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Abstract

Mitochondria are incredibly dynamic organelles that undergo continuous fission and fusion events 

to control morphology, which profoundly impacts cell physiology including cell cycle progression 

(Mitra, 2013; Mitra et al., 2009). This is highlighted by the fact that most major human 

neurodegenerative diseases are due to specific disruptions in mitochondrial fission or fusion 

machinery and null alleles of these genes result in embryonic lethality (Chan, 2006; Chen et al., 

2017; Flippo and Strack, 2017). To gain a better understanding of the pathophysiology of such 

disorders, tools for the in vivo assessment of mitochondrial dynamics are required. It would be 

particularly advantageous to simultaneously image mitochondrial fission-fusion coincident with 

cell cycle progression. To that end, we have generated a new transgenic reporter mouse, called 

mito::mKate2 that ubiquitously expresses a mitochondria localized far-red mKate2 fluorescent 

protein. Here we show that mito::mKate2 mice are viable and fertile and that mKate2 fluorescence 

can be spectrally separated from the previously developed Fucci cell cycle reporters (Sakaue-

Sawano et al., 2008). By crossing mito::mKate2 mice to the ROSA26R-mTmG dual fluorescent 

Cre reporter line (Muzumdar et al., 2007), we also demonstrate the potential utility of 

mito::mKate2 for genetic mosaic analysis of mitochondrial phenotypes.

INTRODUCTION

Mitochondria are highly specialized organelles that, according to the endosymbiotic theory, 

are descendants of ancient bacteria that established an interdependent relationship within 

ancestral eukaryotic cells (Gray, 2017; Sagan, 1967). The most widely known role for 

mitochondria is as the “powerhouse of the cell” critical for energy (ATP) production by 

oxidative phosphorylation as well as other types of metabolism (McBride et al., 2006; 

Siekevitz, 1957). More recent decades of research have uncovered a multitude of roles 

beyond metabolism such as in calcium signaling, innate immunity, assembly of iron-sulfur 

clusters, autophagy, and apoptosis (Cloonan and Choi, 2013; Hailey et al., 2010; Stehling et 

al., 2014; Tait and Green, 2013). Additionally, mitochondrial fission-fusion and electron 
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transport chain activity are known to profoundly influence progenitor cell proliferation and 

differentiation during development as well as in tumorigenesis (Chen et al., 2017; Flippo and 

Strack, 2017; Mandal et al., 2010; Mitra, 2013; Owusu-Ansah et al., 2008; Poche et al., 

2016). However, the exact functions mitochondria serve during cell cycle progression are not 

fully understood.

Over the last several years, research has shown that, as cells cycle from G2/M to the G1-S 

phase transition, mitochondria shift from a mostly fragmented to a mostly fused state 

(Margineantu et al., 2002; Mishra and Chan, 2014; Mitra et al., 2009). It is possible that 

fusion at S phase occurs in order to mix mitochondrial protein and DNA content. This might 

ensure that a more homogenous mitochondrial network will be inherited by the two daughter 

cells. In subsequent M phase, fission may occur to promote equal distribution of 

mitochondria during cytokinesis. A previous study suggested that mitochondrial fusion may 

be instructive for entry into S phase by, at least in part, promoting the buildup of the S 

phase-promoting protein Cyclin E (Mitra et al., 2009). It is currently unclear how this 

occurs, but a recent report suggests that a pool of Cyclin E protein is directly recruited to 

mitochondria (Parker et al., 2015). While these observations and others imply a direct 

mechanistic link between the cell cycle machinery and mitochondrial fission-fusion proteins 

(Horn et al., 2011; Mitra et al., 2009; Qiao et al., 2010; Taguchi et al., 2007), there is still 

much to understand regarding precise cellular and molecular interplay controlling 

proliferation.

Our present knowledge regarding mitochondrial dynamics predominantly comes from in 
vitro and non-mammalian model systems, and certain aspects of mammalian mitochondrial 

function are still unclear. For example, mitochondrial morphology and dynamics can be 

dramatically different depending on tissue type, cell type, cell identity, and even sub-cellular 

localization (Collins et al., 2002; Kuznetsov and Margreiter, 2009; Kuznetsov et al., 2006; 

Mitra et al., 2009). However, in many cases, the significance of this heterogeneity is still 

largely unknown. Therefore, there is a need for genetic tools to closely monitor dynamic 

fission-fusion events within different tissues, developmental stages, and disease states such 

as cancer.

