1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Trends Mol Med. Author manuscript; available in PMC 2021 January 01.

-, HHS Public Access
«

Published in final edited form as:
Trends Mol Med. 2020 January ; 26(1): 58-70. doi:10.1016/j.molmed.2019.09.009.

Visualizing Mitochondrial Form and Function within the Cell

Brian Glancyl2"
INational Heart, Lung and Blood Institute, National Institutes of Health, Bethesda, MD USA

2National Institute of Arthritis and Musculoskeletal and Skin Diseases, National Institutes of
Health, Bethesda, MD USA

Abstract

The specific cellular role of mitochondria is influenced by the surrounding environment as
effective mitochondrial function requires delivery of inputs (e.g. oxygen) and export of products
(e.g. signaling molecules) to and from other cellular components, respectively. Recent
technological developments in mitochondrial imaging have led to a more precise and
comprehensive understanding of the spatial relationships governing function of this complex
organelle opening a new era of mitochondrial research. Here, | highlight current imaging
approaches for visualizing mitochondrial form and function within complex cellular environments.
Increasing clarity of mitochondrial behavior within cells will continue to lend mechanistic insights
into the role of mitochondria under normal and pathological conditions and point to spatially-
regulated processes that can be targeted to improve cellular function.

Keywords
Energy metabolism; super-resolution microscopy; 3D electron microscopy; systems-level imaging

Mitochondria Function as Part of the Cellular Team

In recent years, it has become increasingly clear that all mitochondria are not the same.
Indeed, mitochondrial form, protein and lipid composition (see glossary), and function are
all now known to vary according to the type of cells in which they reside [1-7] as
mitochondrial function within a given cell appears to be tuned to help achieve the overall
functional goals of that particular cell. In other words, mitochondria are team players and
adapt to fit the needs of the team. Regardless of whether its major output is ATP, signaling
molecules, or other metabolites, how well a mitochondrion is able to perform its required
functions within a cell is intrinsically dependent on its spatial relationships with other
components within or nearby that cell (Figure 1).
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With the aim of better understanding how mitochondria support cellular functions and how
this support may be altered by disease states, biologists have begun to employ a variety of
innovative imaging techniques in order to visualize mitochondrial structure and function
within the context of the rest of the cell. Here, | discuss the ins and outs of recent advances
in mitochondrial imaging that are generating new hypotheses and contributing mechanistic
insights into the relationships between mitochondrial form and function within cells.

Mitochondrial Form

The structure of mitochondria within a cell, together with mitochondrial protein and lipid
composition, dictates the capacity for mitochondrial function within that cell (Box 1).
Cellular conditions at any given time will determine how much of that capacity will actually
be used in that moment, but maximal mitochondrial function will always be limited by 1) the
amount of mitochondria within a cell, 2) the internal components within mitochondria, and
3) the ability of mitochondria to interact with other cellular structures in order to receive
inputs and deliver products as needed. While biochemical methods [8, 9] or protein analyses
[10-12] can be used to assess some of the parameters involved in determining mitochondrial
functional capacity, microscopic observations of mitochondria can be used to evaluate each
aspect within the spatial context of the intact cell. The two primary types of microscopy used
for viewing mitochondrial form within cells are light microscopy and electron microscopy
(Figure 2), and each hold specific advantages for measuring different structural
characteristics (Table 1). Below I discuss recent breakthroughs as well as examine the
benefits and tradeoffs associated with currently available options for visualizing
mitochondrial structure.

Mitochondrial Content

The amount of mitochondria within a cell, or mitochondrial content, is generally considered
to be proportional to cellular capacity for mitochondrial function. While there are several
methods for measuring cellular mitochondrial content [2, 13—-17], imaging is the only way to
directly assess the volume of a cell that is occupied by mitochondria. For light microscopy,
there are three general approaches to visualizing mitochondrial structures: 1) labeling
mitochondria in live cells with fluorescent dyes, 2) immunostaining fixed cells with
mitochondria-specific fluorescent antibodies, and 3) using genetically encoded fluorescent
mitochondrial tags. Using live cell fluorescent dyes to assess mitochondrial structure is
straightforward in theory as all it takes is incubating the cells of interest with the dye for 20—
60 minutes and then imaging and analyzing cellular fluorescence. The MitoTracker (MT)
series of dyes are commonly used to assess mitochondrial content and work by binding to
thiol groups within the mitochondria [18]. MT Orange, Red, and Far Red dyes all load into
the mitochondria according to the mitochondrial membrane potential (AY), thus,
differences in mitochondrial fluorescence between cells may be attributable to altered
cellular conditions rather than a difference in mitochondrial content. MT Green is
considered to load independent of AY and thus is a more consistent marker of content for
most live cells. However, MT Green is not retained well in cells after fixation, so the other
MT dyes may become a better option, for example, when combining MT with antibody
labeling of specific proteins or when using fixation to stop cellular or mitochondrial
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movement while imaging. Additionally, MT Green was recently shown to be sent out of
mitochondria by xenobiotic efflux pumps in hematopoietic stem cells [13]. The above
information, combined with the known toxicity of mitochondrial dyes [19], suggests that
while fluorescent dyes can be used to assess mitochondrial content quickly, results should be
interpreted with appropriate caution.

