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Abstract

Mitochondria are found in a variety of shapes, from small round punctate structures to a highly
interconnected web. This morphological diversity is important for function, but complicates
quantification. Consequently, early quantification efforts relied on various qualitative descriptors
that understandably reduce the complexity of the network leading to challenges in consistency
across the field. Recent application of state-of-the-art computational tools have resulted in more
quantitative approaches. This prospective highlights the implementation of MitoGraph, an open-
source image analysis platform for measuring mitochondrial morphology initially optimized for
use with Saccharomyces cerevisiae. Here Mitograph was assessed on five different mammalian
cells types, all of which were accurately segmented by MitoGraph analysis. MitoGraph also
successfully differentiated between distinct mitochondrial morphologies that ranged from entirely
fragmented to hyper-elongated. General recommendations are also provided for confocal imaging
of labeled mitochondria (using mito-YFP, MitoTracker dyes and immunostaining parameters).
Widespread adoption of MitoGraph will help achieve a long-sought goal of consistent and
reproducible quantification of mitochondrial morphology.
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1.1 Introduction

The relationship between biological form and function is well appreciated [1-4]. One
example in cell biology is illustrated by mitochondria, where alterations in mitochondrial
function result in dramatic modifications to its structure and vice-versa [5-7]. The gross
morphology of mitochondria is organized into an intricate network that can dynamically
interconvert through frequent fission and fusion events that appear tightly regulated to
control overall morphology [6,8-12]. The dynamic nature of mitochondria reflects organelle
function since morphology varies with developmental stage, tissue type, and metabolic need
as first noted over one hundred years ago [13] and illustrated throughout the past century
[14,15], including beautiful examples of microcellular cinematography [16,17].

More recently, the genes responsible for mitochondrial fusion and fission have been
identified and many belong to the superfamily of dynamin mechanoenzymes [18-23]. These
are large GTPases that mediate many membrane remodeling events throughout the cell,
including the mitochondria [24,25]. Mutations in both fusion and fission genes cause rare
neurometabolic disorders and even neonatal lethality suggesting that mitochondrial form
may impact mitochondrial function [9,26,27]. In addition, changes in mitochondrial
morphology occur in many human diseases including Alzheimer’s disease [28], amyotrophic
lateral sclerosis [29], Parkinson’s disease [30-34], hypertrophic cardiomyopathy [35], and
diabetes [36], however in many of these cases it is unclear whether the alterations in
morphology are correlative, rather than causative. These observations highlight the
importance of mitochondrial morphology.

Quantification of mitochondrial morphology is challenging given the tremendous
heterogeneity in mitochondrial length and degree of branching. This heterogeneity has
plagued the field with diverse nomenclature and classification. For example, the plethora of
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terms have been used to define the mitochondrial network (fragmented, short, elongated,
tubular, long, reticular, interconnected, fused, hyperfused, netted, netlike, collapsed,
aggregated, etc) make it challenging to thoroughly understand mitochondrial phenotypes
associated with various experimental parameters. This issue is compounded by
morphological phenotypes being routinely classified by the predominant morphology within
a given cell despite the heterogeneity observed. For example, it is commonplace to classify
cells as containing either elongated, fragmented, or collapsed mitochondria when in reality a
single cell’s mitochondrial network rarely consists of a single type of morphology. Such
classifications have been useful, but belie the underlying complexity of the mitochondrial
network within a single cell, making the results highly subjective and difficult to translate
between labs. Recently, this problem has been addressed with the development of methods
applying various image processing algorithms to more robustly quantify mitochondrial
morphology (Table 1). One early method for quantification involved manually measuring
mitochondrial length using image analysis programs, however, difficulty arose when
measuring highly interconnected mitochondria [37]. FRAP analysis of a matrix-targeted
fluorescent protein helped to report on mitochondrial connectivity [37—40], but gave little
insight into the actual structural differences in a mitochondrial network. The first attempts at
applying morphometric image analysis tools to mitochondria used ImageJ or Image Pro Plus
5.1 (Media Cybernetics) to dissect the mitochondrial network into individual objects and
ultimately reported on the length of the mitochondria (aspect ratio) and the network
characteristics (form factor) [41-43]. During the last 10 years, many other approaches have
been published and can mainly be classified into two categories: 1) “Morphological”
programs that automate the classification of mitochondria into individually defined
categories that are often identified through machine learning strategies and 2)
“Morphometric” programs that automate the measurement of individual mitochondrial
parameters such as volume, length, number of nodes, etc. Many of these approaches use 2D
image projections, while only a subset use 3D image stacks. A comparison of 2D to 3D
image analysis found it imperative to use 3D images when examining mitochondrial
fragmentation in addition to mitochondrial biomass [44].

In this prospective, we detail one such method, MitoGraph, which is among the programs
that uses 3D images to measure individual mitochondrial morphometric characteristics in
addition to the overall volume of the total mitochondrial network. MitoGraph was initially
developed for quantifying mitochondrial amount in budding yeast cells [45]. More recently,
MitoGraph has been validated to perform graph theory-based quantitative analysis of
mitochondrial networks, which provides information about mitochondrial volume, total
length, degree of branching, and other network characteristics (paper under revision). Here,
we first provide recommendations for best practices for imaging mitochondria in both live
and fixed cells and offer detailed instructions on the application of MitoGraph to fixed
mammalian cells. MitoGraph successfully quantified changes in mitochondrial morphology
including enhanced mitochondrial fragmentation due to treatment with a chemical uncoupler
and mitochondrial hyper-elongation due to genetic ablation of a key fission protein.
Furthermore, we demonstrate the utility of this software by applying MitoGraph analysis to
four additional cell types. We anticipate that the application of MitoGraph (or other
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quantitative methods) to a wide variety of cell types will ultimately lead to a deeper
understanding of the relationship between mitochondrial form and function.

1.2 Method
Cell culture

Transfection

HMEC-1 cells (human microvascular endothelial cells; ATCC) were cultured in MCDB-131
medium supplemented with 10 ng/mL EGF (Gibco; Thermo Fisher Scientific), 1 ug/mL
Hydrocortisone (Sigma), 10 nM Glutamine (Gibco; Thermo Fisher Scientific), 10% FBS
(Gemini) and ImM HEPES(Thermo Fisher Scientific). C2C12 (mouse myoblast; ATCC)
cells were cultured in DMEM (Gibco; Thermo Fisher Scientific) supplemented with 10%
FBS (Gemini). HEK293 and 293T cells (generous gift from Dr. J. Park; MCW) were
cultured in high glucose DMEM (Gibco; Thermo Fisher Scientific) supplemented with 10%
bovine growth serum (Hyclone; GE Healthcare). C6 (rat glial cells; generous gift from Dr.
A. Beyer; MCW) were cultured in DMEM medium supplemented with 10% FBS (Gibco;
Thermo Fisher Scientific). H1299 cells (human non-small cell lung carcinoma cell line
derived from the lymph node; generous gift from Dr. A. Beyer; MCW) were cultured in
RPMI-1640 supplemented with 10% FBS (Gibco; Thermo Fisher Scientific).

The manufacturer’s protocol for Avalanche-Omni (EZ Biosystems) was followed. HMEC-1
cells (175,000) were plated in a 35-mm imaging dish using medium lacking antibiotics. 24
hrs post plating the cells were prepared for transfection. 2.5ug of total DNA (0.3pg - 2.5ug
Mito-YFP and 2.2g - Opug pcDNA3.1(-)) was added to 250pL of Opti-MEM and mixed by
briefly vortexing. The vial of Avalanche-Omni was briefly vortexed and 3.5uL added to the
DNA:Opti-MEM mixture and immediately vortexed for 5 sec. The complexes were
incubated at RT for 15 min and added dropwise into each well. After 2 hrs, the transfection
medium was replaced with warm cell culture medium and the cells were incubated overnight
for 14-24 hrs. The cells were then imaged live or fixed in 4% PFA. Images of the
mitochondria were then collected.