The currently available transgenic mouse strains that ubiquitously express mitochondrial-

targeted fluorescent reporters (Mito-EGFP, mtGFP-tg, mtDsRed2-Tg, Acr3-EGFP-CAG-
su9-DsRed2, PhAMexcised, Mito-QC, and Mt-Keima) emit within the green and red spectra 

(Abe et al., 2011; Hasuwa et al., 2010; McWilliams et al., 2016; Pham et al., 2012; Shitara et 

al., 2001; Sun et al., 2015; Yamaguchi et al., 2012). The same green/red spectral limitation 

applies to tissue-specific and inducible reporters, such as Mito-Timer, PhAMfloxed, Thy1-
mitoDsRed, Thy1-mito-TagRFP, Thy1.2-mitoDendra, Nse-mitoYFP, CaMKIIα-mitoYFP, 
Hb9-MitoEGFP, and Endo-mitoEGFP (Breckwoldt et al., 2014; Chandrasekaran et al., 2006; 

Magrane et al., 2014; Misgeld et al., 2007; Pham et al., 2012; Pickles et al., 2013; Stotland 

and Gottlieb, 2016; Vande Velde et al., 2011; Wang et al., 2011). The only described Cyan 

Fluorescent Protein mitochondrial reporter mouse (Thy1-mitoCFP) is restricted to neurons 

(Misgeld et al., 2007). Additionally, a variety of mitochondrial biosensors have been 

developed to monitor energy production, reactive oxygen species, redox state, secondary 

messengers (such as Ca2+), Zn2+ homeostasis, and other processes (De Michele et al., 2014; 
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Zhang and Avalos, 2017). The vast majority of these markers fluoresce in the blue and green 

color range. Thus, the lack of ubiquitous mitochondrial reporters outside of the blue/

green/red color range limits the ability of researchers to track mitochondrial dynamics 

coincident with other processes visualized with biosensors.

Here, we report the generation of a transgenic mouse line, called mito::mKate2, in which the 

mitochondria are ubiquitously labeled with the mKate2 fluorescent protein. Since mKate2 is 

a far-red fluorescent protein, it can be visualized coincident with other traditional fluorescent 

reporters (such as GFP, YFP, CFP, and DsRed) and mitochondrial-specific biosensors. We 

demonstrate that mito::mKate2 is useful for monitoring mitochondrial dynamics coincident 

with cell cycle kinetics during mouse embryonic development and in adult tissues. Given 

that bright, photostable, far-red fluorescent proteins provide greater imaging depth than 

traditional green and red reporters, the mito::mKate2 reporter is also better-suited for in vivo 
and ex vivo imaging of mitochondrial dynamics within living tissues (Shcherbo et al., 2007; 

Shcherbo et al., 2009).

RESULTS AND DISCUSSION

Generation of CAG-mito::mKate2 fluorescent reporter mice

We generated a DNA construct containing a CAG (cytomegalovirus/β-actin) enhancer-

promoter (Miyazaki et al., 1989) upstream of a cassette encoding mKate2 (Shcherbo et al., 

2009) that is fused (N-terminal) to a mitochondrial targeting sequence (Evrogen) derived 

from subunit VIII of Cytochrome C Oxidase (Rizzuto et al., 1995; Rizzuto et al., 1989) 

(Figure 1A). This plasmid was transfected into HeLa cells and mito::mKate2 protein 

localization was determined by confocal microscopy. The mKate2 signal was detected 

specifically within the mitochondrial network and provided excellent structural resolution 

(Figure 1B). Emission fingerprinting revealed a far-red emission peak of 619 nm when 

excited by a 561 nm laser (Figure 1C). Live imaging of the transfected cells indicated that 

the mito::mKate2+ mitochondria could be detected over the course of cell division (Figure 

