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A B S T R A C T   

Mitochondrial membrane potential (Δψ) and morphology are considered key readouts of mitochondrial func
tional state. This morphofunction can be studied using fluorescent dyes (“probes”) like tetramethylrhodamine 
methyl ester (TMRM) and Mitotrackers (MTs). Although these dyes are broadly used, information comparing 
their performance in mitochondrial morphology quantification and Δψ-sensitivity in the same cell model is still 
scarce. Here we applied epifluorescence microscopy of primary human skin fibroblasts to evaluate TMRM, 
Mitotracker Red CMXros (CMXros), Mitotracker Red CMH2Xros (CMH2Xros), Mitotracker Green FM (MG) and 
Mitotracker Deep Red FM (MDR). All probes were suited for automated quantification of mitochondrial 
morphology parameters when Δψ was normal, although they did not deliver quantitatively identical results. The 
mitochondrial localization of TMRM and MTs was differentially sensitive to carbonyl cyanide-4- 
phenylhydrazone (FCCP)-induced Δψ depolarization, decreasing in the order: 
TMRM ≫ CHM2Xros = CMXros = MDR >MG. To study the effect of reversible Δψ changes, the impact of photo- 
induced Δψ “flickering” was studied in cells co-stained with TMRM and MG. During a flickering event, individual 
mitochondria displayed subsequent TMRM release and uptake, whereas this phenomenon was not observed for 
MG. Spatiotemporal and computational analysis of the flickering event provided evidence that TMRM re
distributes between adjacent mitochondria by a mechanism dependent on Δψ and TMRM concentration. In 
summary, this study demonstrates that: (1) TMRM and MTs are suited for automated mitochondrial morphology 
quantification, (2) numerical data obtained with different probes is not identical, and (3) all probes are sensitive 
to FCCP-induced Δψ depolarization, with TMRM and MG displaying the highest and lowest sensitivity, 
respectively. We conclude that TMRM is better suited for integrated analysis of Δψ and mitochondrial 
morphology than the tested MTs under conditions that Δψ is not substantially depolarized.   

1. Introduction 

Mitochondria are key suppliers of cellular energy in the form of 

adenosine triphosphate (ATP). Maintaining this supply requires the in
tegrated activity of the electron transport chain (ETC) and FoF1-ATPase, 
which together constitute the oxidative phosphorylation system 
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(OXPHOS; [1]). Protons (H+) are expelled across the mitochondrial 
inner membrane (MIM) by the ETC, thereby generating an inward- 
directed trans-MIM proton-motive force (PMF), consisting of an elec
trical (Δψ; more negative inside) and chemical (ΔpH; more alkaline 
inside) component [2]. The FoF1-ATPase allows the controlled re-entry 
of protons into the matrix to catalyse the formation of ATP from aden
osine diphosphate (ADP) and inorganic phosphate [3,4]. Since ΔpH only 
contributes ~15 % to the total PMF, the magnitude of the latter is 

dominated by Δψ [5,6], rendering this potential difference a key 
parameter of mitochondrial activity [7]. Changes in Δψ are often par
alleled by alterations in mitochondrial morphology and vice versa 
[8–15]. In this respect, various chemical fluorescent reporter molecules 
have been described for specific mitochondrial labelling and/or quan
titative Δψ analysis (reviewed in: [16,17]). These fluorescent dyes are 
used to analyze cell populations and/or isolated mitochondria (e.g. using 
flowcytometry, cuvette or plate reader measurements) or applied to 

Table 1 
Mitochondrial dyes: structure, staining principle and spectral properties.  

Abbreviation Full name Molecular structure Staining principle Excitation/ 
emission 
maxima 

Refs 

TMRM TMRM Cell permeant fluorescent cation. Displays Nernstian distribution 
according to Δψ and ΔV. 

552/578 nm [34] 
[20] 
[37] 
[31] 

CMXros Mitotracker Red 
CMXros 

Cell permeant fluorescent cation. Displays Nernstian distribution 
according to Δψ and ΔV. Contains thiol-reactive chloromethyl group. 