Similar in concept to a spatially-resolved western blot, immunofluorescent staining can
simultaneously be performed on multiple mitochondrial or other cellular proteins to assess
structure and content within fixed cells in process that takes 1-2 days. Antibodies are
generally available from several sources and can often be used with a fluorophore of choice
leading to great experimental flexibility. The choice of antibody should be for mitochondrial
proteins whose expression level per mitochondrion is not expected to be altered between
comparison groups in order to separate changes in mitochondrial content from changes in
mitochondrial composition. Also, targeting more abundant mitochondrial proteins (e.g.
VDAC) should result in stronger antibody labeling, brighter fluorescence, and, thus, easier
image analysis and interpretation. One downside of immunofluorescence is potential non-
specific antibody labeling of untargeted proteins which can confound structural assessments,
so0 using validated antibodies or performing control experiments is recommended.
Additionally, uniform antibody penetration throughout thick cells or tissues has traditionally
been a problem, but recently developed tissue clearing techniques such as CLARITY,
SWITCH, or iDISCO can be used to overcome this issue [20-22].

Genetically encoded fluorescent mitochondrial tags provide specific and stable labeling of
mitochondrial structures within cells and can be targeted either to specific proteins or to the
mitochondrial matrix in general using a mitochondrial targeting sequence. Transgenic
labeling is often the approach of choice for cell biologists due to the relative ease of
transfection of cell lines though transfection efficiency is often lower in primary cell
cultures and live animals. Compared to the abundance of antibodies, there are fewer
transgenic constructs available to label mitochondria. Additionally, genetically encoded cell
cultures and animals can take days to months to develop, respectively, making time a major
limitation of this approach.

Mitochondrial Shape

The approaches to visualizing mitochondrial shapes are similar to those described for
mitochondrial content, though assessing individual mitochondrial shapes requires higher
resolution images. In many cases, the maximum resolution allowed by traditional light
microscopy (~200-250nm in x,y, 500nm in z) is insufficient to clearly resolve individual
mitochondrial structures necessitating the use of electron microscopy (maximum resolution
~0.2nm). However, earlier this year, the Betzig and Boyden labs reported on a recent
collaboration that overcame this resolution limitation and allowed for assessment of
thousands of individual mitochondrial shapes with molecular precision in whole tissues [23].
They combined expansion microscopy (ExM) with lattice light sheet microscopy (LLSM),
each recent major breakthroughs for imaging cellular structures [24, 25]. ExM, which
achieves super-resolution by physically magnifying biological samples rather than optical
magnification and thus can be performed with any light microscope, involves embedding
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fixed samples labeled with either antibodies or transgenic fluorophores in a swellable
polymer gel, digestion of unlabeled tissue, and then expanding the gel in a solvent. ExM has
been used to increase resolution up to 20-fold [26], but a four-fold increase may be a more
realistic goal for uniform expansion without distortion of cellular structures [23]. A
disadvantage of ExM is that image acquisition times and file sizes increase proportional to
the level of expansion cubed for 3D data (i.e. 4x expansion => 64-fold more data). LLSM
together with ExXM overcomes the speed issue by sweeping a thin sheet of Bessel beams
through the sample perpendicular to the objective with the resulting fluorescence collected
by a high speed camera at rates of several hundred images per second and with very little
photobleaching. This combined approach will be very useful for future studies evaluating
mitochondrial structure in whole tissues or large cells such as cardiac and skeletal muscle or
neurons, though the fixation required for ExM does not permit study of live cells.

Mitochondrial Ultrastructure

The mitochondrial inner membrane contains many folds called cristae which can regulate
the organization, and thus function, of the enzymes involved in the energy conversion and
reactive oxygen species production processes [27-29]. Also contained within mitochondria
are nucleoids which enclose mitochondrial DNA (mtDNA). Due to the small sizes of the
internal mitochondrial components and spaces (~100nm or less), visualization of
mitochondrial ultrastructure has typically been performed using electron microscopy on
fixed cells [30-32]. However, the emergence of and continued improvements in super-
resolution light microscopy has now opened a window into mitochondrial ultrastructure
within live cells. Super-resolution (stimulated emission depletion or STED) microscopy was
recently used to visualize individual ellipsoid shaped mtDNA nucleoids finding that each
nucleoid contains a single copy of mtDNA that is compacted by mitochondrial transcription
factor A (TFAM) [33]. STED microscopy works by using a second laser to selectively
deplete the emission of a fluorophore with the shape of the additional laser resembling a
donut. Thus, the remaining non-depleted fluorescence is in the shape of the donut-hole, or
smaller (~30-80nm resolution) than without using the depletion laser. STED can be used in
tandem with confocal microscopy and is even available as a modular add-on on some
commercial systems. This can be useful when imaging multiple fluorophores where not all
require super-resolution (e.g. nuclei or lipid droplets) as the depletion laser can be
selectively used for some or none of the fluorophores and reduce the potential photodamage
from additional laser exposure.