1D and Supplemental Movie 1). By acquiring time-lapse movies of the entire cell 3D 

volume, we were able to resolve discrete fission-fusion events (Supplemental Movies 2 and 

3). In order to highlight a fission event that took place over 6 minutes, still images were 

taken from the 30 minute time-lapse (Supplemental Movie 2) and a segment of the 

mitochondrial network was pseudo-colored green. During this period, a single mitochondrial 

segment was observed breaking into three pieces (Figure 1E). Once the transgenic construct 

was validated in vitro, we generated transgenic mice by pronuclear injection of single-cell 

C57B6/J mouse zygotes. PCR genotyping revealed that 4 out of 29 weanlings carried the 

mito::mKate2 transgene (Figure 1F).

Widespread expression of mito::mKate2 in vivo

We crossed the four mito::mKate2 founder mice to CD1 mice (Charles River) to determine 

which founder gave rise to progeny with the brightest mKate2 signal indicated by hind paw 

fluorescence (Figure 2A–B). We subsequently chose one founder to backcross to C57B6/J 

mice thereby establishing a CAG-mito::mKate2+/tg line for additional characterization. All 

CAG-mito::mKate2+/tg progeny from this founder were viable and fertile and transmitted the 
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transgene at the expected ~50% frequency to both male and female offspring. From this 

established transgenic line, we next harvested several different adult tissues (3–6 weeks) 

with well-described mitochondrial localization and morphology and performed confocal 

microscopy.

Isolated myocytes from the flexor digitorum brevis (FDB) muscle exhibited the expected 

mitochondrial morphologies typical of development with some arranged into longitudinal 

clusters that intersect the striations and others that are shorter, vertical structures running 

along the striations (Figure 2C, blue box and white box, respectively). These short, vertical 

structures comprise the early forming T-tubule systems, which are critical for muscle 

contraction (Boncompagni et al., 2009). Spermatocytes isolated from mito::mKate2+/tg mice 

revealed fluorescence specifically in the mid-piece region consistent with previous 

transmission electron microscopy analysis indicating that mitochondria in this region are 

cylindrically packed (Figure 2D). This is the so-called “mitochondrial sheath”, which 

surrounds the outer dense fibers and is an important driver of sperm motility (Fawcett, 

1975).

We also generated cryosections and determined that mito::mKate2 was widely expressed 

throughout the animals. In the case of Purkinje neurons of the cerebellum, mito::mKate2+ 

mitochondria were observed in both the soma and the dendritic arbors; consistent with 

previous reports (Figure 2E) (Herndon, 1963; Pham et al., 2012). Analysis of the retina 

showed a bright signal in the photoreceptor inner segments (IS), the outer nuclear layer 

(ONL), the outer plexiform layer (OPL), inner plexiform layer (IPL), and in the axons of the 

ganglion cell layer (GCL) (Figure 2F). The photoreceptor inner segments and synaptic 

terminal regions have previously been identified as sites densely populated by mitochondria 

(Cohen, 1961; Olney, 1968; Rueda et al., 2016). As previously described, cardiac tissue 

exhibited densely packed, stacked mitochondria whereas hepatic tissue mitochondria 

showed a more fragmented morphology (Figure 2G–H, insets) (Claude and Fullam, 1946; 

Kisch, 1956; Pham et al., 2012).

To verify that mito::mKate2 specifically labels mitochondria, we performed co-localization 

analyses with established mitochondrial markers. Mito::mKate2 transfected HeLa cells were 

labeled with MitoTracker Green fluorescent dye (Invitrogen), which passively diffuses 

across the plasma membrane and accumulates in active mitochondria. As expected, confocal 

imaging confirmed co-localization of the mito::mKate2 and MitoTracker Green fluorescence 

indicating that mito::mKate2 is specifically targeted to the mitochondria. This was further 

quantified by measuring the fluorescence intensity of a subset of mito::mKate2+ and 

MitoTracker Green+ pixels (red line), which showed a positive correlation (R= 0.97) (Figure 

