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Abstract

The term ‘mitochondrial dynamics’ is com-
monly used to refer to ongoing fusion and fis-
sion of mitochondrial structures within a
living cell. A growing number of diseases,
from Charcot Marie Tooth Type 2a neuropa-
thies to cancer, is known to be associated with
the dysregulation of mitochondrial dynamics,
leading to irregularities of mitochondrial net-
work morphology that are associated with
aberrant metabolism and cellular dysfunction.
Studying these phenomena, and potential
pharmacological interventions to correct
them, in cultured cells is a powerful approach
to  developing treatments or  cures.
Appropriately designed experiments and
quantitative approaches for characterizing
mitochondrial morphology and function are
essential for furthering our understanding. In
this chapter, we discuss the importance of cell
incubation conditions, choices around imag-
ing modalities, and data analysis tools with
respect to experimental outcomes and the
interpretation of results from studies of mito-
chondrial dynamics. We focus primarily on
the quantitative analysis of mitochondrial
morphology, providing an overview of the
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available tools and approaches currently being
used and discussing some of the strengths and
weaknesses associated with each. Finally, we
discuss how the ongoing development of
imaging and analysis tools continues to
improve our ability to study normal and aber-
rant mitochondrial physiology in vitro and
in vivo.
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10.1 Introduction

In all nucleated animal cells, even post-mitotic
terminally differentiated cells like neurons and
myofibres, mitochondria are in a dynamic state of
ongoing biogenesis, involving replication of
mitochondrial DNA (mtDNA) and gain of mito-
chondrial mass, and mitophagy involving mtDNA
degradation and loss of mitochondrial mass.
Although these are clearly dynamic processes,
the term ‘mitochondrial dynamics’ is more often
applied to the more rapidly changing aspects of
mitochondrial shape and organization within a
cell. Within all cells, mitochondria exist as a pop-
ulation of organelles undergoing continual fusion
into highly branched networks and fission into
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smaller punctate and rod-like structures. The pro-
cesses of fusion and fission, and their balance or
imbalance to bring about remodeling and/or re-
localization of mitochondria, are of biological
and physiological significance.

The dynamic nature of mitochondria has been
appreciated since, over a century ago, Lewis and
Lewis [1] noted not only the heterogeneous mor-
phology of mitochondria, but also how that mor-
phology would change over time, morphing from
long threadlike structures, to rings, to granules,
and back. It was not until 1980, however, that
mitochondrial labeling in live cells was demon-
strated using rhodamine 123, a dye previously
used for lasers [2]. Only a year later it was noted
that rhodamine 123 could be used as an indicator
of membrane potential as it was lost from the
mitochondria of cells treated with uncouplers
such as carbonyl cyanide-4-(trifluoromethoxy)
phenylhydrazone (FCCP) [3]. This provided the
means for probing not only the morphology but
also the functional characteristics of mitochon-
dria in live cells. Fluorescence microscopy stud-
ies have since benefited from the development of
a wide variety of fluorescent small molecule
probes and, more recently, fluorescent proteins
and genetically encoded sensors. An extensive
overview of many of the available mitochondrial
labels and probes can be found in [4]. More
recently, improvements in the computing tech-
nology for working with the large datasets that
can be acquired using these methods have enabled
significant leaps forward in the analysis of mito-
chondrial dynamics.

In many human mitochondrial diseases, rela-
tive rates of fusion and fission are affected
directly via the inheritance of mutations in the
genes involved in regulating these processes. In
other diseases, such as cancer or diabetes, the
connection is indirect but there are reasons to
believe that treatment options could be produc-
tively targeted to the machinery of mitochondrial
dynamics. It is, in general, important to under-
stand how disease processes negatively affect
mitochondrial dynamics and how pharmacologi-
cal interventions might be targeted to correct this.
A necessary step toward this goal is the develop-
ment and refinement of methods for visualizing

and analyzing mitochondria in live cells. In this
chapter we focus primarily on fluorescence
microscopy approaches for studying the steady-
state characteristics of mitochondrial structure
and function in live mammalian cells in the con-
texts of normal and diseased states.

