete representation of the entire

specimen.

The objective of the present study was to develop an improved

method to quantify the degree of mitochondrial fragmentation

within cells, and to apply this approach in comparing the influence

of the phytochemical piperlongumine on mitochondrial fission in

chemosensitive and chemoresistant ovarian cancer cells in vitro.

While the quantification of mitochondrial fragmentation would

conceivably account for small mitochondrial fragments appearing

due to the synthesis of new mitochondria and the fragmentation

caused by mitophagy, when combined with further validation

using appropriate markers, more accurate assessments of the

extent of mitochondrial fission can be made. Our method involves

cytological centrifugation that captures apoptotic and healthy cells

using 3-dimensional imaging (via confocal laser microscopy z-

stacking), and produces flattened cells with dispersed mitochondria

that are easier to distinguish during imaging. In cases of

mitochondrial aggregation, three commercially available software

tools (Fluorescence Intensity Profiling, Orthogonal Sectioning, and

Heat Mapping) are used to disambiguate the clusters and identify

numbers of individual mitochondria. In addition, a cut-off scoring

technique is applied to more efficiently assess cells as being either

fragmented or tubular.

We sought to demonstrate the practical application of our new

approach, by using it to investigate the role of mitochondrial

fission in chemoresistant ovarian cancer (OVCA). Resistance to

CDDP (cisplatin: cis-diamminedichloroplatinum(II)) in ovarian

cancer is a significant obstacle to successful treatment [12]. While

the involvement of the mitochondria in caspase-mediated apopto-

sis has been extensively investigated, the role of mitochondrial

morphology in chemoresistance remains to be fully understood.

Piperlongumine is a natural constituent of the Long Pepper (Piper

longum L.) and has been reported to exhibit a number of bioactive

effects including the inhibition of platelet aggregation [13],

downregulation of androgen receptors [14] and broad effects

against a range of chemoresistant cancer cell types through the

induction of reactive oxygen species [15]. We have applied the

above-described quantitative approach to compare the effects of

CDDP and piperlongumine on mitochondrial fission and apopto-

sis in chemosensitive and chemoresistant OVCA cell lines.

Materials and Methods

Reagents
CDDP was purchased from Sigma-Aldrich (St Louis, MO,

USA). Piperlongumine was purchased from Tocris Bioscience

(Bristol, UK). Anti-GAPDH, anti-Drp1 and anti-phospho-Drp1

(Ser637) antibodies were from Cell Signaling Technology (Beverly,

CA, USA). Anti-TOM20 antibody was from Santa Cruz

Biotechnology (Dallas, TX, USA). Alexa FluorH 488 secondary

antibody, TEMED, RPMI 1640 culture media, fetal bovine serum

and ProLong Gold Antifade Reagent with DAPI were from Life

Technologies (Carlsbad, CA, USA). All antibodies were diluted in

Dako Antibody Diluent (Dako#s0809) from Agilent Technologies

(Glostrup, Denmark). Complete Mini Protease inhibitor cocktail

tablets and PhosStop phosphatase inhibitor cocktail tablets were

obtained from Roche Applied Sciences (Penzberg, Germany).

Cell Lines and Culture
CDDP-sensitive human OVCA cell line (OV2008) [16] and its

resistant counterpart (C13*) [17] were gifts from Drs Rakesh Goel

and Barbara Vanderhyden (Ottawa Hospital Cancer Center,

Ottawa, ON, Canada), and cultured as previously reported [18].

They are of ovarian endometrioid adenocarcinoma origin with

squamous differentiation.

Annexin V Apoptosis Assay
OVCA cells were stained with FITC-conjugated Annexin V

(Bioline, London, UK) and propidium iodide to determine the

proportion of the cells that were at the early and late phases of

apoptosis [19]. The stained cells were then analyzed using a BD

FACSCalibur Flow Cytometer (BD Biosciences) and the Cell-

Quest/ModFit software.

Immunoblotting and Immunofluorescence Microscopy
Immunoblotting was performed as previously described [18].