Immunofluorescence

Cells were plated on either an imaging dish (MatTek; P35G-1.5-14-C)) or a clean and
sterilized No. 1.5 cover glass placed in a 6-well tissue culture dish. Once the cells achieved
70-80% confluency, the medium was aspirated and replaced with pre-warmed to 37°C
PBS/4% paraformaldehyde (4% PFA: Electron Microscopy Sciences). The 4% PFA fixative
was added quickly to the side of the culture dish to minimize dislodging of cells, which were
incubated with gently shaking at room temperature for 20-25 minutes. Fixative was removed
and replaced with PBS. Cells were stored at 4°C until ready for immunostaining. Following
fixation, the cells were: washed once in PBS, permeabilized by incubating with PBS/0.15%
Triton X-100 for 15 min, washed twice in PBS, incubated with 5% normal goat serum/
primary antibody (1:500 Rb anti-Tom20; Santa Cruz) for 2 hr at RT, washed three times in
PBS/0.05% TWEEN 20, incubated with PBS/secondary antibody for 1 hr at RT (1:500 anti-
Rb Alexa 568; Invitrogen), washed 2X in PBS/0.05% TWEEN 20, once with PBS and
rinsed in water prior to mounting. The coverslips were then inverted and mounted on glass

Anal Biochem. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harwig et al.

Page 5

slides in mounting medium (50 mM Tris pH 9.0, 45% glycerol (v/v) containing 2 mg/ml of
the anti-fade reagent p-phenylenediamine (Sigma)).

MitoTracker staining

Microscopy

Using DMSO, the MitoTracker probes were diluted to 1mM. Cells were incubated with
25-200 nM of either MitoTracker Red CMXRos (Ex 579nm; Em 599nm), Orange
CMTMRos (Ex 554nm; Em 576nm) or Deep Red FM (Ex 644nm; Em 665nm) for 15 min.
Following incubation, cells were washed 3 times in pre-warmed, equilibrated medium (note
the manufacture protocol does not mention these extra washes, but if you skip this step you
will end up with more unsavory background), and either imaged live or fixed in 4% PFA .
Note, all three MitoTracker probes assessed were retained to some degree post fixation (see
section 1.3.1.3). If the end goal is to compare membrane potential levels between samples, it
is imperative to ensure consistent image settings between samples. If using an oil objective,
use fresh oil each time a slide is switched to avoid any loss in intensity due to lack of oil. We
recommend comparing any results against live cells TMRM staining to ensure accuracy of
the measurements.

The images were acquired using a spinning disk confocal (Olympus Ix83 DSU) microscope
(DSU in place unless otherwise noted), equipped with a manual magnification changer deck
module and a Hamamatsu ImageEM X2 EM-CCD Digital Camera (C9100-23B). Z-slices
were set to 0.2 micron unless otherwise noted. Cells were imaged using either a 100x oil
objective (UPlanSApo 1.4 NA oil; 0.17 mm; FN26.5) with the magnification changer set to
1x zoom (pixel size = 0.1600 pm) or a 60x silicon objective (UPlanSApo 1.30 NA sil;
0.15-0.19 mm, FN22) with the magnification changer set to 1.6x zoom (pixel size = 0.1667
um) or 1x zoom (pixel size = 0.2667 pm).

Post-image processing

Prior to MitoGraph analysis, it is often useful to view the full mitochondrial network, which
typically span multiple z-planes and require the creation of maximum intensity z-projections
(using FIJI ((https:/fiji.sc); Image — Stacks — Z Project)). Note all images in the figures
presented here (unless otherwise noted) are z-projections. If imaging multiple colors, avoid
red/green combinations that can be challenging for individuals with color blindness to
discern. FIJI now offers an easy way to adjust your images: starting with an RGB image
replace the red with magenta using the following FIJI menu commands: Image— Color —
Replace red with magenta. FI1JI also has the capability to simulate color blindness to ensure
your audience can visualize the data properly. To facilitate image to image comparison, we
typically combine individual maximum intensity z-projection images into a single stack
using F1JI (Image — Stacks — Images to Stack), which facilitates the adjustment of
brightness and contrast ensuring all images in the stack are equally adjusted. See section
1.3.2.1 below for a helpful custom FI1JI macro that can be used to create the stacked images
in bulk. For the MitoGraph analysis we used stacks of z-projection images to assist in
outlining the cells, but used the raw 3D (newly cropped) stacks for subsequent analysis.
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MitoGraph node validation

MitoGraph first segments the input image into a binary file containing mitochondria in white
and the background in black. Mitograph then creates a skeletonized representation of the
mitochondrial network that is subdivided into discrete components, referred to here as edges,
that are joined at nodes (see Supplemental Figure 3 for a visual representation). Nodes can
occur at termini of the mitochondrial reticulum and branch points between adjoining
mitochondria. Nodes generated by MitoGraph can be improperly assigned due to under- or
over-segmentation of the initial input image. Under-segmentation of continuous
mitochondrial tubules generates fragmented pieces of mitochondria and false nodes at the
extremities of these ill-defined fragments. Over-segmentation creates spurious connections
(“internal’ branching nodes) between mitochondrial tubules that are close to each other.
While under-segmentation is related to areas of dim signal, problems of over-segmentation
are, in general, related to mitochondrial tubules that are challenging to clearly resolve given
the optical resolution of the acquired images. For validation of nodes, of particular interest
are the false nodes along the z-direction (an overlap error), which typically has the lowest
optical resolution. This overlap error mainly happens when two mitochondrial tubules lying
along xy-plane are separated by a distance smaller than the resolution limit in the z direction
and appear to overlap each other and may, or may not, represent a real branch point. This
specific type of overlap error does not occur in wild-type budding yeast because these
mitochondria are constrained to the cell cortex [60], preventing tubule overlap. Therefore
MitoGraph 3.0 was not optimized nor validated for this type of error (paper under revision).
For this reason, we decided to quantify the number of false nodes in the experiments
presented here and specifically included the fraction of these false nodes caused by this type
of overlap error. In order to calculate this error rate, fifteen 5um x 5um regions were
randomly selected from each cell stack and analyzed. For each region, we counted: 1) the
total number of nodes, 2) how many of these nodes appeared false based on visual
inspection of the original confocal image, and 3) the fraction of false nodes that are caused
by overlapping mitochondrial tubules. Only nodes of visually discernible regions of
mitochondria were taken into account. Results shown in Table 2 show the total error rate of
~7% in node detection in mammalian cells (compared to ~5% in yeast cells) is mostly due to
overlapping mitochondrial tubules.

1.3 Results

1.3.1 Imaging the Mitochondrial Network

The mitochondrial network is in constant flux, frequently undergoing fission and fusion
events as it responds to cellular demands. During cellular stress, such as inner membrane
depolarization, apoptosis or mitophagy, the mitochondria undergo dramatic fragmentation
[6,61-64]. Given this tight coupling to cellular stress, imaging mitochondria requires
minimizing cellular stress to avoid introduction of unwanted artifacts that may confound
analyses. Here we describe recommendations to reduce artifacts when visualizing
mitochondria by: immunostaining for a mitochondrial protein, expression of mitochondrial
targeted fluorescent probes, and treatment with potentiometric, fluorescent dyes. We
recommend supplementing the information presented here with previous thorough methods
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on mitochondrial imaging [38,65-67] as well as general recommendations for fluorescent
imaging [68,69].