10.1.1 Mitochondrial Dynamics
in Cell Processes

Within an individual mammalian cell, mitochon-
dria undergo continual structural and positional
changes that lead to the highly heterogeneous
morphologies we observe under the microscope.
Rafelski and colleagues have provided a detailed
description of the size, shape, and position of
mitochondrial structures that occur [5, 6]. The
machinery and molecular mechanisms of mito-
chondrial fusion/fission have been extensively
studied, and readers are directed to several recent
reviews for details of these [7, 8].

The overall architecture of mitochondrial
networks, including the relative occurrence of
punctate or tubular ‘individual’ mitochondrial
structures versus highly interconnected and
branched structures, represents the balance
between fusion and fission processes at a given
moment. Fusion and fission processes are in
turn mediated by several molecular motors that
use the energy in GTP to drive conformational
changes. In the outer membrane of mammalian
mitochondria, fusion is mediated by the mito-
fusins (Mfnl, Mfn2), and fission by Drpl. In
the inner membrane, Opal participates in both
fusion and fission processes. A number of acces-
sory proteins interact with this core machinery
to facilitate and direct the functions of fusion
and fission proteins. Several post-translational
modifications have been identified that further
refine the functions of Mfn1/2 and Drp1 through
changes in protein localization and specific
activity [8, 9]. In addition, mitochondria are
tethered to cytoskeletal elements and other
organelles (e.g. endoplasmic reticulum) [10],
and these interactions can influence the distri-
bution and organization of mitochondria within
the cell.
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Since mitochondria are dynamic organelles,
capable of fusion, fragmentation, biogenesis,
mitophagy, and intra- or inter-cellular transport,
the overall state of the mitochondrial network
and its distribution within a cell is fluid. In stud-
ies performed in live cells in vitro, mitochondrial
movement is variable, but can be sufficiently
rapid as to interfere with imaging by introducing
artifacts where movement rates exceed image
acquisition rates. Alternatively, stable features of
mitochondrial networks arise that are associated
with specific cellular activities. For example, the
relative distribution of mitochondria between
branched networks and more fragmented indi-
vidual structures changes over the course of the
cell cycle [11]. In addition, metabolic switching
from greater reliance on oxidative phosphoryla-
tion to glucose fermentation is associated with
stable increases in fragmentation and a reduction
of overall mitochondrial mass. Mitochondrial
network characteristics are also related to cell
stress and disease. Relatively rapid (in live cell
culture, on the order of minutes) fragmentation of
networks can occur when oxidative phosphoryla-
tion is uncoupled by protonophores like FCCP, or
respiration is inhibited by, for example, hypoxia/
anoxia. There are important direct and indirect
links between mitochondrial network character-
istics and cellular stress and disease.
Pharmacological or hormonal targeting of the
machinery of mitochondrial dynamics could rep-
resent a promising clinical approach to treating
Ssymptoms.

10.1.2 Mitochondrial Dynamics
in Disease

The dynamic morphological characteristics of
mitochondrial networks are affected directly and
indirectly in many diseases. Peripheral neuronal
pathologies are associated with mutations in
Mitn2, Opal, and various accessory proteins that
coordinate the activities of these proteins, conse-
quently affecting mitochondrial dynamics and
the steady state morphology of mitochondrial
networks. Several recent reviews discuss details
of these diseases [12-14]. Barth syndrome,

caused by mutations in the cardiolipin synthase
enzyme Tafazzin, is characterized by mitochon-
drial fragmentation, perhaps related to the
requirement of critical fusion/fission proteins for
cardiolipin [15]. In addition, more indirect links
between cellular dysfunctions and mitochondrial
network fragmentation have been identified in a
growing list of diseases. In cancer cells, where
metabolism has shifted toward increased depen-
dence on glycolysis and pentose phosphate path-
way activity, mitochondrial networks are typically
more fragmented. Pharmacological inhibition of
Drpl to reduce fission rates can improve the
fusion state of mitochondrial networks and slow
cancer cell growth [16]. Increased network frag-
mentation is also observed in neurodegenerative
diseases and diabetes. The physiological signifi-
cance of these observations has not always been
established, but in some instances there is evi-
dence that recovery of a highly fused mitochon-
drial state might improve cell function. There is
therefore growing interest in mitochondrial
dynamics as a pharmacological target in various
diseases, and concomitantly an increasing need
to determine the efficacy of putative molecular
effectors by quantifying their effects on mito-
chondrial dynamics and/or steady state network
morphology.