Band densities were analyzed and quantified using a BioRad

ChemiDoc XRS+ and Image Lab V3.0 (Hercules, CA, USA).

OV2008 cells were fixed with 4% paraformaldehyde in 8-well

chamber slides, incubated with appropriate fluorescence-conju-

gated secondary antibodies and stained with ProLong Gold

Antifade Reagent with DAPI (blue, nuclear stain). They were

imaged immediately with a Zeiss LSM700 confocal scanning

microscope equipped with a Zeiss T-PMT digital camera (Zeiss,

Oberkochen, Germany).

Cytological Centrifugation and Fixation of Cells
Cells were seeded for 12 h in RPMI media supplemented with

10% FBS in 6-well plates. Following treatment with appropriate

test agents, they were harvested after 2 minutes incubation with

0.025% trypsin (200 ml) at 37uC. The trypsinization was

performed quickly to minimize mitochondrial damage and the

reaction was stopped with the addition of 10% FBS in RPMI

1640. The cells were gently washed with 1 ml PBS (9006g, 1 min;

all PBS was filtered with a 0.45 micrometer syringe filter; Sartorius

Biotechnology, Goettingen, Germany) and the cell pellet was

carefully re-suspended in 500 ml of fresh PBS. Fifty microlitres of

the suspension was centrifuged (9006g, 4 min) using cytological

funnels together with silane-coated glass slides and Whatman filter

paper (Hanil Science Cytospin cytological centrifuge; Daejeon,

Korea). The cells were then fixed in 4% paraformaldehyde at 4uC
for 24 h. They were then washed (365 min) in PBS with gentle

agitation, permeabilized with 0.02% Triton-X diluted in PBS

(incubated for 10 min at 4uC) and subjected to another PBS

washing cycle (365 min). The cells were incubated with TOM20

(mitochondrial import receptor subunit) antibody (1:250, 24 h,

4uC), washed with PBS and incubated with Alexa FluorH 488

secondary antibody (room temperature, 1 h). Cells were then

washed in PBS before fixation with a cover slip using ProLong

Gold Antifade Reagent with DAPI, and confocal imaging

commenced immediately.

mitochondrial image quality between conventional immunocytochemistry and cytological centrifugation approaches. Images of classical tubular and
fragmented mitochondrial morphology becomes visibly sharper after centrifugation due to the minimization of fluorescence originating from
background sources beyond the focal plane. The enlargement of the nucleus post-centrifugation is due to flattening of the cells by centripetal force.
Scale bars = 5 mm.
doi:10.1371/journal.pone.0074008.g001
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Figure 2. Disambiguation of mitochondrial aggregates using commercially-available fluorescence analysis software tools. (A)
Fluorescence intensity profiling of a single cell with fragmented mitochondria. Intensity of mitochondrial signal along a linear profile selected by the
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operator (light blue arrow) is represented quantitatively. (i) Emission peak of a single mitochondrion is indicated graphically (yellow arrow). (ii)
Separated mitochondria are evident as independent peaks. (iii) Higher peaks (yellow arrow) suggest the presence of multiple mitochondria,
superimposed during centrifugation. 3D image data is layered transparently, with individual mitochondrial number being directly proportional to the
intensity of fluorescence. (B) Heat mapping of a single cell treated with CDDP (10 mM, 12 h). Differences in z-axis location values of mitochondrial
fragments are represented as colors. (i) Magnification (yellow box) revealing distinct mitochondria at different z-axis heights (green vs. orange). (ii)
The reverse view of the same cell in (i), indicating further individual fragments (cyan vs blue, yellow arrow). (C) Orthogonal section tool showing cross
sections of a single cell along the y- axis (inset dotted yellow box, magnified as green box) and x-axis (magnified as red box). Y. (i) Magnification
(green box) of y-axis orthogonal section. (ii) Magnification (red box) of x-axis orthogonal section. Yellow arrows indicate spaces separating individual
mitochondria.
doi:10.1371/journal.pone.0074008.g002