1.3.1.1 Immunostaining—Cells should first be plated on a surface compatible with the
microscope objectives, typically 60x or 100x. Many microscope objectives for biological
specimens require a No. 1.5 cover glass and deviation from that may induce spherical
aberrations, although some objectives have a correction collar allowing other cover glass
thickness to be used. If the cell type permits it, the cell density should be optimized to avoid
crowding. Readily detectable single cells with clear boundaries between adjacent
mitochondria facilitates image cropping and subsequent individual cell measurements. Once
50-70% confluency is reached, the cells are fixed and immunostained for a mitochondrial
protein ensuring use of a robust antibody. Image the cells keeping in mind the higher the
resolution, the easier it will be to resolve subtle features of the mitochondrial network. The
use of a confocal microscope helps to reduce out of focus light (see Figure 1 DSU out
(widefield) versus DSU in (spinning disk confocal mode)). If a confocal is not available,
then deconvolution methods can enhance the xy resolution and reduce the hazy appearance
from out of focus light [70] (see supplemental Figure 1A and 1D; original versus
deconvolved).

Mitochondria often span the entire thickness of the cell and therefore sufficient z-stack
spacing is needed to visualize the full depth and breadth of the mitochondrial network. In
comparison to small round cells, the mitochondrial network of large flat cells are easier to
visualize and require less time to image due to fewer z-stacks. Here we use HMEC-1 cells
which are relatively flat, immortalized human microvascular endothelial cells grown on 2D
cover glass. Many microscope systems recommend an optimal z-spacing that is objective
specific, for example the 60x objective used here has an optimal z-spacing of 0.2um. For
HMEC-1 cells, imaging at 0.2, 0.5, 1, and 2 pm z-spacing illustrate that 0.2 - 1um spacing is
sufficient to image the entire network, while 2um spacing — or opting to image without z-
stacks — results in substantial mitochondrial regions out of focus (Figure 1). Therefore, we
recommend when routinely imaging mitochondria with a 60x objective to use a minimum z-
spacing 1um, and if acquiring publication quality images, 0.2 - 0.5 um z-spacing is ideal. If
the downstream analysis will involve deconvolution (to either confocal or widefield images),
then ensure the use of fine z-space spacing (0.1 - 0.2um) and also collect a few slices above
and below the last detectable fluorescence to capture out of focus light, which is helpful for
proper deconvolution.

1.3.1.2 Transfection of mitochondrial markers—The past several decades have been
an exciting time for microscopists with the ever-growing toolbox of fluorescent probes for
examining cellular events in real time. Thanks to the use of these probes, the mitochondrial
network has been captured as a function of time to highlight their dynamic nature [9,64,71].
Probes such as mito-YFP have facilitated the observation of mitochondrial fission and fusion
events, as well as the connectivity of the mitochondrial network through FRAP analysis [37—
40]. Photoactivatable probes, such as mito-PAGFP, have been used extensively to quantify
mitochondrial fusion rates and assess the mitochondrial network [72-76]. Other fluorescent
proteins boast unique properties that allow them to act as biosensors for various
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mitochondrial functions (see [77,78] for a recent reviews). Thanks to the generous donation
by the late Mike Davidson, a champion microscopist, Addgene has a vast array of
fluorescent proteins that are targeted to the mitochondria. Table 3 displays the diverse array
of mitochondrial probes available, including those that are photoactivatable,
photoconvertible as well as those that can be used as tools to understanding physiological
processes such as mitophagy. Most of these probes target a fluorescent protein to the
mitochondria by expressing a mitochondrial targeting sequence from the cytochrome ¢
oxidase subunit 8a [79-81]. Plasmids encoding these proteins typically use the CMV
promoter and can result in high expression levels leading to spurious fragmentation and
clumping of the mitochondria and, even at low expression levels, cause swelling of the
mitochondria (Fig 1B). Accordingly, transfection conditions need to be optimized. Lowering
the total amount of mito-YFP plasmid while maintaining a constant total DNA concentration
for transfection reduces unwanted fragmentation and clumping of mitochondria (Figure 1B).
For some transfection reagents, reducing the amount mito-YFP, and not using so-called
“filler” DNA may reduce overall transfection efficiency.

Further optimization is achieved by modifying the exposure time to the transfection reagent
and altering overall transfection time; these modifications can help minimize transfection
induced toxicity and also help minimize over expression artifacts. While optimizing
transient transfection using mito-YFP is helpful at reducing unwanted side-effects, creating a
stable cell line using lentiviral or retroviral methods, although time consuming, is the best
option to reduce the possibility of the mitochondrial fluorescent protein interfering with
mitochondrial morphology [38]. Another method to ensure low expression uses the
CRISPR/Cas9 technology to insert fluorescent protein tags into endogenous loci [87]. The
Allen Institute deposited a variety of these constructs at Addgene, including the
mitochondrial protein Tom20 tagged with mEGFP (Table 3).

One benefit from working with cells expressing mitochondrial targeted fluorescent proteins
is the versatility to use either fixed or live cells. Note that mitochondrial structure is visible
in both control and depolarized (CCCP treated) cells (yellow arrow; Figure 1B), unlike many
potentiometric dyes used to visualize the mitochondrial structure in live cells (see section
below). As mentioned above, the mitochondrial network is exquisitely sensitive to changes
in the cell environment and, as such, care needs to be taken in maintaining the cell
environment, especially regarding the pH and temperature of the medium. If possible use a
heated stage equipped with 5% CO,. If CO» isn’t available including 10-25 mM HEPES in
the medium can extend cell survival time outside a CO, controlled environment (for
thorough review on Live Cell Imaging see [110]). Alternatively, use a medium that does not
require CO, for buffering such as CO5 independent or Leibovitz L-15 medium
(ThermoFisher Scientific), although it is essential to test cells to ensure the alternative
medium is tolerated. Make sure to use phenol-red free medium for all live cell imaging to
reduce background fluorescence, especially when imaging cyan fluorescent proteins (CFPs)
as phenol red fluoresces at excitation wavelengths used for CFPs (~440 nm) (note that
phenol-red can also impact imaging of green fluorescent protein (GFP) cell lines as well)
[110]. If planning an extended live cell imaging session, pre-warm all microscope
components for 30 min - 1 hr prior to imaging to help minimize focus drift that can happen
during imaging. When adding drugs to live cells, pre-equilibrate medium used for imaging
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in the incubator for at least 30 min - 1 hr prior to use and add the drugs in this medium at 2X
their final concentration; this ultimately can help with consistency between samples.
Minimize exposure time, z-slices and excessive time points to avoid oversampling and
reduce phototoxicity. Mitochondria are sensitive to imaging parameters and can lose
membrane potential and fragment depending on a number of factors including light
intensity, duration, and the photophysical properties of the probe [38,74,109,111,112]. In
some cases, excessive imaging can cause cell retraction and even rupture. If problems arise
using traditional laser scanning confocal methods, consider alternative imaging approaches
such as spinning disc confocal, wide-field coupled with deconvolution, two-photon, total
internal reflection or light sheet microscopy which may help reduce cellular stress and the
mitochondrial fragmentation that may occur when imaging live cells [113]. Especially
promising is the newest technology used to image mitochondria, lattice light-sheet
microscopy, which allows faster image collection and reduces photodamage [114].