10.2 Fluorescence Microscopy
for Studying Mitochondrial
Dynamics

10.2.1 Fluorescence Microscopy
Techniques

A wide range of fluorescence microscopy tech-
niques has been employed for the study of mito-
chondrial networks. Resolution, acquisition
speed, signal, and phototoxicity represent key
experimental considerations and no single
microscopy system can simultaneously maxi-
mize all of these. Therefore, the selection of a
fluorescence microscopy modality should be
made based on sample characteristics and the
goals of the experiment. Here, we will briefly
describe typical benefits and drawbacks of
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various fluorescence microscopy modalities in
the context of different experimental needs.

Adherent mammalian cells are commonly
used to study mitochondrial physiology. These
cells exhibit a relatively flat morphology, only a
few microns thick. For such thin samples, and
many experimental contexts, conventional bright-
field fluorescence microscopy is sufficient. Due
to the contributions of out of focus light, conven-
tional brightfield microscopy does not lend itself
to three-dimensional imaging without further
processing, but this can be accomplished by com-
putational means. Deconvolution is used to redis-
tribute photon signals to their correct origins,
typically by using some information about the
microscope’s intrinsic characteristics that deter-
mine how the image is distorted.

All optical systems introduce some distortion
and degradation of the real image. This leads to
the notion of diffraction limited imaging, a topic
we will return to later. The degradation of an
image from acquisition may be described by the
convolution of the original image and noise asso-
ciated with the fluorescence, I, + n, with the
instrument response function or point spread
function, P, and the addition of detection noise,
ny, as follows:

I,=(I,+n,)®P+n,

The goal of deconvolution is to restore the true
image, I,, from the acquired dataset. As the point
spread function is a three-dimensional entity, best
results are obtained from deconvolving three-
dimensional stacks with a three-dimensional
empirical or theoretical point spread function.
There are numerous reviews and book chapters
devoted to describing the deconvolution
approaches used in practice [17-19]. For thicker
samples, or more highly light-scattering samples,
such as the mitochondria densely packed about
lipid droplets typical in adipocytes, deconvolu-
tion brightfield microscopy may be insufficient to
fully resolve the structures of interest. In these
cases, alternative means for acquiring optical
sections may be essential.

Confocal microscopy, both laser scanning and
spinning disk, provides a physical solution for

excluding out of focus light from collected
images to generate optical sections. The reader is
directed to The Handbook of Biological Confocal
Microscopy [20] and several book chapters and
reviews [21-23] for in depth information regard-
ing confocal microscopy and its application.
Briefly, a high intensity light source, almost
exclusively a laser, is used to excite a small vol-
ume of the sample. Fluorescence is collected
while excluding out of focus photons by intro-
ducing a confocal aperture between the detector
and sample. In laser scanning confocal systems
this sampling volume is raster scanned across the
sample while recording the fluorescence intensity
with a point detector such as a photomultiplier
tube, to generate an image one pixel at a time.
Spinning disk systems generate a set of indepen-
dent sampling volumes that are simultaneously
scanned and detected on an area detector (typi-
cally a CMOS or electron multiplying CCD) to
build up an image in a fraction of the time as
needed for scanning. While scanning a single
point at a time inherently results in longer acqui-
sition times, it provides the ability to selectively
bleach or photo-activate regions. For dynamic
experiments such as fluorescence recovery after
photobleaching or photoactivation of optogenetic
constructs, such control is beneficial if not man-
datory. Due to the physical rejection of a large
portion of emitted photons, confocal methods
typically use higher intensity excitation light
which may result in greater phototoxicity and
sample degradation.

Optical sectioning can be achieved post-
acquisition as well by modulating the illumina-
tion pattern on the sample. This is referred to as
optical sectioning structured illumination
microscopy (OS-SIM), not to be confused with
super-resolution structured illumination micros-
copy (SR-SIM). Recovery of optical sections by
structured illumination was described as early as
1997 [24]. Such systems work by projecting a
structured pattern, typically a regular grid, onto
a specimen which causes only the in focus
regions to be efficiently illuminated. By step-
ping the grid position through the full sample,
each position in the image is sampled both effi-
ciently and inefficiently allowing for the contri-



10 Quantification of Mitochondrial Network Characteristics in Health and Disease

187

butions of out of focus fluorescence to be
effectively discarded. The Zeiss Apotome sys-
tem provides this functionality in a commer-
cially available package that has been shown to
provide resolution comparable to or better than
confocal methods, though with reduced perfor-
mance on thicker samples [25]. These systems
provide a performant alternative to confocal
microscopy, especially for thin samples such as
adherent mammalian cells.