Figure 3. Selection of cut-off scores determines stringency of categorization. Figure shows three cells with varying degrees of fission. (i) A
cut-off score of 2 (outcome is ‘Yes’, if 2 or more mitochondrial fragments are detected that are,3 micrometers in length across the longest axis) puts
all 3 cell types in the same category. (ii) A cut-off score raised to 5 distinguishes Cell A as different to Cells B and C (a criterion for classifying Cell A as
‘tubular’) (c) A cut-off score of 10 places Cells A and B in the same category, distinct from Cell C. Use of more than one cut-off score allows for the
distinction of varying degrees of mitochondrial fission.
doi:10.1371/journal.pone.0074008.g003
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Quantification of Mitochondrial Fission
After cytological centrifugation, fixation and immunostaining of

the cells, 3-dimensional images of individual cells were obtained

using confocal microscopy by superimposing at least 12 cross-

sectional images taken in increments along the Z-axis and

encompassing the entire cell volume. Standard exposure settings

involved a pixel dwell of .50 microseconds and field dimensions

of 3006300 micrometers. A minimum of 100 cells per treatment

group were assessed for mitochondrial fission in each replicate,

with statistics derived from three independent replicates. Each

individual cell analyzed was classified as either fragmented or not-

fragmented in accordance with whether it met the cut-off score of

8. Cells that fulfilled the definition of ‘fragmented’ therefore

contained 8 or more individual mitochondrial fragments that were

each ,3 micrometers in length across the longest axis. In cases of

ambiguity due to aggregation of the mitochondria, three

commercially available software tools included in the Zeiss LSM

software package (Fluorescence Intensity Profiling, Orthogonal

Sectioning and Heat Mapping) were used to resolve the

uncertainties. Fluorescence Intensity Profiling enables the detec-

tion of fluorescently labeled mitochondrial boundaries (labeled

with TOM20), as reflected by sharp increases or decreases in

fluorescence intensity [20]. The operator draws a straight line

through any region of the image, and an automated graph of the

Figure 4. Effects of piperlongumine and CDDP on mitochondrial fission and apoptosis in OVCA cells. (A) Representative images of
tubular and fragmented mitochondria in chemosensitive cells (OV2008) and their resistant counterparts (C13). Mitochondria and nuclei were stained
with TOM20 (green) and DAPI (blue), respectively. (B) Effect of piperlongumine and CDDP on mitochondrial fission in OV2008 and C13 cells, as
assessed with a single cut-off score of 8 (cells containing 8 or more mitochondrial fragments ,3 micrometers in length were classified as having
fragmented mitochondria). (C) Effect of CDDP and piperlongumine on apoptosis, as assessed by Annexin V assay (*, p,0.05; **, p,0.01; ***, p,0.001
versus respective untreated control).
doi:10.1371/journal.pone.0074008.g004
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fluorescence intensity is constructed. Orthogonal Sectioning allows

any region in the image to be inspected from an x- or y-axis point-

of-view (POV). This creates a virtual cross-sectional perspective

and provides information on mitochondrial boundaries that would

normally be obscured if viewing from the traditional top-down

POV. Heat Mapping color-codes all fluorescent objects within a 3-

dimensional image according to the position of the object along

the z-axis. In visualizing mitochondria, the tool is most useful for

distinguishing separate mitochondria that are located on opposing

sides of the nucleus (and would otherwise appear as singular

mitochondria). In the majority of cases, these tools were not

needed to recognize fragmented mitochondria, as cytological

centrifugation dispersed the organelles for easier viewing. The

mitochondrial morphology of at least 80 cells per treatment group

was determined, with the observer blinded to the identity of

treatment groups. Quantifications were derived from three

independent experiments.

Statistical Analysis
Results are expressed as the mean 6 SEM of at least three

independent experiments. Statistical analysis was carried out by

one-way, two-way or three-way analysis of variance, using

SigmaPlot software (Versions 12; Systat Software, Chicago, IL,

USA). Differences between multiple experimental groups were

determined by the Bonferroni post-hoc test. Statistical significance

was inferred at p,0.05.