3A). The same MitoTracker Green labeling and analysis was performed on mouse 

embryonic fibroblasts (MEFs) derived from E12.5–E13.5 mito::mKate2+/tg transgenic 

embryos, and a positive correlation was again observed (R= 0.91) (Figure 3B). To confirm 

mito::mKate2 mitochondrial fluorescence in vivo, we performed retinal 

immunofluorescence labeling with an antibody against succinate dehydrogenase (SDH), an 

electron transport chain protein that is localized to the inner mitochondrial membrane. Both 

SDH and mito::mKate2 labeled the densely packed mitochondria within the inner segments 

of the photoreceptors and the mitochondria in the ONL. Co-localization quantification 
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showed a positive correlation between pixel intensities (R= 0.80) (Figure 3C), confirming 

mitochondrial localization of mito::mKate2 in vivo.

Mito::mKate2 is useful for genetic mosaic analysis of genes impacting mitochondrial 
dynamics and structure

As a proof-of-concept experiment to show that mito::mKate2 can be integrated into genetic 

mosaic analyses of mitochondrial phenotypes, we crossed mito::mKate2 mice to the 

ROSA26R-mTmG dual fluorescent Cre reporter line. These mice ubiquitously express a 

membrane-tethered tandem dimer Tomato protein (tdTomato) prior to Cre recombination 

and a membrane-tethered GFP upon Cre-mediated recombination of the floxed tdTomato-
stop cassette (Muzumdar et al., 2007). We crossed these mice to the Platelet-derived growth 
factor receptor α Cre line (Pdgfrα-Cre), which mosaically expresses Cre in a variety of 

tissues (Roesch et al., 2008). Whole heads from postnatal day 0 (P0) Pdgfrα-Cre+/tg; 
ROSA26R-mTmG+/tg; mito::mKate2+/tg mice were cryosectioned and imaged with confocal 

microscopy. We focused on tissues with previously reported Pdgfrα expression (Betsholtz, 

1995; Orr-Urtreger et al., 1992; Orr-Urtreger and Lonai, 1992). Distinct mito::mKate2, GFP 

and tdTomato fluorescent signals were detected in the choroid plexus of the developing 

hindbrain (Figure 4A) and the osteon of the facial bones (Figure 4B). In the case of the 

retina, a discrete clone of GFP+ cells was observed in the neuroblastic layer (NBL) (Figure 

4C–D) and we were able to visualize mitochondria in both the GFP+ and adjacent tdTomato

+ regions. In total, these data suggest that the mito::mKate2 mouse will be useful for in vivo 
mosaic analysis utilizing the ROSA26R-mTmG Cre reporter. By using this reporter system 

in conditional knockout experiments, researchers will be able to simultaneously analyze both 

mutant and wild type cells, in the same tissue, for changes in mitochondrial localization and 

morphology. This approach can also extend to phenotyping of mitochondrial dynamics by 

live imaging of tissue explant and slice cultures.

Mito::mKate2 mice can be used to monitor coupled mitochondrial dynamics and cell cycle 
kinetics

To determine whether we can detect mito::mKate2 expression coincident with cell cycle 

stage, we generated Fucci-AzG+/tg; Fucci-KO2+/tg; mito::mKate2+/tg triple transgenic mice. 

Fucci is a previously developed cell cycle reporter system that utilizes two fluorescent 

proteins - a variant of monomeric Kusabira Orange (KO2) to label nuclei of cells during G1 

phase and monomeric Azami Green (AzG) to label nuclei of cells during late S and G2 

phase. Cells in early S phase express both proteins (Sakaue-Sawano et al., 2008). Confocal 

imaging of cryosections from E13.5 embryos showed clear spectral separation of 

mito::mKate2, Fucci-KO2 and Fucci-AzG fluorescent signals (Figure 5A). Higher 

magnification images of the cortex, heart, liver and eye show distinct mitochondrial 

morphologies and localization (Figure 5B–E). In the developing cortex and retina, 

expression of the Fucci-KO2 reporter is also expressed in cells that have exited the cell cycle 

(Sakaue-Sawano et al., 2008). In these cells, the mito::mKate2+ mitochondria appear more 

densely packed as compared to the Fucci-AzG+ regions that are comprised mostly of 

proliferating progenitor cells (Figure 5B and E).
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To illustrate the utility of the mito::mKate2 reporter for tracking mitochondrial dynamics at 

different cell cycle stages, we next isolated MEFs from Fucci-AzG+/tg; Fucci-KO2+/tg; 
mito::mKate2+/tg embryos and performed live confocal imaging (Supplemental Movie 4). 