The methods of image acquisition discussed
above are diffraction-limited. With growing
interest in mitochondrial morphology and auto-
mated morphological analysis, there has been a
need for higher resolution techniques, especially
for more difficult compact morphologies. Super-
resolution fluorescence microscopy is the blan-
ket term for many techniques that can generate
images exceeding the theoretical maximum reso-
lution for a microscope, approximately Y2 the
wavelength of light being imaged with or typi-
cally about 200-300 nm. Some systems rely pri-
marily on hardware to overcome this limit, such
as the beam shaping of stimulated emission
depletion (STED) microscopy [26], or the multi-
lens arrangement of a 41 microscope [27]. Other
systems use a combination of hardware and soft-
ware to reconstruct images at a higher resolution
than would otherwise be possible. Such systems
include SR-SIM [28], photoactivatable probe
localization based techniques including stochas-
tic optical reconstruction microscopy (STORM)
[29] and photoactivatable localization micros-
copy (PALM) [30]. These methods can provide
resolution ranging from roughly 100 nm down to
tens of nm in the case of localizing methods.
There is benefit in such high-resolution tech-
niques, but there are also some drawbacks asso-
ciated with acquisition and image characteristics.
Super-resolution methods often mandate either
high intensity illumination, long acquisition
periods, or both. This can be a serious drawback
for imaging live cells as high resolution becomes
irrelevant if there is movement artifact or photo-
toxicity effects. This typically limits the practi-
cality of such techniques to fixed samples,
though there have been several notable live cell
examples [31-35].

Motivated by the need for fast, high resolu-
tion, and gentle fluorescence microscopy tech-
niques, light sheet microscopy, or selective plane
illumination microscopy (SPIM), has been gain-
ing more attention. There are many examples of
how light sheet microscopy has already proven
itself as an important tool for live imaging of
larger samples [36]. Light sheet imaging is typi-
cally thought of as a performant method for
imaging larger samples at cellular resolution
while limiting phototoxicity by only illuminating
the focal plane. However, it can be implemented
to generate thinner light sheets using Bessel
beams and has been demonstrated as a tool for
imaging live cells with resolution similar to con-
focal techniques but while capturing over 100
frames/s [37]. As the resolution of light sheet
microscopy is continuously improved, its ability
to acquire 3D datasets at astonishing rates while
remaining relatively gentle to the sample will
likely stimulate the adoption of this technique for
the study of mitochondrial dynamics.

10.2.2 Experimental Considerations

In live cell imaging, it is essential to maintain
temperature and CO, levels, and minimize photo-
damage during acquisition. To illustrate this, we
have provided results from time lapse videos of
mitochondria in cells under conditions in which
these variables are not controlled. Profound
changes in mitochondrial networks occur rapidly
(<10 min) when cell culture dishes are shifted
from incubators to atmosphere when bicarbonate
is a major media pH buffer (Fig. 10.1). Therefore,
on-stage maintenance of CO,, or use of media
insensitive to CO, changes is a critical feature of
a microscopy system used for mitochondrial
imaging in live cells. Intense light exposure can
also lead to mitochondrial damage and rapid
morphological changes [33], eventually leading
to cell death. Assessing phototoxicity, minimiz-
ing sample damage, and optimizing acquisition
parameters are non-trivial tasks but essential for
live cell investigations [38]. Ensuring samples
are “happy” on the stage can be difficult, but a
practical start to assessing their tolerance of
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Fragmented Morphology - No CO2

Fig. 10.1 Morphological changes induced by sub-
optimal environmental control during image acquisi-
tion. C2C12 and PC3 cells stably transfected with
mEmeral-Mito-7 (a gift from Michael Davidson, Florida
State University) were grown in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) in a humidified 5% CO, atmosphere
at 37 °C. Live cell fluorescence images were obtained
with a Plan-Apochromat 63 x/1.40 Oil DIC M27 micro-
scope objective using a Carl Zeiss Axio Observer Z1
inverted light/epifluorescence microscope equipped with
ApoTome.2 optical sectioning and a Hamamatsu ORCA-
Flash 4.0 V2 digital camera. The microscope stage and
objectives were maintained at 37 °C, with temperature

specific experimental conditions is to image con-
trol samples over a duration longer than that of
the experiment and note if any cellular or organ-
elle morphological changes appear outside of
what one might expect.