579/599 nm [45] 
[46] 
[47] 
[48] 
[37] 
[16] 

CMH2Xros Mitotracker Red 
CMH2Xros 

Cell permeant. Derived from dihydro-X-rosamine. Non-fluorescent 
reduced form of CMXros. Oxidized in the cell to form cationic CMXros. 
Contains thiol-reactive chloromethyl group. 

579/599 nm [46] 
[16] 

MG Mitotracker 
Green FM 

Cell permeant cation. Non-fluorescent in aqueous solution. Becomes 
fluorescent once accumulated in the lipid environment of mitochondria. 
Contains thiol-reactive chloromethyl groups. Accumulates in 
mitochondria regardless of Δψ in certain cell types. 

490/512 nm [46] 
[48] 
[37] 
[16] 

MDR Mitotracker Deep 
Red FM 

Cell permeant cation. Contains thiol-reactive chloromethyl group. 644/665 nm [16] 

TMRM molecular structure was taken from: www.sigmaaldrich.com, all other molecular structures were taken from: www.thermofisher.com. 
Abbreviations: Δψ, mitochondrial membrane potential; ΔV, plasma membrane potential. 
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visualize mitochondria within single living cells using fluorescence mi
croscopy techniques [18–25]. 

Using primary human skin fibroblasts (PHSFs), we previously pre
sented strategies for integrated analysis of Δψ and mitochondrial 
morphology parameters by live-cell fluorescence microscopy and image 
processing/quantification (e.g. [22,26–33]). PHSFs are well suited for 
such analyses given their relatively large size and flat morphology [30]. 
Our approach primarily involves the use of fluorescent cations like 
rhodamine 123 (R123) or tetramethylrhodamine methyl ester (TMRM), 
which accumulate in the mitochondrial matrix [25,34–38]. Another 
widely used cation is 5,5,6,6′-tetrachloro-1,1′,3,3′ tetraethylbenzimi- 
dazoylcarbocyanine iodide (JC-1), but this fluorescent molecule 
apparently displays a substantial pH sensitivity [39]. The extent of 
cation matrix accumulation is Δψ-dependent [40] and described by the 
Nernst equation: 

Δψ (mV) = −
2.303⋅RT

zF
log10

(
Cm

Ccyt

)

(I)  

where R is the ideal gas constant (8.3145 J⋅K− 1⋅mol− 1), T is the absolute 
temperature (in K), z is the charge of the cation, F is Faraday’s constant 
(96,485 C⋅mol− 1), Cm is the mitochondrial matrix concentration of the 
cation and Ccyt is the cytosolic concentration of the cation. In addition, 
Cm depends on the electrical potential (ΔV; in mV) across the plasma 
membrane of the cell 

Cm = Cext⋅e−
(ΔV+Δψ)⋅zF

RT (II) 

With Cext being the extracellular concentration of the cation 
[7,31,38,41]. This means that a more negative ΔV (at constant Cext and 
Δψ), will lead to increased cation accumulation in the mitochondrial 
matrix, erroneously suggesting that Δψ is more negative (hyper
polarized). Therefore, whenever changes in ΔV are expected, Δψ 
quantification should be accompanied by control experiments ruling out 
such changes [42], for instance by electrophysiological analysis [43]. In 
Eq. (I), the factor before the logarithmic term for mono-cations equals 
61 mV at 37 ◦C. Assuming that Δψ equals ~120–180 mV in vivo [27,44], 
this means that lipophilic mono-cations accumulate between 100- and 
1000-fold in the mitochondrial matrix [38]. 