We were able to monitor changes in mitochondrial structure throughout the cell cycle. 

During early S phase, mitochondria appeared to take on a hyperfused state as described 

previously (Figure 6A) (Mitra et al., 2009). To determine whether we can detect 

quantifiable, cell cycle-specific changes in mitochondrial morphology, we obtained 3-

dimensional Z-stack images of MEFs in G1, early S and G2 phase (Figure 6B–D). As a 

measure of the fused state of the mitochondria, we then performed a connected component 

analysis (Imaris) to identify individual groups of mKate2+ pixels. The number of individual 

mKate2+ pixel groups and volume of each group were quantified and compared among cells 

in different cell cycle phases. As a visual representation of the quantification, individual 

connected components were randomly color-coded (Figure 6B’-D’). The early S phase cells 

exhibited fewer individual mKate2+ pixel groups (Figure 6E) and generally had 1 large pixel 

group that made up over 85% of the total pixel volume (Figure 6F). These data are 

consistent with the hyperfused early S phase mitochondrial network as compared to G1 and 

G2 phase and confirm mito::Kate2 as a faithful reporter to track mitochondrial dynamics 

during the cell cycle.

CONCLUSIONS

We have introduced and validated the mito::mKate2 mouse as a new, far-red fluorescent 

reporter line that allows for simultaneous monitoring of mitochondrial dynamics and 

additional reporters in the blue/green/red spectrum. To illustrate this, we crossed 

mito::mKate2+/tg mice to the Fucci-AzG+/tg; Fucci-KO2+/tg cell cycle reporter line and 

demonstrated that mito::mKate2 can be used to monitor changes in mitochondrial fission 

and fusion as cells transition through different stages of the cell cycle. This line will also be 

useful for genetic mosaic analyses utilizing the ROSA26R-mTmG+/tg Cre reporter by 

providing visualization of discrete clonal defects impacting mitochondrial structure, 

distribution and dynamics. Therefore, the mito::mKate2 mouse significantly advances upon 

the current repertoire of genetic tools for imaging of mitochondrial activity in living tissues.

METHODS

Generation of CAG-mito::mKate2+/tg mice

A cassette encoding a mitochondrial targeting sequence, derived from subunit VIII of 

cytochrome c oxidase, fused to the N-terminal of mKate2 was released from the pmKate2-

mito plasmid (Evrogen) by digestion with NheI followed by blunting with T4 DNA 

polymerase and subsequent digestion with NotI. This ~800 bp fragment was then ligated to 

the pCAGEN plasmid (Addgene plasmid #11160, a gift from Connie Cepko) that was 

digested with EcoRV and NotI. The resulting plasmid containing the transgenic construct 

was tested by transient transfection of HeLa cells, which resulted in bright and specific 

labeling of mitochondria. The plasmid was then digested with SalI, HindIII and ScaI and the 

~3.1 kb CAG-mito::mKate2 transgene fragment, containing the CAG promoter, 

mito::mKate2 fusion protein, and a polyadenylation tail was purified and microinjected into 
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single-cell C57BL/6J mouse zygotes by the Baylor College of Medicine Genetically 

Engineered Mouse Core. PCR genotyping of tail DNA revealed 4 positive founder mice out 

of 29 weanlings total. The following primers were used and generated a 224 bp product: 

mKate2F 5’-ACCGTGAACAACCACCACTT-3’ and mKate2R 5’-

CTCTCCCATGTGAAGCCCTC-3’. The founder mice were bred to CD1 mice (Charles 

River Lab) for assessment of mito::mKate2 fluorescence. The line exhibiting the brightest 

fluorescence was also bred to C57BL/6J mice (Jackson Lab) to establish a inbred CAG-
mito::mKate2+/tg line for subsequent experiments. CAG-mito::mKate2+/tg mice will be 

made available to the research community.