A less appreciated aspect of experimental
design in studies of mitochondrial networks in
live cells is the importance of two other media
constituents: oxygen and glucose. If the goal of
an experiment is to model in vivo conditions,
then 1-6% O, and 5 mM glucose [39] are appro-
priate near-physiological levels for most cell
types. Glucose has been shown to affect mito-
chondrial morphology significantly. Under
hyperglycemic conditions (20 mM glucose),

control achieved through TempModule S-controlled stage
heater and objective heater (PeCon, Erbach, Germany).
CO, was maintained for the left image, while the right
image was taken without any gas regulation on stage.
Green fluorescence was detected using a fluorescence
channel possessing excitation and emission wavelength
filter sets of 450—490 nm and 500-550 nm, respectively.
Both the intensity of fluorescence illumination and cam-
era exposure time were held constant throughout all
experiments. Z-stacks consisted of 20 slices, each 0.25 pm
apart and used to produce 3D renderings using Fiji and
ParaView. Cells imaged without CO, regulation demon-
strate significantly altered morphology from those cells
imaged under 5% CO,

mitochondrial morphology appears fragmented
unlike the typically fused mitochondria in low
glucose (5 mM) culture [40], a more physiologi-
cally relevant condition. Furthermore, measuring
fusion by determining the extent of locally photo-
activated photo-activatable GFP dispersion [41]
demonstrates a reduction in fusion associated
with high glucose conditions [40]. Provided that
the mitochondria appear to behave vastly differ-
ent under different nutrient loads, this is likely an
important consideration in designing experi-
ments investigating the mitochondrial implica-
tions of a compound or treatment.

We routinely use 5% O, as a physiologically
relevant O2 setpoint and have found that cellular
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High Glucose, 5% Oxygen Low Glucose, 5% Oxygen

High Glucose, 18% Oxygen

Fig. 10.2 Media oxygen and glucose levels affect
mitochondrial morphology. C2C12 and PC3 cells stably
transfected with mEmeral-Mito-7 (a gift from Michael
Davidson, Florida State University) were grown in
Dulbecco’s Modified Eagle Medium (DMEM) supple-
mented with 10% fetal bovine serum (FBS) in a humidi-
fied 5% CO, atmosphere at 37 °C. O, levels in the
incubators were maintained at either 5% or 18%. Glucose
concentrations in DMEM were either 5 mM (low) or
25 mM (high). Cells were grown for 48 h in each condi-
tion and each condition was maintained throughout imag-
ing. Live cell fluorescence images were obtained with a
Plan-Apochromat 63x/1.40 Oil DIC M27 microscope
objective using a Carl Zeiss Axio Observer Z1 inverted
light/epifluorescence ~ microscope  equipped  with
ApoTome.2 optical sectioning and a Hamamatsu ORCA-
Flash 4.0 V2 digital camera. The microscope stage and
objectives were maintained at 37 °C, with temperature

reactive oxygen species (ROS) production, spe-
cifically hydrogen peroxide, is greater at 18% O,,
at which most cell culture is done. Since mito-
chondrial dynamics may be affected by intracel-
lular ROS, it will in most instances be
inappropriate to use 18% O, as a control for
experimental comparisons. Figure 10.2 shows
how continual exposure for >48 h to 5% or 18%
O, affects two mitochondrial network parame-
ters: network size (number of branches per net-
work) and mitochondrial footprint (total area per
cell in a compressed z-stack image occupied by
mitochondria). Similar effects are observable on
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control achieved through TempModule S-controlled stage
heater and objective heater (PeCon, Erbach, Germany).
Green fluorescence was detected using a fluorescence
channel possessing excitation and emission wavelength
filter sets of 450—490 nm and 500-550 nm, respectively.
Both the intensity of fluorescence illumination and cam-
era exposure time were held constant throughout all
experiments. Z-stacks consisted of 20 slices, each 0.25 pm
apart and used to produce maximum intensity projections
using Fiji. Mitochondrial footprint was determined by
generating a binary mask using an automatically deter-
mined threshold via Otsu’s method within Fiji following
noise filtering by a median filter of radius 2 pixels and
sharpened with an unsharp mask with a 2 pixel radius and
0.6 strength. The area measures are presented as pirate
plots where each data point is plotted as a point, the boxes
represents the 95% confidence intervals, the dark lines are
the means, and the coloured bean is the density. Plots were
generated using the yarrr package for R