1.3.1.3 Potentiometric Dyes—A large variety of dyes are used to illuminate
mitochondria, many of which are cationic and taken up into respiring organelles based on
the electrical potential across the inner membrane. Among these dyes are compounds such
as TMRM, TMRE, Rho123, JC-1 and DiO6 that can report on membrane potential. A
thorough description of each of these probes is beyond the scope of this paper (see ref [115-
124]), but limitations of JC-1 are well documented and include issues with the fluorescence
deriving from sources (i.e. H,O5, pH, nuclei [125-127]) other than mitochondrial membrane
potential [124,128]. Aside from monitoring membrane potential, dyes have been designed to
report on mitochondrial-derived superoxide [106,129]. One such dye, MitoSox, is a
frequently used superoxide indicator, but at higher concentrations leads to minor off target
nuclear staining [130,131] and inhibition of mitochondrial function [131-133]. Furthermore,
MitoSox fluorescence is not a reliable indicator of the amount of mitochondrial superoxide
for two reasons. First, MitoSox is metabolized into two fluorescent compounds, only one of
which reports on mitochondrial superoxide. Second, MitoSox can intercalate mtDNA
resulting in an ~20-fold higher fluorescence that is independent of redox status [134].
Fortunately, newer mitochondrial superoxide probes, including MitoB [135,136] and
MitoNeoD [137], have been developed to overcome these shortcomings. Another
mitochondrial dye, which monitors temperature gradients (mito thermo yellow) has been
used to suggest the provocative idea that mitochondria may be physiologically maintained
around 50°C [138,139].

TMRE or TMRM (~15-30 nM for most cell types) is recommended for accurate
measurement of the mitochondrial membrane potential, however, only in live cells as the
dyes are released upon fixation [124]. Since not all investigators have ready access to live
cell imaging instrumentation, the focus of this section is on mitochondrial morphology of
fixed cells using a subset of the MitoTracker family of dyes designed to be well retained
post-fixation: MitoTracker Orange CMTMRos, MitoTracker Red CMXRos, and
MitoTracker Deep Red FM (Thermo Fisher Scientific) [140]. These probes contain a mildly
thiol reactive chloromethyl moiety that reacts with free thiols on proteins to form aldehyde-
fixable conjugates. The recommended concentration range is 25 - 200 nM and a comparison
under normal live cell conditions shows that 25 nM of each probe produces mitochondrial
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images of high quality (Figure 2A). By contrast, treatment with 200 nM of each probe
increases the population of HMEC-1 cells with swollen and fragmented mitochondria (see
yellow and red arrows; Figure 2A). 200nM of MitoTracker Orange CMTMRos also gave
rise to non-mitochondrial fluorescence that appeared localized within the nucleus (orange
arrow; Figure 2A). The lower concentrations of MitoTracker probes were also more
sensitive at revealing the drastic loss in membrane potential upon the exposure to the
chemical uncoupler FCCP, which causes depolarization across the inner membrane
(compare panels ii to iii in Figure 2A).

To address retention of MitoTracker probes post fixation, samples were pretreated with 10
UM FCCP or vehicle, then incubated with the MitoTracker probes, followed by three washes
and fixation. For vehicle treated cells, MitoTracker Deep Red FM was only partially retained
at 25 nM causing insufficient mitochondrial signal. By contrast, 200 nM was more fully
retained giving sufficient signal. MitoTracker Red CMXRos and Orange CMTMRos were
adequately retained in vehicle treated cells at both concentrations, however 200 nM
treatment lead to a minor increase in the amount of swollen, fragmented mitochondria (see
yellow and red arrows; Figure 2B). Prior disruption of the membrane potential reduced the
mitochondrial signal of all 3 probes at both concentrations; however, with 200 nM treatment
the mitochondrial signal persisted, especially with MitoTracker Orange CMTMRos and
Deep Red FM. Similar to live cells, 200 nM MitoTracker Orange CMTMRos also had
problematic non-mitochondrial signal. In summary, either 25 nM MitoTracker Red
CMXRos or MitoTracker Orange CMTMRos are well retained post-fixation with minimal
artifacts and are recommended for routine mitochondrial imaging when immunostaining is
not an option.

1.3.2 Quantifying the mitochondrial network

Image analysis methods have recently made it possible to quantitatively measure the
mitochondrial network (see Table 1 for examples). The following section focuses on the
implementation of one of these programs, MitoGraph [45,56]. MitoGraph is an open-source,
C++ program that is a fully automated image processing software for analysis of three-
dimensional (3D) mitochondrial structures. MitoGraph was initially applied and validated to
measure the mitochondrial volume in the budding yeast Saccharomyces cerevisiae and then
applied to measurements of network topology (paper in revision). Aside from mitochondrial
volume a large amount of information can be extracted from the data generated with
MitoGraph (detailed below). Here we demonstrate MitoGraph’s versatility and applicability
to mammalian cells by quantifying the mitochondrial network from five different
mammalian cell types, ranging from entirely fragmented to elongated. We also provide
recommendations for successful application of the software. One advantage of MitoGraph is
fewer parameters to tune, ultimately allowing more consistency between data sets. For a
thorough description on validation, methodology and software functionality see the original
MitoGraph publications [45,56]. MitoGraph 3.0 can be downloaded for free at https://
github.com/vianamp/MitoGraph. It is also recommended the user download the two FIJI
macros listed on the MitoGraph download page for batch processing of z-stacks and
cropping cell images.
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1.3.2.1 MitoGraph Protocol (for visual depiction of workflow see Figure 3 and
Supplemental Movie 1)

1.

Obtain high quality images. MitoGraph performs optimally on images with a
high S/N ratio, a small z-spacing (0.2um used throughout the data presented
here) and sufficient xy resolution to depict mitochondrial tubules within 3 to 6
pixels. For accurate downstream analyses ensure the entire cell is imaged, setting
the top and bottom of the z-stack position to above or below the last in focus
remnant of mitochondria. If individual cell data is desired, ensure when imaging
cells that are adjacent to others that the mitochondrial network of neighboring
cells be readily excluded via subsequent image cropping. Avoid cells that grow
on top of each other, or in such tight colonies that it is difficult to successfully
separate the adjacent mitochondrial networks (for examples see: Supplemental
Figure 2; problem 5 and [45].

Prepare single cell 3D images for MitoGraph analysis. Although MitoGraph
does not require confocal images of individual cells to function, it is highly
recommended the user isolate individual cells in order to extract cellular trends
from subsequent data analysis of the MitoGraph output. In addition to the
MitoGraph software, we recommend downloading the two custom FI1JI macros
that simplify bulk image processing and creation of 3D image files containing a
single cell. The first macro, GenMaxProjsFrom.ijm, creates a stack of maximum
intensity projections of your entire dataset and allows for manual selection of the
all cells to be analyzed by outlining multiple regions of interests (ROIs). The
other macro, CropCells.ijm, then uses these designated ROIs and crops the raw
original image stack and creates a new 3D image file containing a single cell,
which serves as the input into the MitoGraph software. Here we outline
recommendations for usage of those macros, the troubleshooting guide in
Supplemental Figure 2 provides examples.

O The GenMaxProjsFrom.ijm macro requires single channel .tif files.
First convert your image files to .tif, then ensure that all, and only, the
files you want to measure with MitoGraph are in one folder and direct
the macro to run on that folder. Close all images before you attempt to
run the macro. The program we use for imaging (Metamorph)
generates .TIF files for the raw image files; these can be easily renamed
in bulk using the terminal command ( find . -depth 1 -name
“*_TIF” -exec rename —-f “s/\_TIF/\_tif/” “{}" \;).
Ensure the resulting file is saved as MaxProjs.tif in the same folder as
the original files.