CAG-mito::mKate2+/tg mouse tissue collection and preparation

The FDB muscle was collected from 6-week-old mice and digested in Dulbecco’s Modified 

Eagle’s Medium (DMEM) (Sigma-Aldrich D6429) with 1% Penicillin-Streptomycin (Pen-

Strep) (GenDEPOT CA005-010) and Collagenase (5mg/ml) (Sigma-Aldrich C0130) for 2.5 

hours. FDB myocyte bundles were transferred to DMEM media with 10% FBS (Sigma-

Aldrich F2442) and 1% Pen-Strep, triturated to create single fibers, and incubated overnight 

at 37°C, 5% CO2. The next day, single fibers were transferred to 8-well Nunc™ Lab-Tek™ 

Chambers (Thermo Scientific 155411) coated with ECM gel (Sigma-Aldrich E1270). After 

30 minutes, myocytes attached to the ECM and media was aspirated and replaced with 

DMEM (Life Technologies, 21063-029) with 10% FBS and 1% Pen-Strep. To facilitate 

imaging of fluorescence, phenol red was omitted from the DMEM.

Using Dumont #5 forceps (FST), sperm were squeezed out of the vas deferens isolated from 

6-week-old mice and into 1× PBS. Aliquots of sperm (in 1× PBS) were mounted on a 

coverslip and immediately imaged with confocal microscopy.

Brain, eyes, heart and liver were harvested from 3 week old mice and fixed in 4% 

paraformaldehyde at 4°C for 1 hour. The tissues were washed with 1× PBS (pH 7.4), 

incubated overnight in 15% sucrose solution (Sigma-Aldrich S9378) in 1× PBS at 4° and 

then transferred to 30% sucrose at 4°C for an additional night. The tissue was then 

submerged in OCT compound (Sakura 4583), frozen over liquid NO2, and cryosectioned 

into 20µm sections. Tissue sections were washed with 1× PBS and coverslips mounted with 

Fluoromount-G (Southern Biotech, #0100-01) prior to confocal microscopy. Whole heads 

from P0 Pdgfrα-Cre+/tg; ROSA26R-mTmG+/tg; mito::mKate2+/tg mice and E13.5 Fucci-
AzG+/tg; Fucci-KO2+/tg; mito::mKate2+/tg embryos were prepared and imaged similarly.

CAG-mito::mKate2+/tg Mouse Embryonic Fibroblast Isolation and Culture

Embryos were collected at E11.5–E15.5 and fluorescent embryos were identified with a 

stereo microscope (Zeiss Stemi 2000) equipped with a Nightsea Fluorescence Adapter. 

Fucci-AzG+/tg; Fucci-KO2+/tg; mito::mKate2+/tg embryos were decapitated and stripped of 

internal organs. The remaining tissue was dissociated in 0.25% trypsin-EDTA (GenDEPOT 

CA014-010) to isolate single cells. DMEM with 20% FBS and 1% Antibiotic-Antimycotic 

(GenDEPOT CA002-010) or Pen-Strep was added to the dissociated tissue and the 

combined media and the dissociated tissue was transferred to 15 ml Falcon tube. Once the 

larger tissue pieces settled to the bottom, the top layer of cells in solution was transferred to 
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a cell culture dish (Corning 353003) and maintained at 37°C and 5% CO2. To prepare for 

imaging, MEFs were washed with sterile 1× PBS, incubated in trypsin-EDTA, then plated 

on an 8-well chambered cover glass and cultured to ~ 60% confluency.

Fluorescence co-localization analyses

Mito::mKate2 transfected HeLa cells or transgenic MEFs were incubated (30 minutes at 

37°C and 5% CO2) in the presence of 100nM MitoTracker Green FM dye (Invitrogen 

M7514) diluted in serum-free DMEM. After incubation, the cells were washed, placed in 

normal DMEM, and immediately imaged on a confocal microscope equipped with an 

environmental chamber maintained at 37°C and 5% CO2.