other mitochondrial morphological parameters
(not shown here). Note that the effects of O, and
glucose on mitochondrial morphology might be
difficult to predict, as evidenced by the fact that
they are not consistent between the two cell types
studied here. Glucose effects are equally signifi-
cant. Most eukaryotic cells in culture respond to
low (physiological; 5 mM) glucose levels by
increasing their reliance on oxidative phosphory-
lation to generate ATP, and this can increase the
mitochondrial footprint (Fig. 10.2). If the goal of
an experiment is to identify small molecules that
can alter mitochondrial network morphology
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in vivo, then it may be critical to begin with the
more extensive and fused network associated
with physiological levels of O, and glucose.

10.2.3 Analyzing Mitochondrial
Morphology in Micrographs

With the plethora of mitochondrial probes, vari-
ety of fluorescence microscopy systems, and con-
tinually improving computer processing and data
storage solutions, it is no surprise how prominent
live cell fluorescence microscopy has become in
mitochondrial research. Having hundreds or
thousands of individual cells imaged can be very
powerful, but only if morphology and function
can be compared efficiently and reliably. There
are numerous open source platforms for image
analysis available, such as Fiji [42], CellProfiler
[43], and scikit-image [44]. Tools such as these
have provided the means for generating transpar-
ent, efficient, and shareable methods.

The most basic analysis of morphology is to
merely qualitatively assign descriptive keywords
to images or groups - terms like fused, frag-
mented, and intermediate. It is easy to uninten-
tionally introduce confirmation bias through such
an analysis. This is not an issue unique to micros-
copy and there are ways to improve the faithful-
ness of such analyses. Blind analysis helps to
reduce the injection of bias into qualitative obser-
vations, and its implementation may be as simple
as removing identifying labels and scrambling
image analysis order such that the observer is
unaware of its experimental group assignation
[45]. When deciding on how to classify images,
keep in mind that using many categories may
help capture more subtle differences, but may
also hinder reproducibility. While you may find
good agreement between the assignment of a
couple of labels (perhaps fragmented and fused),
there may be more variation between the results
from different observers as more categories are
introduced (such as intermediate, swollen, punc-
tate, etc.). Blinding can be done by hand, but
there are many tools available. A quick search in
a browser for “ImageJ Blind Experiment” or
“ImagelJ Blind Analysis” will return many useful

tools for doing this in Imagel] that are freely
available.

Manual blinded qualitative analysis has its
benefits: it is conceptually simple, trivial to
explain, and is less susceptible to generating
erroneous results due to sub-optimal tuning of
analysis parameters or poor image quality.
However, it does not allow for efficiently analyz-
ing large datasets like those produced by plate
readers and automated microscopy systems.
Additionally, it limits the granularity of compari-
sons to a small number of qualitative bins. To get
around these limitations, researchers have devel-
oped methods for automated analysis. As
described by Harwig et al., approaches can
largely be described as morphometric or morpho-
logical [4]. Morphometric methods are used to
automatically calculate descriptive measures
such as areas, perimeters, and lengths [4, 46-54],
while morphological methods use this informa-
tion to bin independent structures or even pixels
into qualitative categories [55-60].

Automated analysis methods often follow a
similar workflow. First, images are typically pre-
processed to enhance contrast and reduce spuri-
ous noise. Then, images are segmented such that
the signal from the mitochondrial label is sepa-
rated from the background to produce a binary
image. The binary representation can be used to
gather various measurements for each spatially
independent object or further simplified into a
topological skeleton to extract topological infor-
mation. A topological skeleton is a 1 pixel wide
wire frame depiction of segmented structures
that can be converted to a set of line segments.
The skeleton provides access to measures of
length and organizational parameters like the
number of branching points. Morphometric
approaches either hand the values acquired at this
stage back over to the user or summarize them
before handing them over to the user.
Morphological approaches go a step further.
They use the information generated to bin the
structures as having one of several categorical
morphologies. This is often achieved using
supervised machine learning methods such as
random forest classifiers or support vector
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Fig. 10.3 Morphological analysis typically follows a
similar foundational recipe. First an input image is pre-
processed to reduce spurious noise and enhance contrast.
Then the mitochondria are segmented using a global or
local threshold. This binary representation may be further
simplified into a skeleton for topological analysis. Various
morphometric parameters are then extracted from the