Figure 5. CDDP- and piperlongumine-induced mitochondrial
fission and apoptosis is Drp1-dependent in chemosensitive
OVCA cells. (A) CDDP (10 mM) and piperlongumine (10 mM) down-
regulated of phospho-Drp1 (Ser637) content in OV2008 cells in vitro. (B)
(i) Effect of mDivi-1 (0–10 mM) on CDDP- and piperlongumine-induced
mitochondrial fission and (ii) apoptosis as assessed by Annexin V assay
(**, p,0.01; ***, p,0.001 versus respective DMSO control treated with
identical mDivi-1 concentration, #, p,0.05 versus respective PL or
CDDP treatment in the absence of mDivi-1).
doi:10.1371/journal.pone.0074008.g005

Figure 6. Piperlongumine induces Drp1-dependent mitochon-
drial fission and apoptosis in CDDP-resistant ovarian cancer
cells. (A) Piperlongumine but not CDDP (0–10 mM) down-regulates
phospho-Drp1 (Ser637) content. (B) (i) Effect of mDivi-1 (0–10 mM) on
piperlongumine-induced mitochondrial fission and (ii) apoptosis, as
assessed by Annexin V assay (**, p,0.01; ***, p,0.001 versus respective
DMSO control treated with identical mDivi-1 concentration, #, p,0.05;
##, p,0.01;###, p,0.001 versus respective PL or CDDP treatment in
the absence of mDivi-1).).
doi:10.1371/journal.pone.0074008.g006
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Results

Cytological Centrifugation Enhances Mitochondrial
Imaging by Increasing the Separating Distances between
Individual Mitochondria
We first compared the effects of cytological centrifugation on

confocal imaging quality of mitochondria. Optimization revealed

that the ideal rotor settings of the cytological centrifuge for

imaging OV2008 cells included a 9006g spin for 4 minutes. All

subsequent experiments were conducted using these settings. In

the absence of the centrifugation step, mitochondria were

observed to aggregate closely to the nucleus and to curl towards

the angle of the viewing lens (Figure 1, Figure S1A). Side profiling

of cells without centrifugation revealed a large z-axis height of at

least 8 micrometers, making individual distinction of separate

mitochondria difficult. With the inclusion of a centrifugation step,

the mitochondria were separated further from the nucleus, and

increased distances emerged between individual mitochondria.

Centrifuged cells exhibited a reduced z-axis height of approxi-

mately 3 micrometers, resulting in an easier observation of

individual mitochondrial structures (Figure 1B, Figures S1B–C). A

comparison of image quality with and without centrifugation,

using identical imaging settings, revealed that centrifugation

improved the overall clarity of mitochondrial features

(Figure 1C). This was due, in part, to the fact that without

centrifugation, the fluorescent images included a higher degree of

‘out-of-focus’ background fluorescence (ie. from mitochondria that

were not clearly visible within the z-axis plane at which the image

was taken). Centrifugation improves image focus by flattening cell

features within the same focal plane.

Fluorescence Intensity Profiling, Orthogonal Sectioning
and Heat Mapping Tools Allow for Rapid Distinction of
Individual Mitochondrial Fragments within Aggregates
We noted that although the centrifugation step enhanced our

ability to distinguish mitochondria, in some cases aggregation of

the mitochondria appeared unavoidable despite efforts to resolve

the issue. We adopted three fluorescence analysis tools (Fluores-

cence Intensity Profiling, Orthogonal Sectioning and Heat

Mapping) to supplement the quantification of mitochondria

present within aggregates. These tools provide greater information

on the spatial orientation of mitochondrial membranes, allowing

disambiguation of fluorescent signal that may otherwise seem

confusing. Fluorescence Intensity Profiling (Zeiss LSM software

package) is a tool normally used to determine signal-to-

background ratios across fluorescent regions of an image [20].