The shape of mitochondrial cristae and how the structures change across time has also been
traditionally difficult to capture in live cells [34, 35]. Recently, a STED approach to imaging
cristae was developed using a genetically encoded mitochondrial inner membrane SNAP-tag
which could then be linked with a fluorophore of choice allowing simultaneous visualization
of cristae and mtDNA nucleoids with ~50nm resolution [36]. However, photobleaching
limited timecourse imaging to 10-20 frames over 2 minutes. Development of another super-
resolution microscopy approach (Hessian structured illumination microscopy or Hessian-
SIM) which utilizes a grid illumination pattern together with a Hessian deconvolution
algorithm to reconstruct high resolution images at low light doses allowed visualization of
individual cristae with ~90nm resolution for up to 800 frames using MT Green dye [37].
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Thus, STED approaches currently offer higher resolution which may be important for
mitochondria with tightly packed cristae such as in the heart, but SIM can be used to image
faster and with less photobleaching and may be better for cells with highly dynamic
mitochondria. Application of these and similar types of live cell imaging techniques [38-40]
to specific biological questions will likely offer powerful insight into the dynamics of
mitochondrial ultrastructure and the potential functional roles during normal and
pathological conditions.

Mitochondrial Protein Localization

Approaches for imaging mitochondrial or potential mitochondrial proteins are similar to
those for other cellular structures and can be done with either antibodies or transgenic
probes as discussed above. Importantly, images should be taken at high enough resolution to
clearly discriminate between mitochondria and other closely associated organelles such as
the endoplasmic reticulum (ER) [41, 42]. Determining in which mitochondrial compartment
or membrane a protein resides can indicate the types of other proteins it may interact with
and offer further insight into potential protein function (Box 2). Super-resolution techniques
as discussed above can provide enough resolution to discriminate between mitochondrial
compartments in some cases [43, 44]. Fluorescence lifetime imaging (FLIM) has also been
used to distinguish between different mitochondrial compartments for genetically encoded
proteins based on the length (lifetime) of exponential fluorescence decay after excitation
using time-correlated single photon counting [45]. One advantage of FLIM is that several
different proteins or molecules with the same or similar fluorescence emission wavelengths
can be differentiated if the lifetimes can be clearly resolved [46].

Mitochondrial protein localization can also be assessed by performing immunogold labeling
which is similar to immunofluorescence labeling, but instead of a fluorophore, the secondary
antibody is labeled with 5-10nm gold particles that appear as electron dense spots in
electron microscopy images [47, 48]. Analysis of immunogold labeled images relies on
labeling density near the structure of interest and can be confounded by background signal
from non-specific antibody labeling. Recently, genetically encoded tags for electron
microscopy have been developed (e.g. miniSOG and APEX) [49-52] which can be linked to
a protein of interest to provide increased image contrast where the protein resides within
mitochondria or the cell. miniSOG relies on exposing an internal flavoprotein to UV light
resulting in generation of singlet oxygen which then polymerizes added diaminobenzidine
(DAB) leading an increase in electron density after addition of osmium. APEX works
somewhat similarly but is a modified ascorbate peroxidase that polymerizes DAB upon
exposure to hydrogen peroxide. Use of miniSOG and APEX require careful titration of the
UV light dose and hydrogen peroxide exposure, respectively, so as to polymerize enough
DAB to increase electron density but not too much that the increased electron density
spreads beyond the protein of interest. Compared to the adoption of fluorescently tagged
proteins a decade ago, application of genetically encoded electron microscopy tags has
moved more slowly perhaps due to the sensitivity of the DAB polymerization step or just the
inherently slower nature of electron versus light microscopy. At current rates, pushing the
boundaries of super-resolution light microscopy appears to be the more promising avenue to
pursue for high resolution assessment of mitochondrial protein localization.
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Mitochondria-Organelle Interactions

Simultaneous imaging of multiple organelles is a powerful tool for assessing how the
components of a cell, including mitochondria, work together to achieve functional goals. A
few years ago, a novel multispectral imaging approach allowed simultaneous visualization of
six different organelles, including mitochondria, across time and in 3D to show that the
dynamic organelle interactome was dependent on a functional microtubule system in COS-7
cells [53]. Cells were excited sequentially by six different lasers, emitted light was collected
through a series of interference filters, and then a spectral unmixing algorithm was applied
to every pixel to separate the CFP, EGFP, YFP, mApple, Texas Red, and Bodipy fluorescent
signals corresponding to different organelles. While this multispectral imaging technique can
be applied to any cellular structures on any light microscope in theory, they used confocal
and light sheet microscopes where the resolution achieved (300+nm) was insufficient to
evaluate the specialized functional contacts that occur between organelles when they are
within 30nm of each other [54]. Application of multispectral imaging to super-resolution
microscopes capable of resolving functional contacts between mitochondria and other
organelles would provide a powerful tool for systems level evaluation of dynamic organelle
interactions within the cell.