O Two modifications are recommended for the CropCells.ijm macro,:

1. Since the macro was created for yeast cells, we modified the
macro to accommodate the larger ROI needed to crop a
mammalian cell (Supplemental Figure 2; problem 1).
Redefine the final size to accommodate the larger mammalian
cells (in the script for CropCells.ijm find “//Defining the size
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of the singl cell images:_xy = 200" and replace 200 with
512).

2. Although the addition of Gaussian noise [45] outside the
cropped region of interest is helpful in reducing the spurious
segmentation at the boundary of the cropped ROI, we found
that in certain instances this correction adds excessive
speckling outside the cropped ROI or causes the MitoGraph
analysis to stall on specific cells (see Supplemental Figure 2;
problem 2). Therefore, we recommend removing the added
noise feature for the first pass through the data analysis (in the
CropCells.ijm macro comment out the added noise
component by adding a “//”” before “run(“Add Specified
Noise...”, “slice standard=" + 0.5"std);”. Any images (usually
less than 10% of the cells) that have the spurious
segmentation (see Supplemental Figure 2: problem 4) can
then be re-processed by enabling added noise.

O Before running the CropCells.ijm macro, outline cells that can be
easily segmented from neighboring cells. Use caution when drawing
the ROI, if individual cells are not appropriately outlined, artifacts will
persist on the subsequent MitoGraph analysis (for examples see:
Supplemental Figure 2; problem 5 and [45]. Using the MaxProjs.tif
stack of image projections outline all the cells you want to analyze.
Apply the FIJI shortcut to access the ROl manager (press ‘t” to open
ROI manager, select ‘show all” as well as ‘labels’ to keep track of all
the cells you mark) and draw regions around the cell perimeter and
save the ROIs as RoiSet.zip, ensuring the file is in the same folder as
the .tif files and MaxProjs.tif. Close all image windows and direct the
CropCells.ijm macro to run on the folder containing the initial images,
the MaxProjs.tif file and the RoiSet.zip file. A new folder ‘cells’ is
created and contains all of the cropped cells; use these for input to
MitoGraph.

Run MitoGraph. MitoGraph is run from the terminal. First change the directory
to the location of MitoGraph ( cd ~/Desktop/MitoGraph) and make the file
executable ( chmod +xxx MitoGraph). Then run MitoGraph with the
following command line using default settings ( ./MitoGraph -xy 0.1667 -
z 0.2 -path ~/Desktop/cells) where the flag —xy 0.1667 refers to the
xy pixel size in pm, —z 0.2 refers to z spacing also in um and —path designates
where the file is located. Make sure to correctly annotate the pixel size of your
images as using the incorrect pixel dimensions will distort the MitoGraph output.
Additional flags can be added to further fine tune the MitoGraph analysis. These
include —rad (tubule radius; default 0.15um), —scales (scale range to fine tune
low S/N images; default 1.0 1.5 6), —threshold (post-divergence threshold
value between 0.0 and 1.0 that can be adjusted for low S/N images; default
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0.1667), —adaptive 10 that forces MitoGraph to split the image in 10x10
equally sized blocks and use a block-dependent value of global threshold. A
thorough description of these parameters is provided in the original publication
[45]. Most of the images here were processed using the following MitoGraph
command: ./MitoGraph -xy 0.1667 -z 0.2 -scales 1.0 1.3 4 -
adaptive 10 -path ~/Desktop/cells/.

4. Assess MitoGraph Thresholding. Examine all PNG images produced by the
MitoGraph program and ensure accurate representation of the entire network -
some optimization of parameters may be necessary. Look for any lack of
detection of mitochondrial structures (Supplemental Figure 1E; in which case
additional flags such as scales and adaptive may be useful) or false signal
assignment where there are no mitochondria present in the original image
(Supplemental Figure 1C arrow; here the scales and adaptive need further fine
tuning or removal). Our initial attempts with default MitoGraph settings (as
above) on mammalian cells did not adequately detect all the mitochondrial
network, especially regarding the long, thin tubules with low S/N observed upon
genetic ablation of Drpl (Supplemental Figure 1E and Supplemental Figure 2,
problem 2). However, after adjusting different MitoGraph parameters (we added
in the flags —scales 1.0 1.3 4 and —adaptive 10), using MitoGraph v3.0
and modifying our image acquisition settings (used the 60x objective at 1.6x
zoom (instead of 1x zoom) and a higher exposure setting to increase the S/N
ratio (increased to 1 sec exposure from a 500 msec exposure with the DSU in
place) we obtained a nearly complete binary representation of the original image
(Figure 5). Near the nucleus in the highly-networked region is often where the
MitoGraph segmentation is subpar, likely due to saturated pixels and especially
dense tubules preventing accurate discrimination of mitochondrial tubules, given
the resolution limits of light microscopy. A brief pilot test of MitoGraph v3.0 on
deconvolved widefield and confocal images demonstrated that deconvolution
may be beneficial as it improves segmentation, but we recommend further
troubleshooting and fine tuning of MitoGraph settings before combining
deconvolution with MitoGraph analysis (Supplemental Figure 1 C, E).

5. Assess VTK output. MitoGraph produces three 3D files that can be viewed using
the freely available ParaView software (https://www.paraview.org/). See
Supplemental Movie 1 for a visual depiction of the 3D data generated from the
MitoGraph output files. First open the mitosurface file (_mitosurface.vtk) to
reveal the surface rendering view (once the file is opened, you must click apply
to view the file). Scale down the opacity to allow viewing of the subsequent
components. Open the skeleton file (_skeleton.vtk), click apply to view the
outline within the mitochondrial surface, adjust the color and line thickness to
allow easier visualization of the skeleton. Next, open the nodes file (_nodes.vtk)
and click apply to view in context of the mitochondrial surface and skeleton.
Nodes represent free mitochondrial ends and junction points that are derived
from the mitochondrial skeleton. Node assignments are key to the successful
downstream data analysis portion of MitoGraph. Visually inspect if end points
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were properly assigned and junctions points were properly detected. In the
experiments presented here the current version of MitoGraph has a node
assignment error rate of ~7%, which primarily derived from overlapping tubules
(see Methods and Table 2). While exploring MitoGraph parameters, we also tried
the Enhanced Local Contrast (CLAHE) FI1JI plugin, which enhanced detection of
low S/N tubules, but at a cost of increased misassigned nodes thereby rendering
the data analysis not reliable (not shown).

6. Data Analysis. Originally designed to report on mitochondrial volume,
MitoGraph reports on total mitochondrial length, mitochondrial volume (using
two different approaches: one based on the skeleton and mitochondrial radius
and the other is based on voxels) and relative mitochondrial width (note the
width parameter has not been fully validated yet). Aside from these global
measurements, MitoGraph measurements allow extraction of a large number of
network connectivity parameters by skeletonizing the segmented mitochondrial
network into a set of edges (representing the mitochondrial tubules), and nodes
(representing endpoints and branch points). Separate individual mitochondria
within a network can thus also be analyzed. The connection between these nodes
is referred to as an edge. Supplemental Figure 3 schematically illustrates this
segmentation and the downstream mitochondrial network metrics that are
calculated. Supplemental Figure 4 has single cell examples of a wide range of
mitochondrial phenotypes, from highly fused to highly fragmented and the
corresponding metrics that were extracted from the MitoGraph analysis. For the
sake of simplicity, we now will refer to an individual mitochondrion within the
network as a “connected component” to help differentiate individual components
versus the entire mitochondrial network.

@) First, a list of the total length, total edge humber and total node number
for each connected component must be generated. The length of each
edge present in the network is displayed in the gnet text file. The first
column represents the node number at the beginning of the segment,
the second column represents the node number at the end of the
segment, and the third column represents the distance between these
two nodes in um. From this information, we used an R-script to extract
the following information for each connected component: total length,
edges and nodes. These are calculated from the sum of the distance
between the connected nodes. For example, in the branched example in
Supplemental Figure 3, three individual edges are connected by one
central node; thereby forming a connected component that is 20 pm in
total length with 4 total nodes and 3 total edges.