Immunofluorescence with anti-SDH antibodies (Invitrogen #459230) was performed on 

retinal cryosections. Tissue was washed in 1× PBS (pH 7.4) and blocked for 1 hour at room 

temperature in 10% goat serum with 0.3% Triton X. This was followed by incubation (48 

hours at 4°C) with anti-SDH antibodies diluted in blocking buffer (1:200). The tissue was 

again washed with 1× PBS and incubated with goat, anti-mouse IgG Alexafluor 488 

secondary antibodies (Invitrogen A11029) diluted in blocking buffer (1:400). Coverslips 

were mounted over tissue with Fluoromount-G (Southern Biotech #0100-01).

Quantification of co-localization was performed on 2D images using the Profile function in 

ZEN software (Zeiss Inc.). Specifically, correlation between the changes in pixel intensity of 

the two fluorescent markers was quantified for all pixels along a line drawn through the 

fluorescent structures. The Pearson’s Correlation Coefficient (R) was calculated using 

Microsoft Excel.

Image acquisition and quantification of mitochondrial structure

Imaging of fluorescent reporters was performed using a Zeiss LSM 780 inverted confocal 

microscope equipped with a 34 channel spectral array and 405, 458, 488, 514, 561, 594, and 

633 nm laser lines. For high magnification views of mitochondrial structure in tissues and 

cells, images were acquired using a C-Apochromat 40×/1.20 W Korr. or a Plan-Apochromat 

63×/1.40 Oil DIC objective. For spectral fingerprinting, transfected HeLa cells were excited 

with a 561 nm laser and imaged with a Plan-Apochromat 63×/1.40 Oil DIC objective. Using 

the Lambda stack function in ZEN software, emission signal intensities were measured 

between 415–690 nm at 9 nm intervals, and emission spectra from mito::mKate2-positive 

and mito::mKate2-negative regions were compared. For low magnification views of whole 

embryos or tissue sections, an EC Plan-Neofluar 10×/0.30 or Plan-Apochromat 20×/0.8 was 

used.

For time-lapse imaging, the Zeiss LSM 780 was outfitted with an environmental chamber 

maintained at 37°C and 5% CO2. Using the C-Apochromat 40×/1.20 W Korr. objective, 

image Z-stacks were collected every 5 minutes for up to 24 hours with the following laser 

powers: 1% 561 nm (mito::mKate2), 2% 488 nm (Fucci-AzG), 2% 514 nm (Fucci-KO2).

For quantification of mitochondrial structure within triple transgenic MEFs, image Z stacks, 

with a step size of 0.28 µm, were acquired for the entire 3D volume of each individual cell. 

The Z-stack images were subsequently processed using adaptive thresholding. Then, using 
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the surface creation function in Imaris (Bitplane), a connected component analysis of 3D 

cell reconstructions was performed. This allowed for identification of groups of individual 

mKate2+ pixels and the measurement of pixel group volume. Individual connected 

components were randomly color coded to provide a visual representation of the 

quantification.

To determine whether there was a statistically significant difference in the number of 

mKate2+ pixel groups among the three cell cycle phases analyzed, we performed a single 

factor ANOVA (P= 2.25×10−3) and subsequent T Tests (G1/S: P= 2.26×10−3; G2/S: P= 

2.88×10−3; G1/G2: P= 0.290). To determine whether mKate2+ pixel group volume data 

were normally distributed we performed a Kolmogorov-Smirnov test for each distribution 

(G1: P= 2.89×10−280; S: P= 3.39×10−106; G2: P= 1.13×10−225). Since the data were non-

parametric, we performed a Kruskal-Wallis test (P= 8.82×10−9) to determine whether there 

was a difference among the distributions and subsequent Wilcoxon tests (G1/S: P= 

2.37×10−9; G2/S: P= 9.74×10−7; G1/G2: P= 0.163) to determine which distributions were 

significantly different from each other.

For time-lapse imaging of HeLa cell mitochondrial fission and fusion, cells were cultured in 

DMEM with no phenol red, 10% FBS, and 1% Pen-Strep. Imaging was performed on a 

Zeiss LSM 780 outfitted with an environmental chamber maintained at 37°C and 5% CO2. 