Bleck et al. [2] were able to bypass the resolution limits of light microscopy by using 3D
electron microscopy (focused ion beam scanning electron microscopy or FIB-SEM)
combined with machine learning image segmentation to show that the intra- and inter-
organelle interactions within muscle mitochondrial networks are altered in accordance with
the functional goals of different muscle cell types. FIB-SEM images the surface of a fixed
sample then uses an ion beam to remove the top layer of the sample and repeats this process
many times. Analysis of the resultant 3D volume of hundreds or thousands of greyscale
images can be a major limitation of this technique due to the time required to segment
different cellular structures [55, 56]. Machine learning techniques in which several training
images are used to classify which pixels correspond to mitochondria or other cellular
structures and then applied over the entire volume can speed up image segmentation by
several thousand-fold with high accuracy [57, 58]. In addition to higher resolution,
expression of transgenic probes or use of fluorescent dyes is unnecessary to discriminate
between mitochondria, ER, or many other cellular structures with electron microscopy as
they can be specified by their characteristic structure in any fixed cell, although the visibility
and contrast of different cellular structures is dependent on the heavy metal and other stains
used (e.g. osmium, tannic acid, thiocarbazide, etc.). High throughput analysis of functional
organelle interactions throughout the cell provides a promising platform for dissecting how
cellular structural design translates to cellular function or dysfunction.

Mitochondrial Function

One of the major issues of functional imaging is that, unlike structural imaging where a
single snapshot is often sufficient, functional imaging generally requires collection of many
images in living cells or tissue across time. Since electron microscopy cannot be performed
on living tissue (the electron beams completely destroy live cells) [59], light microscopy is
the primary tool for visualizing mitochondrial function within cells. However, while less
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damaging than electron beams, shining light beams on cells can still cause damage either to
the cells or the fluorophores being excited [60]. Thus, the more times a cell or region of a
cell is imaged, the greater the likelihood of damage occurring. The issue of photodamage
sets off a delicate balance where attempts are made to shine a minimal amount of light on
cells for the least amount of time while still shining enough light to get high signal-to-noise
ratios and imaging often enough to adequately describe the functional events taking place
[60]. This balancing act can vary greatly as the requirements for spatial and temporal
resolution as well as signal-to-noise ratio are different for each biological question and can
also be dictated by sensitivity and intensity of the fluorophore(s) being imaged.
Unfortunately, there is no one-size-fits-all approach to functional mitochondrial imaging.
However, faster and gentler microscopes as well as brighter and more stable fluorophores
continue to be developed allowing for a clearer window into how mitochondria actually
behave within cells. These recent advances and the current state-of-the-art for functional
mitochondrial imaging are discussed below.

Mitochondrial Energetics

One of the most important functions of mitochondria is to make ATP. Thus, it is of great
interest to visualize how well mitochondria perform this task within cells. Indeed, there are
several dyes or genetically encoded probes of varying specificity which enable observation
of ATP in cells, [61-63]. One of these methods, ATeam [61], is a genetically encoded FRET
probe where instead of using putting the donor and acceptor fluorophores on two different
proteins as discussed in Box 2 above, the two fluorophores are linked by a protein which
changes conformation upon ATP binding thus bringing the two fluorophores close enough to
induce FRET. ATeam is insensitive to pH and can be targeted to either the cytosol or
mitochondria making it useful for assessing pathological changes in cellular energy
metabolism [64].

Approaches to imaging other components of the mitochondrial energy conversion pathway
include observing mitochondrial pyruvate, redox status and AY [65-67] (Box 3, 4). While
each of these approaches provide information on the concentration of energetic markers,
concentration of each is a reflection of the balance between its production and utilization
within the cell. As a result, if production continues to match utilization during an increase in
energy demand, a common occurrence in cells [68—70], concentration of the energetic
marker will not indicate that the energetic environment in the cell is different. The ideal
marker of mitochondrial energetic function would be a direct measure of how fast
mitochondria are making ATP. Unfortunately, a robust, spatially-resolved measure of the rate
of ATP production is not currently available. Oxygen consumption is proportional to ATP
production, but while methods to image oxygen within cells are improving, current
developments have primarily focused on visualizing oxygen content rather than the rate of
oxygen consumption [71, 72]. An initial approach to provide a spatially-resolvable measure
of the rate of mitochondrial energy conversion was recently published [73] where
monitoring of the kinetic response of endogenous mitochondrial NADH fluorescence (see
Box 3) to a rapid inhibition of NADH utilization allowed the rate of NADH production to be
measured in live mouse skeletal muscle and in cultured neurons under a multiphoton
microscope. Further development of methods to quantify rates of mitochondrial ATP
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production or proportional measures (e.g. oxygen or NADH) would allow for improved
testing of how pharmacological interventions affect mitochondria within different regions of
the same cell or tissue.