This tool can be alternatively used to determine the number of

individual mitochondria within an aggregate, as the intensity of

fluorescence is directly proportional to the number of mitochon-

drial membranes. Using transparent overlays, the number of

mitochondria can be extrapolated in large groups by simple

division of the peak signal by the intensity of fluorescence obtained

from a single mitochondrion (Figure 2A). Heat Mapping provides

information on z-axis mitochondrial locations using a color-coded

spectrum (Figure 2B, Figures S2A–C) [21]. Mitochondria that are

superimposed or flattened behind or in front of the nucleus can be

easily identified according to their color assignment. Finally,

Orthogonal Sectioning (Zeiss LSM) provides cross-sectional views

of any x-y location from a perspective perpendicular to the z-axis,

allowing close inspection of mitochondrial boundaries that would

otherwise be obscured from a traditional top-down view

(Figure 2C). At sufficiently high resolution, and with optimal

expansion of the cytoplasm via the centrifugation step, we found

that these fluorescence tools were only required in .10% of cases,

where a decision could not be reached due to irregular

mitochondrial aggregation. The effective use of these tools are

dependent on several assumptions, for instance, that all mito-

chondria in an aggregate are equally stained, that fluorescent

signal has a sufficient signal to noise ratio and that the

mitochondrial membranes are distinguishable by corresponding

changes in fluorescent signal.

Application of Cut-off Scores Allows Distinction between
Cells Containing Different Degrees of Mitochondrial
Fission
Although it is possible to precisely determine the number of

mitochondria in any given cell, it is time-consuming and

impractical if assessing a large number of cells. We next devised

a semi-quantitative approach for a more efficient and less labor-

intensive assessment of the images. We proceeded by assessing the

mitochondrial phenotype (tubular or fragmented) based on a cut-

off score defined by a minimum number of mitochondrial

fragments of a defined length present in each cell. The stringency

of categorization is determined by the cut-off score chosen

(Figure 3). If 8 or more mitochondria that were each shorter than

3 micrometers in length were found anywhere in the cell, the

entire cell would qualify as ‘‘fragmented’’. Fulfillment of the

criteria renders further assessment of the remaining mitochondria

unnecessary (shown in Figure 3).

Chemosensitivity to CDDP and Piperlongumine is
Associated with Mitochondrial Fission
We next applied this technique to investigate the influence of

piperlongumine and CDDP (0 and 10 mM, 12 h) on mitochon-

drial fission in chemosensitive (OV2008) and chemoresistant (C13)

OVCA cells (Figure 4). Both compounds caused increases in

mitochondrial fission and apoptosis in a concentration-dependent

manner in OV2008. However, only piperlongumine had the same

effect in C13, suggesting that the latter not only promotes

apoptosis but also induces mitochondrial fission in chemoresistant

OVCA cells. A minimum of 100 cells per treatment group were

assessed for mitochondrial fission in each replicate, with statistics

derived from three independent replicates.

CDDP and Piperlongumine-induced Mitochondrial
Fission and Apoptosis are Drp1-dependent in
Chemosensitive OVCA
In response to various types of cell stress, Drp1 is activated by

dephosphorylation at Ser637. This is followed by its recruitment to

the mitochondria where it oligomerizes to provide the mechanical

strength needed for fission to occur [22]. We hypothesized that if

Drp1-dependent mitochondrial fission is a determinant of the

chemosensitive response, both CDDP and piperlongumine treat-

ment should result in dephosphorylation of Drp1. This was indeed

the case in OV2008 cells (Figure 5A). More importantly, treatment

of OV2008 cells with a pharmacological inhibitor of Drp1, mDivi-

1, significantly attenuated both mitochondrial fission and apoptosis

induced by the two compounds (Figure 5B). This data supports a

causative link between fission and apoptosis. A minimum of 100

cells per treatment group were assessed for mitochondrial fission in

each replicate, with statistics derived from three independent

replicates.

Quantifying Mitochondrial Fission in OV Cancer
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Drp1-dependent Mitochondrial Fission is a Determinant
of Piperlongumine-induced Apoptosis in Chemoresistant
OVCA
Our earlier studies have shown that mitochondrial fission is

associated with chemosensitivity, while CDDP resistance is

marked by a lack of such activity (Figure 4). We next sought to

determine whether piperlongumine was causing apoptosis in

chemoresistant C13* cells via Drp1-dependent mitochondrial

fission. Concentration-response analysis showed that piperlongu-

mine, but not CDDP, induced dephosphorylation of Drp1 at

Ser637 (Figure 6A). Addition of the Drp1-inhibitor mDivi-1 also

partially attenuated piperlongumine-induced mitochondrial fission

and apoptosis (Figure 6B). A minimum of 100 cells per treatment

group were assessed for mitochondrial fission in each replicate,

with statistics derived from three independent replicates.