O Once the list of connected components is generated for each cell
assessed, the total mitochondrial length, total edge number, total node
number are calculated by summing each corresponding metric of the
connected component; the total number of connected components is
also tallied. PHI represents the relative size of the largest connected
component to the total mitochondrial size (note PHI increases in
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scenarios where the mitochondrial network is highly interconnected,;
Supplemental Figure 4). The average edge length is calculated by
taking the total mitochondrial length and dividing by the total edge
number. Each metric that is not a ratio or an average needs to be
normalized to some metric of cell size given the heterogeneity of cell
sizes in mammalian tissue culture cells. We chose to normalize total
nodes, edges and connected components to the total mitochondrial
length for each cell. Lastly, an additional measurement of the
mitochondrial network connectivity is extracted from the node data by
assessing the degree distribution, Py, which indicates the fraction of
nodes with k-neighbors. We assessed the ratio found in free ends (k=1),
three-way junctions (k=3) and four-way junctions (k=4). The AVG
degree measurement is the sum of each individual ratio multiplied by
its corresponding k factor.

O Each of the metrics reports on unique network properties. PHI is
highest in scenarios where the entire mitochondrial network is
connected and lowest in scenarios where the entire network is
uniformly fragmented. Average edge length is highest when the node to
node distance is greatest, typically with very long, not highly
interconnected mitochondria like those present in Drpl KO cells
(Supplemental Figure 4B-C). Total nodes, edges and connected
components increase in highly fragmented mitochondria. In a network
that is entirely fragmented up to 90% of the nodes are found in free
ends (only one neighbor), while in a scenario where fission is inhibited
and the network is hyperfused around 50% of the nodes are found in
free ends (Supplemental Figure 4B-C). The AVG degree is highest in
highly interconnected examples such as H1299 and to a lesser extent in
Drpl KO cells (Supplemental Figure 4B-C). Based on these differences
we sought to capture the diverse nature of the mitochondrial network
into a single score, the MitoGraph Connectivity Score. We calculated
this score by taking the sum of the parameters elevated in highly fused
networks (PHI, AVG edge length and AVG degree) and divided by
parameters elevated in highly fragmented networks (nodes; edges and
connected components (all normalized to total length)). Although
MitoGraph Connectivity Score has not been fully validated, it does
mirror the morphology trend as would be predicted by eye
(Supplemental Figure 4C). It can be used in addition to reporting all
MitoGraph parameters, but should not be considered a substitute as it
does not capture the complexity of the network.

7. Using the R-scripts. Here we supply two R-scripts that should assist data
analysis efforts (https://github.com/Hill-Lab/MitoGraph-Contrib-RScripts.qgit).
First download R and Rstudio (www.rstudio.com) [141]. To run the scripts: 1)
place the R-scripts in the folder containing all of the files generated by
MitoGraph, 2) open with R-studio, set the working directory to the source file
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location (session — set working directory — to source file location), paste in
the path for the folder and run the script using command-+option-+r.

O The first R-script (CreateSummary.R) produces two files: output.csv
and output-summary.csv. Output.csv contains data from individual
connected components for all of the .gnet files within that directory and
lists the file name, number of nodes and edges as well as total length
for each connected component within the dataset. Output-summary.csv
calculates the following for each image acquired: 1) total nodes, edges
and length for all connected components, 2) the number of connected
components, 3) PHI, 4) average edge length, 5) total edges, nodes and
connected components all normalized to total length. The output-
summary.csv also includes a summary from the degree distribution
analysis that contains the fraction of free ends (k=1), 3-way (k=3) and
4-way junctions (k=4) and the average degree. The output-
summary.csv also contains a compilation of the .mitograph text file
data including: 1) volume from voxels (um3), 2) average width (um), 3)
standard deviation width (um), 4) total length (um) and 5) volume from
length (um3). Finally, the output-summary.csv also contains the
MitoGraph Connectivity Score for each image.

O The second R-script (CreatePlots.R) creates a variety of plots to help
visualize any alterations in the metrics assessed through the MitoGraph
analysis and contains statistical measurements of the differences using
ANOVA followed by TUKEY analysis. Since file naming schemes
likely will vary, first manually edit the output-summary.csv file and add
a column titled “Condition” and populate with the relevant condition or
treatment information in the order you want it displayed on the graphs.
See Supplemental Figure 5 for an example of a report generated using
this script on one of the datasets presented here.

1.3.2.2 Validating MitoGraph on mammalian cells—MitoGraph was shown in yeast
to help elucidate mitochondrial phenotypes in mitochondrial fission and fusion mutants [45].
Based on this success, we sought to test MitoGraph in a few key scenarios to evaluate its
utility. First, we focused on determining if MitoGraph analysis can distinguish a highly
fragmented mitochondrial network from a normal healthy mitochondrial network. We used
mito-YFP transfected HMEC-1 cells (generated above) treated with CCCP to uncouple and
fragment the mitochondria, and compared them against untreated cells. MitoGraph analysis
in these cells resulted in a binary PNG image that almost entirely mirrored the original TIFF
image (Fig 4A) and was validated for correct assignment of nodes (only 7.2% of total nodes
were misassigned, with 3.6% due to overlapping tubules - see Methods and Table 2). Based
on these positive attributes, we processed the MitoGraph data output. A plot of the raw data
and all the metrics assessed is presented in Supplemental Figure 6, while Figure 4B
represents the fold change between the averages of at least 10 of CCCP treated HMEC-1
cells over untreated WT HMEC-1 cells. As shown in Fig 4B, metrics associated with
enhanced fission are increased over WT (total nodes, edges and connected components)
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while metrics associated with enhanced fusion are decreased (PHI, Avg edge length and Avg
degree). The largest difference between control and CCCP treated cells is within the total
number of connected components, with CCCP treatment leading to a 2.3 fold increase in the
total number of connected components. The average MitoGraph Connectivity Score
significantly decreased from 2.11 to 1.04 with CCCP treatment (Figure 4C). Overall,
mitochondria in CCCP treated cells are shorter, less interconnected and form more
connected components than in WT control HMEC-1 cells. Furthermore, the total length and
volume of the mitochondria were also impacted by the CCCP treatment (Figure 4D).
Overall, these qualities are in line with the expected results for short fragmented
mitochondria found in CCCP treated cells.

Next, we validated the other end of morphology spectrum and compared WT morphology to
a hyper-elongated phenotype. Using a Drpl null HMEC-1 clone generated using CRISPR/
Cas9 (Harwig & Hill unpublished data), we compared these hyper-elongated mitochondria
to WT HMEC-1 mitochondria in Tom20 immunostained cells. Like the mito-YFP
experiments shown in Figure 4, Tom20 immunostained mitochondria, when imaged at a
high resolution and exposure settings enabling a high S/N ratio, performed well on
MitoGraph analysis. The binary PNG image again mirrored the cropped TIFF signal and
when the node assignments were validated we found that the total error rate was 7.7%, while
6.3% were due to overlapping tubules (see Methods and Table 2). A plot of the raw data and
all the metrics assessed is presented in Supplemental Figure 6B, while Figure 5B represents
the fold change between the averages of at least 10 of Drp1KO HMEC-1 cells over WT
HMEC-1 cells. Relative to WT mitochondria, Drp1KO mitochondria have elevated metrics
associated with a highly fused state (PHI, Avg Edge Length and to a lesser extent AVG
degree) while metrics associated with highly fragmented networks are decreased (total
nodes, edges and connected components). Drpl KO mitochondria have an average
MitoGraph Connectivity Score that is significantly higher than WT mitochondria (4.2 versus
2.9) (Figure 5C). PHI, the measurement of fraction of mitochondria found in the largest
component, resulted in the largest fold difference between WT and Drpl KO HMEC-1 cells.
The volume, total length and average width of mitochondria in WT versus Drpl KO were
not significantly different. Overall, the enhanced length and the more intricate network
found in Drp1KO cells matches what is visually observed, thereby enhancing the confidence
in the MitoGraph analysis.