Mitochondrial Signaling

The most well described mitochondrial signaling molecules are cytochrome c, calcium,
reactive oxygen species (ROS), and the redox pairs discussed above, NAD*/NADH and
NADP*/NADPH. Several cytochrome ¢ probes have recently been synthesized with the aim
of better understanding apoptosis [74-82], however, to date, they have been little used to
answer specific questions. Future application of these probes to biological questions will be
needed to determine the advantages and disadvantages of each for specific experimental
models. Sensors are available in many forms and have been well characterized and discussed
extensively elsewhere for both calcium [83-91] and ROS [92-95] and can also be
multiplexed with other measures of mitochondrial structure and function [96].

In addition to signaling with other organelles, mitochondria have also been reported to
communicate amongst themselves through intermitochondrial junctions or mitochondrial
nanotunnels [97-100]. While conduction of AY among connected mitochondria has been
assessed by comparing the tetramethyl rhodamine, methyl ester (TMRM) response of
mitochondria adjacent to a region of photoactivatable depolarization [2, 97, 101],
propagation of the chemical component of the protonmotive force across the inner
mitochondrial membrane, ApH, between adjacent mitochondria has also been shown by the
Demaurex group [102]. Mitochondrial pH can be visualized ratiometrically with a
genetically encoded, pH sensitive cpYFP (MitoSypHer) [103] which is a mutation of the
ROS probe, Hyper [104], to remove the sensitivity to hydrogen peroxide. By combining
MitoSypHer with a photoactivatable mitochondrial matrix GFP (paGFP), Santo-Domingo et
al. [102] showed that rapid electrical coupling could occur between adjacent mitochondria
without exchange of matrix contents (i.e. paGFP) and demonstrated the applicability of
using multiple mitochondrially targeted probes to elucidate mechanistic information about
the nature of ion versus protein exchange between adjacent mitochondria.

Mitochondrial Dynamics and Turnover

Another major function mitochondria are tasked with is to contribute to their own self-
maintenance. The removal of damaged mitochondria through mitophagy can now be easily
imaged thanks to the development of two recent genetically encoded probes (mt-Keima and
mito-QC) [105-107]. Mitochondrial matrix-targeted mt-Keima utilizes a ratiometric, dual
excitation system where excitation with 458nm light illuminates mitochondria with a neutral
or slightly alkaline pH and 561nm light excites mitochondria in the acidic environment of
the lysosome. mito-QC consists of two fluorophores, GFP and mCherry, linked to outer
mitochondrial membrane protein Fisl and detects mitophagy by the loss of GFP signal in
the acidic lysosome. While both probes are compatible with live cell imaging, mt-Keima
cannot be used in fixed cells precluding its use in tandem with immunofluorescent staining
of other proteins. However, the large emission bandwidth used by mito-QC also limits its
compatibility with additional indicators to either blue or far red emitting probes.
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Maintenance of high quality mitochondria also involves the proper replication and
transmission of mtDNA. It has been well known that an exchange of mitochondrial contents
can occur when mitochondria undergo fission and fusion [108-110]. However, until recently,
it was unknown how or whether this process involved mtDNA. Lewis et al. [42] used three
transgenic fluorophores targeted at the same time to the mitochondrial matrix (BFP),
mtDNA nucleoids (GFP), and ER (mCherry) to show that replicating mtDNA nucleoids
mark the sites of mitochondrial fission which is then mediated by the ER. Thus,
simultaneous imaging of two mitochondrial structures and the ER revealed a mechanism of
how alterations in mitochondrial shape and ultrastructure can be regulated in coordination
with specific interactions between organelles further highlighting the integrated nature of
cellular processes and the role of mitochondria within them.

Concluding Remarks

Glossary

The emergence of mitochondria as multi-faceted organelles tailored to support cellular
function has helped drive the development of new imaging approaches aimed at better
understanding the mechanisms which guide mitochondrial function within complex cellular
environments. Continued improvements in light microscopy, particularly super resolution
microscopy, offer a promising path toward visualizing mitochondrial behavior with
molecular precision, while increasing accessibility to 3D electron microscopy techniques is
expanding our knowledge of how mitochondria interact with other organelles to meet
cellular objectives. There remains an unwavering goal to image faster, gentler, with higher
resolution, across larger volumes, and a greater number of molecules or structures which
continues to guide technological development (see Outstanding Questions). As approaches
to imaging mitochondria as part of complex cell systems are realized, the development of
big data analytical platforms will be necessary to fully elucidate the principles which govern
mitochondrial form and function across health and disease.