Discussion

While the quantification of mitochondrial fission has been

undertaken in several well-designed studies, the descriptions of

published approaches are somewhat ambiguous and subjective [2–

7]. We note two significant difficulties in accurately quantifying

fission. The first is aggregation of the mitochondria, particularly

around the nucleus, which makes distinction of separate organelles

Figure 7. Overview of the novel approach, involving cytological centrifugation, fluorescence analysis and assignment of cut-off
scores for mitochondrial fission quantification.
doi:10.1371/journal.pone.0074008.g007
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difficult. The second is the time taken to quantify the mitochon-

dria, even if all individual fragments can be distinguished using

advanced 3-dimensional mapping techniques.

We acknowledge the existence of several published automated

methods which we have investigated and found to be interesting.

However, we believe that these methods require extensive

background knowledge on computational algorithms in order to

be used effectively. One method uses automated fluorescent

pulsing at 30 Hz and the employment of computer-aided analysis

[23]. In our attempt to follow the steps provided by the

researchers, we found considerable difficulty in interpreting a

number of the instructions which require considerable background

knowledge, and were unable to succeed in producing meaningful

data. The generation of a synthetic binary image as a test model

also requires extensive familiarity with appropriate dimensions of

the mitochondria in each cell type, a requirement not needed for

our approach.

Another intriguing computational approach [24] involves

automated subtyping of mitochondrial morphology. We have also

attempted to employ the MicroP software written by the authors

for our experimental needs, however, it was similarly very difficult

for us to learn due to the technical (computational knowledge)

needed. MicroP requires the user to successfully calibrate the

software before use.

In the present studies, we have addressed the issue of

aggregation by applying a cytological centrifugation step, which

flattens the cytoplasm along the plane of the slide and renders

distinction of individual mitochondria significantly easier. The

issue of time constraint was addressed by the application of cut-off

scoring to allow for less labor-intensive categorization of

mitochondrial phenotypes. While the most accurate method for

quantification of fission would be an absolute count of the total

number of individual fragments, the time required makes this

approach impractical, especially for studies with a large sample

size. Our suggested approach allows for the acquisition of

mitochondrial fission data comparable to that required in prior

study designs [2–7], but with more specific guidelines for

independent reproducibility. An overview of the new approach

is shown in Figure 7.

While our approach offers obvious advantages, we also note

several potential pitfalls. The diversity in mitochondrial morphol-

ogy across cell types is significant and may require fine adjustment

and validation of the protocol. For example, some cell types may

have a large number of mitochondria and a relatively lower

volume of cytoplasm. In such cases, careful optimization of the

centrifuge step and a larger number of z-axis images per cell may

be needed. Higher centrifuge speeds enhance mitochondrial

dispersion, but can also promote rupture of the nucleus (shown

in Figure S3). We have also attempted to use our approach with

in vivo OVCA tumor samples stained with TOM20, and found

that the inability to centrifuge solid tumors combined with

excessive non-specific background signal made it infeasible. A

rapid cell harvest prior to centrifugation could also be essential,

and we suspect that mitochondria may fragment very quickly after

harvest. This has implications for the number of different samples

within a treatment group that can be simultaneously assessed. A

possible solution is to request the aid of more operators to assist in

the harvest step, to allow for faster completion. It is possible that

this approach does not allow for the distinction of mitochondrial

fission as a causative factor for the appearance of mitochondrial

fragments. Other processes, including the synthesis of new

mitochondria and mitophagy could also lead to such events.

Therefore, it is important to also employ other approaches related

to mitochondrial fission in order to form conclusions. For example,

the analysis of mitochondrial fission machinery (such as Drp1

activation) will lend further weight to a hypothesis supported by

fission quantification data.