machines. An overview of the generic workflow
for analysis is summarized by Fig. 10.3.
Multiple processing methods have addition-
ally sought to address the dynamic nature of
mitochondria. Inspection of organizational
changes has previously been addressed using
colocalization and optical flow measurements.
Colocalization between frames has been used as
an effective comparison of which regions have or
have not changed over time [47, 53]. A perfect
correlation indicates no changes have occurred,
while a poor correlation indicates more move-
ment is taking place. The movement may arise
from fission, fusion, or mitochondria being shut-
tled throughout the cell. However, it may also
arise from the cell itself moving. To compensate
for this, a rigid registration may be suitable to
pre-align the cell from frame to frame before per-
forming the colocalization. However, this may
not fully compensate for more subtle changes in
cell shape. An alternative for capturing changes
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independent regions of the binary and skeletal representa-
tions. These may be used for classifying the structures
categorically often using supervised learning methods as
is typical of morphological binning approaches. Finally,
the information is summarized and provided to the user as
output for further exploration and statistical analysis

to the mitochondrial ultrastructure over time is
estimation of optical flow [53]. Optical flow esti-
mation aims to measure motion in a series of
images as a field of displacement and velocity
vectors. The optical flow estimate is beneficial in
that it also provides information regarding the
directionality of the movements. Both colocaliza-
tion and optical flow estimation provide a means
to assess mitochondrial mobility and are demon-
strated in Fig. 10.4. Such methods do not directly
address whether fission or fusion is occurring,
but rather changes in the organization of mito-
chondrial structures. Addressing such processes
as fission and fusion requires additional
methodologies.

To detect fission and fusion events, Westrate
et al. tracked independent regions from frame to
frame in time series data sets [56]. If two regions
merged to generate a single region, a fusion event
was recorded, while if a single region broke into
two regions a fission event was recorded. This
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Fig. 10.4 Besides morphology, there is interest in gener-
ating information regarding the movement of mitochon-
drial objects in cells. This has been investigated using
colocalization and optic flow estimation. Here, an exam-
ple is provided for rendering colocalization and direction
maps. In a colocalization, subsequent frames can be
coloured green and magenta to produce white where there

was done using a scoring system that interpreted
the merging or separation of regions as fission or
fusion events, respectively. It is important to note
that an observation of fission may be made from
adjacent mitochondria moving away from each
other, or fusion events detected when separated
mitochondria clump together without actually
fusing. Using well isolated mitochondria and
validating connectivity changes by photoactivat-
able probes as these authors did helps to prevent
possible erroneous interpretations [56].

Many of the methods implemented as scripts,
extensions, macros, or plugins are publicly and
freely available. A summary of these available
methodologies has been summarized in
Table 10.1. As some of these tools, such as
MitoGraph and MiNA, are regularly and publicly
updated with new features and bug fixes, it is best

A.J.Valente et al.

Binary Colocalization Optic Flow Estimation

is colocalization of signal. Note that colocalizations are
not limited to the limiting channel merge technique, but
that actual coefficients describing the frame to frame colo-
calization can be obtained and used as a metric for motil-
ity. In the render of optical flow, overlayed above the
mitochondrial mitograph, the hue indicates the direction
of motion and the brightness the velocity

to check their respective websites for the most up
to date functionality.

The analysis methods published to date all
have strengths and weaknesses. The heterogene-
ity of mitochondrial morphology and organiza-
tion, variation in image characteristics (such as
resolution and noise) from different acquisition
systems, and labeling efficacy can all affect the
accuracy of an automated analysis method with-
out further tuning. It is important that researchers
validate methods for their use. Typically, repre-
sentative validation images depicting segmenta-
tion, classification, or morphological skeleton
results should be included in publication, at least
as supplementary information. Having projects
that are open source and invite collaboration,
such as those hosted as GitHub repositories, are
helping bring limitations to light by providing an
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Table 10.1 Publicly available methods and their currently demonstrated functionality. Note that time course analysis
capability indicates functionality beyond repeated measures at multiple time points

Publication Availability

i Hul Functional

2D 3D

Course  Throughput

analysis of
and membrane potential in living cells using nm-
content imaging machine learning and
morphological binning - Anthony P Leonard et al,,
2015

l.hnliplmed high-content analysis of mitochondrial
g live-cell mi - Eligio
F.Illmﬂlald 2016

Supplementary

Lass of PINK1 Function Promotes Mitophagy hitp:fimagejdocy. tudor.lu/doku.php?