Capacity for Mitochondrial Function

The maximal function of mitochondria possible. The capacity for mitochondrial function
within a cell is determined by mitochondrial structure, composition, and interactions with
other structures

Electron Microscopy

Microscopy technique using electron beams to illuminate and magnify structures. Electron
microscopy can resolve much smaller structures than light microscopy. Greyscale images are
generated where contrast depends on the electron density of cellular structures. Many
structures can be visualized simultaneously. Metallic stains can be used to increase contrast
in specific structures

Fixed Cells
Cells which have been preserved from biological decay. Several methods of fixation are
commonly used such as rapid freezing or chemical fixation by formaldehyde or methanol

Fluorophore

Trends Mol Med. Author manuscript; available in PMC 2021 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Glancy Page 10
A fluorescent molecule which emits light when excited by a light beam. Fluorophores come
in many varieties including the color of light needed for excitation as well as the color
emitted after excitation
Immunogold
Method for antibody labeling of specific proteins in electron microscopy. Instead of using a
fluorescently tagged secondary antibody as with light microscopy, the secondary antibody is
conjugated with tiny gold particles which appear as electron dense dots in an electron
microscopy image
Light Microscopy
Microscopy technique using visible light beams to illuminate and magnify structures. For
mitochondria, this generally involves excitation of fluorescent molecules and detection of
the resultant emitted light
Mitochondrial Protein and Lipid Composition
The proteins and lipids which a mitochondrion is made of. Proteins can be used to transport
molecules, catalyze molecular reactions, and build or breakdown structures among other
things. Lipids provide structural support to membranes and some can be synthesized within
mitochondria.

Signal-to-Noise Ratio (SNR)
The ratio between the signal intended to be measured and the background signal. A
relatively high background signal, thus low SNR, makes it difficult to clearly distinguish
small changes in the desired variable. Conversely, changes in high SNR fluorescent signals
can clearly be observed and attributed to the intended biological process
Super-resolution
A specific type of light microscopy where the achievable resolution is better than the
diffraction limit of light (~200 nm). The diffraction limit was thought to set the highest
resolution achievable for over 100 years until several recent developments broke through the
barrier
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Box 1:

Clinician’s Corner

The function of mitochondria within a cell is regulated by the amount of
mitochondria within the cell, their composition, and how well they are able to
communicate with other organelles. A better understanding of how each
aspect of mitochondrial function contributes to overall cellular function in
both health and disease is needed.

Dysfunctional mitochondria are the cause for a very heterogeneous group of
devastating human disorders referred to as Mitochondrial Diseases for which
no cure currently exists. Novel imaging approaches may help further
understand the underlying pathologies.

Mitochondrial structures within cells can be visualized to provide an index of
capacity for mitochondrial function. Recent developments in microscopy now
allow simultaneous imaging of multiple proteins or molecular targets within
mitochondria and how they interact with other cellular structures.

Measurement of mitochondrial structure together with function within the
context of the entire cell may help facilitate the identification and/or impact of
potential therapeutic targets aimed at improving cellular function.

Application of antibody and fluorescent dye based techniques are well suited
for visual evaluation of mitochondrial form and function in patient blood
samples and tissue biopsies using relatively few cells compared to
biochemical or molecular biology approaches. Genetically encoded indicators
of mitochondrial structure and function provide an additional suite of tools
compatible with patient derived cell lines.
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Box 2:

Tandem Labeling Approaches for Evaluating Sub-mitochondrial Protein
Localization

Visualizing the intra-mitochondrial localization of proteins without the use of specialized
super-resolution or FLIM equipment can be done using one of several tandem labeling
approaches. The split fluorophore (e.g. split-GFP) approach involves genetically labeling
the protein of interest with half of a fluorophore and a potential interacting protein with
the other half resulting in fluorescence only where the two proteins are in close enough
proximity (~10-50nm depending on length of spacer encoded on one end [111]) to
combine into the complete fluorophore [112, 113].

Forster resonance energy transfer (FRET) relies on genetically encoding one protein with
a donor fluorophore and the other with an acceptor fluorophore [114, 115]. When the two
proteins are in close proximity, the FRET donor transfers energy to the acceptor resulting
in an increased fluorescence of the acceptor and a decrease in the donor. Thus, the
fluorescence ratio of the two fluorophores is the measured output for FRET. Only specific
fluorophore pairs work with FRET (e.g. YFP+CFP) and the use of two fluorophores takes
up more of the emission bandwidth than the split-GFP approach, but because the energy
transfer efficiency is directly related to distance between fluorophores, FRET can be used
to more quantitatively assess the distance between proteins.

Proximity ligation assays (PLA) [116] label both proteins with primary antibodies and
secondary antibodies linked to specific short DNA strands such that when the two
proteins are in proximity, the two DNA strands form a circular DNA molecule which can
be amplified and bound by fluorescently labeled oligonucleotides resulting in
fluorescence specific to the sites of protein interaction. PLA does not require transgenic
expression of probes and thus is more readily available across model systems compared
to the split-GFP or FRET approaches. However, PLA also requires fixation and thus,
cannot be used to monitor dynamic events in live cells.