To capture discrete fission events in transfected HeLa cells, a C-Apochromat 40×/1.20 W 

Korr. objective was used. Z-stack images were collected every minute with the 561 nm laser 

at a power of 1%. Z-stacks encompassed the entire cell volume and mitochondrial network 

with a step size of 0.53 um.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. In vitro validation of the CAG-mito::mKate2 transgene and generation of mice
Map of the CAG-driven mito::mKate2 transgene (A). HeLa cell transiently transfected with 

the CAG-mito::mKate2 transgene-containing plasmid (B). Emission spectrum fingerprinting 

of mito::mKate2 fluorescence in transfected HeLa cells (C). Stills from a time-lapse movie 

of a mito::mKate2 transfected HeLa cell (D). Stills from a movie highlighting a 

mitochondrial fission event (pseudo-colored in green) occurring in a mito::mKate2 
transfected HeLa cell (E). PCR genotyping of 4 recovered CAG-mito::mKate2 transgenic 

founder mice (F). MTS = mitochondrial targeting signal.
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Figure 2. Widespread mitochondrial labeling in the CAG-mito::mKate2 transgenic line
Hind paw of a CAG-mito::mKate2+ transgenic founder progeny showing bright mKate2 

fluorescence as compared to a negative littermate (A–B). Expression of mito::mKate2 and 

resolution of tissue-specific mitochondrial morphologies and distribution in the adult flexor 

digitorum brevis (FDB) muscle (C), sperm midpiece (D), Purkinje neurons of the cerebellum 

(E), retina (F), heart (G) and liver (H). GCL=Ganglion Cell Layer, IPL=Inner Plexiform 

Layer, INL=Inner Nuclear Layer, OPL=Outer Plexiform Layer, ONL=Outer Nuclear Layer, 

IS=Inner Segments, OS=Outer Segments, CV=Central Vein. White nuclear stain is DAPI. n 

= 3.

Barrasso et al. Page 14

Genesis. Author manuscript; available in PMC 2019 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. Co-localization of mito::mKate2 fluorescence and mitochondrial-specific markers
HeLa cells transfected with the CAG-mito::mKate2 plasmid and labeled with MitoTracker 

Green (A). Mito::mKate2 transgenic MEFs co-labeled with MitoTracker Green (B). 

Mito::mKate2 transgenic retinal cryosections stained with anti-SDH antibodies (C). Red 

lines demarcate pixels used for co-localization analyses. n = 3. See text for details.
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Figure 4. Mito::mKate2 fluorescence can be spectrally separated from the ROSA26R-mTmG 
dual fluorescent Cre reporter
Postnatal day 0 head cryosections from Pdgfrα-Cre+/tg; ROSA26R-mTmG+/tg; 
mito::mKate2+/tg mice showing distinct mKate2, GFP and tdTomato fluorescent signals in 

the choroid plexus (A), osteon (B), and retina (C–D). EC= Ependymal Cells, CC= Choroid 

Capillaries, HC= Haversian Canal, NBL= Neuroblastic Layer, and GCL= Ganglion Cell 

Layer. n = 3. See text for details.
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Figure 5. Mito::mKate2 fluorescence can be spectrally separated from the Fucci cell cycle 
reporter
E13.5 embryo cryosections from Fucci-AzG+/tg; Fucci-KO2+/tg; mito::mKate2+/tg mice 

highlighting distinct fluorescence signals in the mKate2, KO2 and AzG channels throughout 

the embryo (A). High magnification images of the cerebral cortex (B), heart (C), liver (D) 

and eye (E). R= Retina and L = Lens. n = 3. See text for details.
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Figure 6. Live imaging and structural quantification of mKate2+ mitochondrial dynamics 
coupled to cell cycle kinetics
Stills from a time-lapse movie of MEFs, derived from Fucci-AzG+/tg; Fucci-KO2+/tg; 
mito::mKate2+/tg embryos, showing changes in mitochondrial fission and fusion coincident 

with specific cell cycle stages (A). Connected component analysis (Imaris) of mitochondrial 

networks, during G1, S and G2 phase (B–D’). The number of individual mKate2+ pixel 

groups (E) and volume of each group (F) were quantified. As a visual representation of the 

quantification, individual connected components were randomly color-coded (B’–D’). n = 8 

per cell cycle stage. See text for details.
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