1hrough Effects on Oxidative Stress and

Mitochondrial Fission = Ruben K. Dagda ef al., 2009 gy_macro_plug-in:start

MitoLoc: A method for the simultaneous

gurdon.cam.ac fif:

quantification of mitochondrial network
and membrane patential in single cells - Jakob
Vowinckel ef al,, 2015

- downloads public/imaging-plugins

Anmlalmrm-n Ium&es stress-induced
ivity and inner

hitp-ifwww. ugtr.ca/LaboMarcGermain

Mathieu Ouellet et af, 2017

Methods for mm mmim mitochondrial
-Megan

Clﬁmﬂ Ham‘uel al, 218

MyToe: automatic analysis of mitochondrial
dynamics - Eero Lihavainen ef al,, 2012

hittp:lf www. cs. tut.fi/ ~sanchesr/tool_Mytoe/
MyToe. html

A simple Image.) macro tool for anull_rmq
mitochondrial network morphology in
cell culture - Valente ef al., 2017

For example, motion analysis through inter-frame colocalization or optical flow would be considered time course func-
tionalities. High throughput analysis indicates demonstration for use with slide scanners or high content imaging sys-
tems and functional capabilities include things such as membrane potential probe quantification

avenue for dialog and action to improve methods
and the general usefulness of these tools.

10.3 Conclusions and Future
Perspectives

The past decade has seen significant progress in
our understanding of mitochondrial dynamics in
the context of various disease states. Much of this
relates to the identification of the proteins that
mediate fusion and fission. There is still much
progress to be made in refining the methods used
to analyze specific aspects of mitochondrial
dynamics. We have shown here the importance of
maintaining temperature, CO,, O,, and glucose
levels to avoid the introduction of artifactual
effects on mitochondrial network morphology.
Similarly, virtually all of the tools used to fluo-
rescently label mitochondria in live cells can,
under some circumstances, induce artifactual
changes in mitochondrial form and function, so it
is important to consider and appropriately control

for these. Also, the very act of exposing cells to
large quantities of light may induce cellular
responses not relevant to in vivo physiology, so it
is important to design experimental protocols
with the goal of avoiding phototoxicity.

Once having obtained high quality data from
well controlled and calibrated experiments, a
variety of tools has been developed to support
qualitative  and/or  quantitative  analyses
(Table 10.1). One advantage of using such tools
is the avoidance of cognitive bias in the analysis
of results. Mitochondrial network analysis tools
such as those described in Table 10.1 take steps
to formalize the specific parameters of interest
being measured and provide summary statistics
in a relatively objective way. Many of these
tools have been provided as open source code to
promote their continued refinement and devel-
opment. These tools can be combined with
high-throughput approaches for identifying
small molecules that improve mitochondrial
function in disease. While important develop-
ments in electron microscopic tomography have
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provided finer detail of mitochondrial structure,
this approach requires fixing cells and generates
relatively large datasets that are not conducive
to high-throughput analyses. Thus, live cell flu-
orescence microscopy combined with a for-
mally defined analysis that can be reproduced
by others represents an effective compromise
between resolution and attainability for the
study of mitochondrial network morphology in
disease.

One of the more exciting recent developments
in mitochondrial research is the development of
novel Optogenetic approaches that allow for pre-
cise spatio-temporal control of discrete mito-
chondrial functions. These include light-gated
control of protein localization to the outer mito-
chondrial membrane [57-60], control of endo-
plasmic reticulum-mitochondria tethering [61],
control of mitochondrial metabolism and Ca**
signaling [62], inactivation of mitochondrial
electron transport chain complex II [63], and
guided localization of mitochondria to discrete
subcellular regions [64—67]. These approaches
lend themselves to live cell fluorescence imaging
of mitochondria and will dovetail naturally with
computational approaches for subsequent analy-
sis. Together, these new tools promise to push the
field toward a deeper and more complete under-
standing of mitochondrial dynamics in health and
disease.
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