Trends Mol Med. Author manuscript; available in PMC 2021 January 01.




1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Glancy

Page 18

Box 3:
Assessing Mitochondrial NADH Redox Status

The redox status of the mitochondrial NADH pool can be assessed through its
endogenous autofluorescence [65, 117] as the NADH molecule itself fluoresces meaning
there is no need for additional probes. However, NADH autofluorescence requires
ultraviolet (~340-375nm) excitation which is not available on most commercial confocal
microscope systems requiring use of more expensive two-photon lasers to excite NADH
with higher (double) wavelength (~680—750nm) pulses. Additionally, NADH and another
redox molecule, NADPH, have identical optical properties making it difficult to evaluate
them separately when present in similar quantities [46], though FLIM offers one
approach [46]. For these reasons, transgenic NADH probes have been developed using
circularly permuted YFP (cpYFP) linked to a Rex homodimer (Frex-Mit) both of which
change conformation upon NADH binding leading to increased fluorescence proportional
to NADH concentration [118]. The cpYFP approach is reported to result in a much
greater fluorescent dynamic range than FRET probes [119], however, the fluorescent
intensity of Frex-Mit is sensitive to both NADH and pH limiting its usefulness to
questions where pH can be controlled for. Targeting pH resistant, cytosolic NADH
probes, such as SoNar [120], to the mitochondria in a cell-specific manner (e.g.
conditional expression through Cre recombinase) would be helpful for evaluating the
redox status of small cells with low mitochondrial content (i.e. low endogenous NADH
fluorescence) within large tissues such as endothelial or satellite cells within skeletal
muscle.
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Box 4:
Mitochondrial Membrane Potential Probes

There are several commonly used AY sensitive dyes (TMRM, TMRE, Rhod123, JC-1)
which are all lipophilic cations and accumulate proportional to the voltage across
membranes. Because these dyes accumulate across both the cell membrane and the
mitochondrial inner membrane, measures of total cellular fluorescence or only
mitochondrial fluorescence can be affected by changes in the plasma membrane potential
[121]. Thus, imaging at sufficient resolution to measure the mitochondrial-to-cytosolic
fluorescence ratio allows evaluation of AY independent of changes in plasma membrane
voltage. TMRM, TMRE, and Rhod123 each contain one fluorophore whereas JC-1
fluorescence shifts from green to red with increasing aggregation in the matrix and thus is
used ratiometrically. However, there are many reported problems with JC-1 including
insensitivity to small voltage changes, high photosensitivity, slow equilibration times
across membranes, and being prone to artifacts [19] suggesting it should be used with
caution if at all. TMRM and TMRE equilibrate more quickly (~15 minutes) than
Rhod123, and TMRE and Rhod123 are more toxic than TMRM [19]. Additionally, use of
probes above ~100 nM can initiate “quench mode” where the concentration of the probe
is so high inside the mitochondria that aggregated dye quenches emitted fluorescence
resulting increased signal when AY goes down (less quenching) and decreased signal
when AY goes up (more quenching). Thus, using the lowest possible concentration of
these probes is recommended. Proper imaging of AY can then be multiplexed with
cellular (e.g. calcein-AM) and nuclear (e.g. Hoechst) dyes for high throughput analysis of
mitochondrial structure and function within dynamic cell populations under normal or
pathological conditions [15].
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Highlights

. Advances in super-resolution microscopy now enable visualization of
thousands of individual mitochondria with molecular precision throughout
large tissues as well as unprecedented views of the dynamic nature of internal
mitochondrial structures.

. Expansion of our ability to simultaneously visualize multiple mitochondrial
structures and proteins together with other organelles has provided novel
mechanistic insights into the intra- and inter-organelle interactions of
mitochondrial networks.

. Spatially resolved measures of mitochondrial energetic flux provide a
promising avenue for evaluating the impact of interventions into cellular
energy metabolism within heterogeneous cells and tissues.

. Accompaniment of high-throughput image analysis platforms with big data
generating microscopy approaches now enables systems level evaluations of
how mitochondria behave within the cellular environment.
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Outstanding Questions

Can super-resolution microscopy meet or surpass the resolution of large-scale,
3D electron microscopy techniques?

Can methods for genetically encoding tags in electron microscopy be
improved to facilitate widespread use akin to that of genetically encoded
fluorescent tags?

How can the number of mitochondrial proteins or molecules that can be
imaged simultaneously by the light microscope be increased? Will
multispectral or fluorescent lifetime imaging lead the way?

Can spatially-resolved measures of mitochondrial function reach the
quantitative rigor of biochemical methods?

Will a widely accepted, quantitative measure describing the large variety of
mitochondrial shapes be developed?

Is the frequency of dynamic mitochondrial cristae events proportional to the
frequency of mitochondrial fission and fusion events?

What will it take to measure ATP production rates with subcellular
resolution?

Can current and future advancements in cellular imaging be applied to tissues
in live animals and humans?