The HMEC-1 cells used for the MitoGraph analysis in Fig 4 and 5 were very flat cells with
easily discernible highly elongated mitochondria. Next, we examined how well MitoGraph
performed on a variety of other cells types: C6 (rat brain glial cells), C2C12 (mouse
myoblasts), HEK293 (human embryonic kidney cells) and H1299 (human non-small cell
lung carcinoma). As shown in Figure 6, the mitochondrial morphology was vastly different
in these 4 cells lines. The C6 cells were very flat with an easily discernable mitochondria
that were relatively elongated, but not highly interconnected network (note: these cells
frequently overlap each other requiring caution in image acquisition). C2C12 cells were also
very flat and had shorter, but more interconnected mitochondria than the C6 cells. HEK293
cells had a heterogeneous relatively elongated mitochondrial network and were very thick
and required nearly twice as many z-slices as the other 3 cells lines tested. H1299 cells had
highly interconnected, elongated mitochondria that were frequently found in striking loop-
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like structures. Node validation revealed that MitoGraph performed well on all 4 cells lines
assessed and nodes were misassigned less than 10% of the time. Closer examination of the
total error rates and fraction due to overlapping tubules revealed that H1299 had the lowest
total error rate, while C6, C2C12 and HEK?293 had very similar error rates (see Methods and
Table 2). As shown in Figure 6, H1299 cells contained the most highly connected
mitochondrial network (highest PHI and AVG degree and lowest number of connected
components), while C6 cells had the longest edge length, but was the least connected
network of the cells examined (lowest PHI and AVG degree). C6 cells scored surprisingly
high with the MitoGraph connectivity score, likely due to the contribution of the increased
average edge length. H1299 cells, which have the most striking unique mitochondrial
network scored highest on the MitoGraph connectivity score, with statistically significant
differences from all 3 other cells types assessed in this panel (Figure 6C). Overall, the
MitoGraph analysis added quantitative data that agreed with the confocal images shown in
Figure 6A.

1.4 Discussion

As dynamic organelles, mitochondria are exquisitely sensitive to cellular stresses and as
such must be handled with care. Here we outlined necessary optimization strategies for
imaging mitochondria including recommendations to 1) completely image the entire
network using z-stack spacing of at least 1um for routine imaging and 0.2 - 0.5 um spacing
if performing MitoGraph analysis or acquiring publication quality images, 2) optimize DNA
amount for mitochondrial-targeted fluorescent proteins transfections to minimize
fragmentation, 3) use of 25nM MitoTracker probes to avoid cytotoxic effects during live cell
imaging and 4) use 25nM of MitoTracker Red CMXRos and MitoTracker Orange
CMTMRos to minimize off target fluorescence, morphological side effects and to visualize
the network post-fixation. Finally, we supplied a detailed protocol and validation of the
mitochondrial network analysis program MitoGraph using five mammalian cell types.

The experimental conditions and results obtained here using mito-YFP and MitoTracker
dyes agree with previous findings. Specifically, Mitra et al. mentioned that a 48hr transient
transfection of mito-DsRred can cause mitochondrial fragmentation and ultimately
recommended short transient transfections with low expression of the markers [38].
Similarly, treating cells with too high of a concentration of MitoTracker can lead to
deleterious effect on the cells. In rat brain mitochondria, exposure to high concentrations of
MitoTracker dyes (~3 UM range) altered mitochondrial respiration by increasing resting
respiration and decreasing maximal respiration, however low concentrations (50nM) had
little to no effect [142]. Several reviews provide more detailed discussions on the appropriate
use of MitoTracker and potentiometric dyes[115-117,121-123].

Given the interest in quantifying mitochondrial morphology, a number of methods and
software have been recently developed (Table 1). Throughout the years we have installed a
subset of the freeware programs and applied them to our existing images. The ideal software
would be free, easy-to-use, and accurately reflect the entire mitochondrial network. The
purpose of this prospective is not to compare and contrast each method, but rather to
highlight how MitoGraph stood out from a subset we tested. MitoGraph is free, works on 3D
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images, has minimal tunable parameters and most notably, once optimized, works on a
variety of datasets using identical settings, making batch processing straightforward. Our
very first attempt using MitoGraph on S. cerevisiae expressing mito-RFP was successful and
resulted in proper segmentation of yeast mitochondria (once the xy pixel width was set to
reflect the microscope’s settings). Transitioning from yeast to mammalian cells required
more troubleshooting, especially for the problematic long thin low S/N tubules found in
Drpl KO HMEC-1 cells (Supplemental Figure 2; Problem 3). After several iterations, we
discovered that we needed to increase our resolution, increase our S/N ratio and modify the
input parameters for the MitoGraph analysis. We achieved this by using a magnification
changer to boost the pixel size from 0.2667pum to 0.1667um, doubling the exposure time
(500 msec to 1sec), adding in the flag —scales 1.0 1.3 4 and the flag —adaptive 10
so that MitoGraph calculates a global threshold for each slice instead of using the same
value for the entire image.

We also switched to MitoGraph 3.0, the newest version, which implements a region based-
threshold and outputs mitochondrial tubules width. This region based thresholding in
addition to the adaptive flag modality allows for fine tuning the threshold between slices and
within regions of a single slice, thereby accurately segmenting more regions of the
mitochondrial network. This adaptive thresholding is especially important in mammalian
cells where the perinuclear region containing mitochondria is often substantially brighter
than lower density regions closer to the cell periphery. Once a dataset was successfully
imaged and analyzed with MitoGraph, the same settings were applied to additional
experimental rounds and found to properly segment the resulting images. Importantly,
thanks to the adaptive thresholding, MitoGraph performed equally well on diverse cell types
that had considerable differences in the level of Tom20 staining (Supplemental Figure 7).
MitoGraph does take a significant amount of CPU time to complete the segmentation and
analysis, but is amenable to implementing on a GPU cluster. Furthermore, MitoGraph has
the following limitations: 1) an average of 7.2+1% total nodes are misassigned, with the
majority of the misassignments due to overlapping tubules and 2) the current parameters do
not always properly segment the highly interconnected, often-saturated perinuclear
mitochondria. Despite these limitations, MitoGraph analysis statistically differentiated
between fragmented and normal mitochondria; normal mitochondria and hyper-elongated
mitochondria and differentiated between four unique cell types that varied in cell thickness
with a range of mitochondrial morphologies in tissue culture cells. Depending on the
resolution, MitoGraph may also be useful for analyzing images using intravital microscopy
on live animals [143,144]. Such intravital imaging has been beneficial in cancer studies
[145-149] and imaging of mitochondria in intact animal disease models [150-152]. Future
application of MitoGraph will undoubtedly lead to a much deeper understanding of
mitochondrial form and function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

CCcCP Carbonyl cyanide m-chlorophenyl hydrazine
DiO6 3,3"-Dihexyloxacarbocyanine lodide

DSU Disk-scanning unit (spinning disk)