While mitochondrial fission has been linked with apoptotic

capacity [25], its relationship with CDDP resistance has not been

carefully examined. We found that CDDP and piperlongumine

activate Drp1 (via removal of phosphorylation at Ser637) and

induce both fission and apoptosis in chemosensitive cells

(OV2008). In contrast, only piperlongumine was effective in its

resistant counterparts (C13*). Our observation that the specific

Drp1 inhibitor mDivi-1 attenuated both piperlongumine-induced

fission and apoptosis provided further support for hypothesis that

CDDP resistance may in part be a consequence of Drp1

inactivation and the resultant suppression of mitochondrial fission.

Further studies are required to better understand how the

dysregulation of mitochondrial fission plays a role in CDDP

resistance, and to provide insights for new therapeutic strategies to

overcome such resistance in OVCA.

In summary, we have developed and tested a novel approach

for the quantification of mitochondrial fission that we believe is

scientifically more rigorous than the methods currently described

in the literature. Its advantages include greater accuracy, minimal

subjectivity and higher efficiency. In addition, we have demon-

strated that piperlongumine induces apoptosis in CDDP-resistant

OVCA, and that this phenomenon is associated with the induction

of mitochondrial fission. Successful application of this technique

relies upon minimal damage to mitochondria during harvest and

fixation, cytological centrifugation and trypsinization, as well as

the proper application of fluorescence analysis tools. These

programs can be purchased online and training materials are also

publicly available.

Supporting Information

Figure S1 Effect of cytological centrifugation on cell
dimensions. (A) Typical OV2008 cells treated with and without

CDDP (10 mM), in the absence of a centrifugation step.

Aggregation of mitochondria can make quantification challenging.

(B) OV2008 cell treated with CDDP (10 mM) and subjected to

centrifugation (9006g, 4 min), causing flattening of the cell

without membrane rupture. (C) Comparison between cells with

and without centrifugation step.

(EPS)

Figure S2 Advanced aspects of the heat mapping
technique. (A) In fixed-axis mode, intensity of signal can be

manipulated along a single plane, showing relative z-axis positions

of individual mitochondria. Higher intensities indicate greater z-

axis height and higher numbers of mitochondria (yellow arrows).

(B) In rotational mode, color indicates the position of the nucleus,

even in the absence of DAPI stain. (C) CDDP (10 mM) -treated

OV2008 cell showing intensity peaks indicative of mitochondrial

aggregations (yellow arrows).

(EPS)

Figure S3 Effects of centrifuge speed on mitochondrial
dispersion and rupture of the nuclear envelope. Lower

speeds (3006g) result in suboptimal dispersion, while high speeds

(12006g) rupture the nucleus (indicated by yellow arrow).

Mitochondria and nuclei were stained with TOM20 (green) and

DAPI (blue).

(EPS)

Figure S4 High resolution field scans showing mito-
chondrial morphology of populations of OV2008 cells.
Single-cell images were taken for the majority of the results purely
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due to practical considerations. For high resolution laser

microscopy imaging, the time taken to capture an image is

dependent upon pixel dwell and the resolution chosen. Larger

fields of view require a much greater amount of time to capture,

thus necessitating our approach of imaging single cell images to

gather an adequate amount of data within a reasonable time-

frame.(A) Uncentrifuged OV2008 control cells. Not all mitochon-

dria are visible, as the cells were not centrifuged, and a single z-

axis scan was captured. Time taken to capture image= approx. 40

minutes. (B) Uncentrifuged OV2008 cells treated with 10 uM

CDDP. Not all mitochondria are visible, as the cells were not

centrifuged, and a single z-axis scan was captured. Time taken to

capture image= approx. 30 minutes. (C) Centrifuged OV2008

control cells. This image was taken prior to completion of our

optimization of the approach. Time taken to capture image= ap-

prox. 20 minutes. (D) Centrifuged OV2008 cells treated with

10 uM CDDP. This image was taken prior to completion of our

optimization of the approach. Time taken to capture image= ap-

prox. 10 minutes.

(EPS)
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