In addition to R123 and TMRM, also Mitotracker (MT) dyes have 
been applied for (Δψ-sensitive) mitochondrial staining (Table 1) and 
(visual) analyses of mitochondrial morphology parameters and mass 
[8,48–56]. Popular members of the MT family include: Mitotracker Red 
CMXros (CMXros), Mitotracker Red CMH2Xros (CMH2Xros), Mito
tracker Green FM (MG) and Mitotracker Deep Red FM (MDR). CMXros, 
MG and MDR are cell permeant fluorescent cations, whereas CMH2Xros 
is cell permeant, non-fluorescent and uncharged. However, upon 
oxidation CMH2Xros is converted into fluorescent cationic CMXros [45]. 
Given their cationic nature it is to be expected that mitochondrial 
fluorescence signals in cells stained with CMXros, CMH2Xros, MG or 
MDR are ΔV/Δψ-sensitive. These MTs also contain (a different number 
of) chloromethyl (CM) groups, which can react with accessible nucleo
philes (e.g. thiol groups of peptides and proteins), thereby potentially 
forming an aldehyde-fixable conjugate [45,57]. Formation of such 
conjugates inside the mitochondrial matrix would lead to (partial) MT 
immobilization, thereby reducing the impact of Δψ depolarization on 
the MT mitochondrial fluorescence [27,45,48,58–61]. Taken together, it 
is obvious that proper interpretation of microscopy data obtained with 
TMRM and/or MT-stained cells requires a side-by-side comparison of 
these probes. Using the same PHSF cell line (#5120), we here evaluated 
TMRM and four widely used MT dyes with respect to their performance 
in automated mitochondrial morphology quantification and sensitivity 
to Δψ depolarization. We conclude that TMRM is best suited for inte
grated analysis of Δψ and mitochondrial morphology under conditions 
when Δψ is not substantially depolarized. 

2. Materials and methods 

2.1. Cell culture 

Primary human skin fibroblasts (PHSFs) were obtained from a 
healthy individual (#5120) according to the relevant Institutional Re
view Boards (Radboudumc) and cultured in Medium 199 (M199; Invi
trogen Life Technologies, Breda, The Netherlands). This medium was 
supplemented with 10 % (v/v) fetal bovine serum (Invitrogen) and 
100 IU/ml penicillin/streptomycin (Invitrogen). Cells were grown at 
37 ◦C (95 % air, 5 % CO2) until ~70 % confluence. 

2.2. Time lapse fluorescence microscopy of TMRM and Mitotracker dyes 

PHSFs were seeded at a density of 10,000/dish (WillCo Dishes; 
HBST-3522; WillCo Wells B.V., Amsterdam, The Netherlands) and 
cultured in M199 (37 ◦C in 95 % air, 5 % CO2). Following 4 days of 
culturing, cells were stained for 25 min in M199, containing 15 nM 
tetramethylrhodamine methyl ester (TMRM; T668; Thermo-Fisher Sci
entific, Landsmeer, The Netherlands). Under these conditions, TMRM 
operated in non-quenching/redistribution mode [62,63]. This means 
that the concentration of TMRM in the mitochondrial matrix is suffi
ciently low to prevent auto-quenching of its fluorescence signal. More 
details on the relevance of quenching-related phenomena in mitochon
drial morphofunctional analyses are provided elsewhere [64]. For the 
Mitotrackers (MTs) identical staining conditions were applied with the 
following concentrations: 50 nM Mitotracker Red CMXros (CMXros; 
M7512; Thermo-Fisher), 50 nM Mitotracker Red CMH2Xros (CMH2Xros; 
M7513; Thermo-Fisher), 50 nM Mitotracker Green FM (MG; M7514; 
Thermo-Fisher) or 50 nM Mitotracker Deep Red FM (MDR; M22426; 
Thermo-Fisher). The used MT concentrations and incubation times were 
according to the manufacturer’s instructions and compatible with other 
experimental studies (e.g. [21,48,61,65,66]). Stock solutions of TMRM, 
MTs and FCCP were freshly prepared in dimethyl sulfoxide (DMSO; 
#D5879, Sigma), and diluted at least 1000-fold to reach the indicated 
concentrations. Next, cells were washed twice with PBS, placed in 500 μl 
of HEPES-Tris (HT) solution (pH 7.4; 132 mM NaCl; 4.2 mM KCl; 1 mM 
CaCl2; 1 mM MgCl2; 5.5 mM D-glucose; 10 mM HEPES), and mounted in 
a temperature-controlled chamber (37 ◦C; ibidi GmbH, Gräfelfing, Ger
many) attached to the stage of an inverted microscope (Zeiss Axio 
Observer 7; Carl Zeiss, Jena, Germany) equipped with a Sutter Lambda 
DG-5 light source (Sutter Instrument, Novato, CA, USA). Under these 
conditions (i.e. in the absence of extracellular TMRM), we previously 
demonstrated in the same cell line that the mitochondrial TMRM signal 
was stable for at least 15 min after staining [27]. This strongly suggests 
that cellular and/or mitochondrial extrusion and leakage are absent 
during this time period, arguing against active TMRM extrusion by multi 
drug resistance transporters. To induce depolarization of the mito
chondrial membrane potential (Δψ) the mitochondrial uncoupler 
carbonyl cyanide-4-phenylhydrazone (FCCP; C2920; Sigma-Aldrich) 
was added to the cells by gentle pipetting. FCCP was applied at a con
centration of 15 μM in HT solution (500 μl), which was 2-fold diluted 
upon addition to the cells. This assured rapid mixing yielding a final 
FCCP concentration of 7.5 μM (compatible with previous studies; 
[45,58–61,66]). Fluorescence images were acquired using a Fluar 40×/ 
1.30 Oil M27 objective (Carl Zeiss), appropriate combinations of exci
tation/emission filters and dichroics (Supplementary Table S1) and a 
Zeiss Axiocam 702 CCD camera (Carl Zeiss). Time lapse recordings were 
performed by acquiring 16-bit fluorescence images (1920 × 1216 pixels; 
6.8259 pixels/μm) using an acquisition interval of 20 s and various 
neutral-density filter (NDF) and image exposure settings (Supplemen
tary Table S1). Image sequences were stored in CZI format (16-bit) and 
intensities in selected regions of interest (ROI) were quantified over time 
using FIJI software (https://imagej.net/Fiji; version 1.53c). ROIs 
(Fig. 1A) were positioned in a mitochondria-dense region (“m”) and 
another in the nucleoplasm (“n”) of each individual cell. In this way, 
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mitochondrial dye release is reflected by a fluorescence decrease and 
increase in the mitochondrial and nucleoplasmic ROI, respectively. Both 
signals were background-corrected by subtracting the fluorescence 
signal in a close-by extracellular ROI (“b”). 