FCCP carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone
FRAP Fluorescence Recovery After Photobleaching
JC-1 tetraethylbenzimidazolylcarbocyanine iodide
Mito-YFP mitochondrial targeted yellow fluorescent protein
PFA paraformaldehyde

ROI Region of interest RT (room temperature)
Rho123 Rhodamine 123

SIN Signal/Noise ratio

TMRE Tetramethylrhodamine, ethyl ester

TMRM Tetramethylrhodamine, methyl ester
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Figure 1. Mitochondrial imaging parameters
A) An HMEC-1 cell immunostained for Tom20 was imaged using the indicated z-spacing

parameters, keeping all other settings constant. The top left cell was imaged with the DSU
out (widefield mode), while the remainder of the cells were imaged with the DSU in place
(confocal mode). Red arrowhead denotes out of focus mitochondria. B) HMEC-1 cells
transiently expressing Mito-YFP. The cells were transfected using a constant total amount of
DNA, but varying the amount Mito-YFP and filler DNA (pcDNA 3.1(-)). The first five
images were collected using live cells, while the far-right image derives from cells fixed in
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4% PFA, following the live cell image session. The 0.6ug condition was treated with 10uM
CCCP and the same cells were imaged 15-20 min after the addition of CCCP. Note each of
the control conditions contain normal elongated mitochondria and the fraction of fragmented
mitochondria decrease as Mito-YFP is decreased. Yellow arrow denotes fragmented/
clumped mitochondria; white arrow denotes normal elongated mitochondria. Scale bar
represents 10pm.
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Figure 2. Mitochondrial morphology as assessed by Mitotracker Red CMXRos, Orange
CMTMRos and Deep Red FM staining

A-B) HMEC-1 cells were incubated with varying concentrations of Mitotracker probes and
either imaged live (A) or fixed (B) using 4% PFA. i (initial image); ii & iii (initial image (i)
or 10 uM FCCP treated cell both pseudo colored using FIJI Rainbow RGB lookup table).
Note in A (iii) is the same cell 15-20min post addition of FCCP, while in (B) the images are
of different cells. The arrows denote: red (fragmented mitochondria), yellow (swollen
mitochondria) and orange (off target nuclear staining). Scale bar represents 10um.
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MitoGraph workflow
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Figure 3.

MitoGraph method (see text for detailed description).
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Figure 4. MitoGraph analysis under conditions favoring mitochondrial fission
A-D) HMEC-1 cells transiently expressing Mito-YFP were treated with 10 uM CCCP for

15-20 min to fragment the mitochondria, fixed in 4% PFA, imaged using the 60x objective
(zoom 1.6) and processed by MitoGraph v3.0 using the following command (identical to
Figures 5-6): ./MitoGraph -xy 0.1667 —z 0.2 -scales 1.0 1.3 4 -adaptive
10 -path ~/Desktop/cells/. A) The top row represents the original cropped TIFF file,
the bottom 3 rows are output files of MitoGraph (the binary PNG, the 3D surface
representation and a zoom in on the surface with the skeleton and nodes of the mitochondrial
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network also depicted. B) The .GNET files were processed using an R-script to compile the
following metrics (see Supplemental Figures 3 and 4 for detailed descriptions of how these
metrics were calculated): PHI (ratio of the largest connected component); average edge
length; total nodes, edges and connected components (normalized to total length of
mitochondria); the degree distribution of the nodes (1 (free ends), 3 (3-way junction), 4 (4-
way junction) and Avg Degree). Raw data is shown in Supplemental Figure 6, while the fold
change between averages of at least 10 cells are presented here. C) The MitoGraph
connectivity score, which is calculated from the sum of metrics elevated in a fused state
(PHI, Avg Edge Length and Avg Degree) divided by sum of metrics which are elevated in a
fragmented state (total nodes, edges and connected components (normalized)). D) The AVG
+STDEV of the indicated parameters, p-value was calculated using an unpaired Students t-
test. Scale bar represents 10um.
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Figure 5. MitoGraph analysis under conditions favoring mitochondrial fusion
A-E) HMEC-1 cells (WT or Drpl KO) were fixed in 4% PFA, immunostained for Tom20,

imaged using the 60x objective (zoom 1.6) and processed by MitoGraph v3.0 using the
following command (identical to Figures 4-6): ./MitoGraph -xy 0.1667 -z 0.2 -
scales 1.0 1.3 4 -adaptive 10 -path ~/Desktop/cells/. A) The top row
represents the original cropped TIFF file, the bottom 3 rows are output files of MitoGraph
(the binary PNG, the 3D surface representation and a zoom in on the surface, skeleton and
nodes of the mitochondrial network. B) The .GNET files were processed using an R-script to
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compile the following metrics (see Supplemental Figures 3 and 4 for detailed descriptions of
how these metrics were calculated): PHI (ratio of the largest connected component); average
edge length; total nodes, edges and connected components (normalized to total length of
mitochondria); the degree distribution of the nodes (1 (free ends), 3 (3-way junction), 4 (4-
way junction) and Avg Degree). Raw data is shown in Supplemental Figure 6, while the fold
change between averages of at least 10 cells are presented here. C) The MitoGraph
connectivity score which is calculated from the sum of metrics elevated in a fused state
(PHI, Avg Edge Length and Avg Degree) divided by sum of metrics which are elevated in a
fragmented state (total nodes, edges and connected components (normalized)). D) Western
blot analysis of lysates from WT and Drp1KO HMEC-1 cells. *Extra band likely due to FBS
in the medium. E) The AVG£STDEYV of the indicated parameters, p-value was calculated
using an unpaired Students t-test. Scale bar represents 10um.
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Figure 6. MitoGraph analysis of a variety of cell types
A-C) C6, C2C12, HEK293 and H1299 cells were fixed in 4% PFA, immunostained for

Tom20, imaged using the 100x objective (zoom 1) and processed by MitoGraph v3.0 using
the following command (identical to Figures 4-5): ./MitoGraph -xy 0.1600 -z 0.2 -
scales 1.0 1.3 4 -adaptive 10 -path ~/Desktop/cells/. A) The top row
represents the original cropped TIFF file, the bottom 3 rows are output files of MitoGraph
(the binary PNG, the 3D surface representation and a zoom in on the surface, skeleton and
nodes of the mitochondrial network. B) The .GNET files were processed using an R-script to

Anal Biochem. Author manuscript; available in PMC 2019 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Harwig et al.

Page 38

compile the following metrics (see Supplemental Figures 3 and 4 for detailed descriptions of
how these metrics were calculated): PHI (ratio of the largest connected component); average
edge length; total nodes, edges and connected components (normalized to total length of
mitochondria); the degree distribution of the nodes (1 (free ends), 3 (3-way junction), 4 (4-
way junction) and Avg Degree). C) The MitoGraph connectivity score which is calculated
from the sum of metrics elevated in a fused state (PHI, Avg Edge Length and Avg Degree)
divided by sum of metrics which are elevated in a fragmented state (total nodes, edges and
connected components (normalized)). D) The AVGxSTDEV of the indicated parameters, p-
value was calculated using an unpaired Students t-test. Scale bar represents 10um.
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Harwig et al.

Error rate of MitoGraph nodes detection in different types of mammalian cells.

Table 2

Cell type: mito label

Total Error rate

Error rate due to overlapping tubules

HMEC-1:
mito-YFP (Fig 4) 7.2% 3.6%
Tom20 (Fig 5) 7.7% 6.3%
C2C12: Tom20 (Fig 6) | 7.6% | 5.8%
C6-Tom20 (Fig 6) | 7.2% | 7%

H1299: Tom20 (Fig 6) | 5.8% | 2.8%
HEK293: Tom20 (Fig 6) | 7.5% | 5.4%
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