As imaging speed, resolution, volume, and the number of structures imaged
all increase, how do we analyze and interpret the very large datasets that will
be generated?
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Figure 1: Mitochondrial function relies on cellular interactions.
Depiction of a mitochondrion within a cell highlighting some of the many interactions with

other cellular structures that can regulate acute mitochondrial function. Mitochondrial inputs
are listed next to arrows pointing toward the mitochondrion and mitochondrial products are
listed next to arrows pointing away from the mitochondrion. Interactions involved in
assembling and degrading mitochondria are not shown. Structures not drawn to scale.
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Figure 2: Recent advances in mitochondrial imaging.
A) Fluorescent antibody labeled mitochondria (magenta) and lysosomes (yellow) within two

layer V pyramidal neurons of the mouse somatosensory cortex visualized by expansion
lattice light sheet microscopy. Scale bars: 5um (inset 10pum). B) Mitochondrial cristae
structure within live HeL a cells expressing a Cox8a-SNAP fusion protein and labeled with
SNAP-Cell SiR dye as imaged by a stimulated emission depletion super-resolution
microscope. Scale bar: 1um. C) 3D rendering of contacts between mouse skeletal muscle
mitochondria (cyan), sarcoplasmic reticulum (magenta), and t-tubules (orange) visualized
with focused ion beam scanning electron microscopy and machine learning organelle
segmentation. Scale bar: 1pm. D) Dynamic interactions between genetically-encoded
mitochondria (mEmerald-Tomm20, green), lysosomes (HaloTag-Lampl, magenta), and
microtubules (mCherry-ensconsin, yellow) in COS-7 cells visualized on a grazing incidence
structured illumination microscope. Scale bar: 1um. Reproduced with permission from [23],
[36], [2], [40], respectively.
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How to Visualize Mitochondrial Form and Function
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Mitochondrial

Light Microscopy

Electron Microscopy

Parameter

Straightforward for detecting large changes in mitochondrial di#;%?}égi%“gg&gs{ ml\;lta S(:egﬁgblt%ntﬁ;ts{:]nﬂé] es

content. Super resolution increases the sensitivity to detect . :
Content smaller changes. Care must be taken that membrane potential or S :gsgﬁ;eﬁlgnr%ar;?s;; (}Qﬁjnmtggeegeggx %I:Tq%r o
protein expression changes do not confound results if using dyes for - 0 :
or antibodies, respectively. difficult than SPECIfIC?rI\LgQISEEIed light microscopy

Easily used to compare elongated and spherical mitochondrial Individual mitochondria are easily observed and

Shape shapes. May lack resolution to discriminate between individual measured. 2D images may be misleading due to

mitochondrial structures.

inability to see complete 3D structure.

Ultrastructure

Recommended for mtDNA nucleoids which can be labeled
transgenically, with antibodies, or dyes. Super resolution
microscopy is approaching capacity to resolve inner membrane
and matrix spaces.

Recommended for cristae junctions, inner
membrane, and matrix spaces due to higher
resolution. Often difficult to see mtDNA nucleoids.

Further developments are needed. Current

Interactions

Protein Recommended due to ease of specific antibody or transgenic transgenic approaches have proven difficult to adapt

Localization labeling of proteins. across models, particularly in animals. Immunogold
is easier but lacks precision.

Organelle Recommended for observing dynamic organelle interactions due 3D approaches are ideal for assessing direct

availability of transgenic and dye labeling approaches for multiple

organelle interactions due to high resolution and
ability to discern up to 10 or more structures per cell

structures in live cells. Generally lacks resolution to specifically
detect functional contacts (<30 nm) between organelles. The
number of organelle types observed can be limited by ability to
specifically label different structures.

volume. Accurate and fast image segmentation of

greyscale image volumes is current limitation. 2D

images are informative but lack complete picture of
3D images.

A number of dyes and endogenous markers are available to assess
mitochondrial energetic status. Care should be taken that changes

Not directly assessed by electron microscopy in

Energetics in fluorescence are not simply due to differences in mitochondrial cells
content. Membrane potential probes may also be sensitive to :
changes in pH or ROS.
A number of dyes and endogenous markers are available to assess
mitochondrial calcium, ROS, and redox status, among others. . . .
Signaling Care should be taken that changes in fluorescence are not simply Not directly assessed cbe);lglectron microscopy In
due to differences in mitochondrial content. ROS and calcium '
probes may be sensitive to changes in pH or membrane potential.
Recommended for assessing frequency of fission and fusion : - PP :
- Py T o Mitochondria fixed during fission and fusion events
Dynamics events as well as motility due to ability to visualize live cells can be observed but unable to see live events.
across time.
Turnover Several recently developed transgenic Mitochondria engulfed by autophagosomes or

within

approaches are available for live cell assessment of mitophagy.
Antibodies are also available for assessing mitophagy markers in
fixed cells.

lysosomes can be observed but can sometimes be
difficult to discriminate from other structures.
Cannot observe live events.
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