2.3. Automated quantification of mitochondrial morphology and 
fluorescence intensity parameters 

Images in CZI format were opened by drag-and-drop in FIJI software 
(version 1.51n), combined into a stack, and saved in TIFF format. TIFF 
image stacks were opened in Image Pro Plus software (Media Cyber
netics, Rockville, MD, USA) and mitochondrial fluorescence intensity 
and morphology parameters were obtained by image segmentation and 
quantification. In brief, 16-bit images (RAW) were background- 
corrected by subtracting the extracellular (background) intensity (gray 
value), determined using an extracellular region of interest (ROI). This 
yielded background-corrected 16-bit “COR” images. The latter were 
converted to 8-bit images using best-fit rescaling (yielding 8-bit “COR” 
images). The 8-bit COR images were subsequently processed by applying 
a linear contrast stretch (LCS) operation, top-hat filtering (THF) a 

median filter (MED) and a thresholding (T) operation using a gray value 
of 128. This yielded binary (BIN) images highlighting mitochondrial 
objects (white) on a black background. The latter images were quanti
fied to obtain the area of the individual fluorescent objects (Am; in 
pixels), the number of objects per cell (Nc), the aspect ratio of the objects 
(AR; being the ratio between the major and minor axis of the ellipse 
equivalent to the object) and the formfactor (F; a.k.a. “roundness”, a 
combined measure of mitochondrial length and degree of branching, 
F = Perimeter2/4⋅π⋅Area) of the objects. Lower and higher values of AR 
and F, correspond to more circular and more elongated/branched 
morphologies, respectively. Given their extremely flat morphology [30] 
the product of Am and Nc can be used as a measure of mitochondrial 
mass (Mm). To analyze the fluorescence intensity of individual objects 
(Dm; grayvalue), 8-bit BIN images were used to mask the 16-bit COR 
images to yield “masked” (MSK) images. To reduce the influence of noise 
pixels, only objects with an Am value >10 pixels were included in the 
analysis. The above approach was described in detail and applied/ 
validated using PHSFs previously (e.g. [22,26–33]). 

Fig. 1. Time-dependent effect of FCCP on the mitochondrial and nuclear fluorescence intensity of TMRM and Mitotracker dyes. Primary human skin fibroblasts 
(PHSFs) were stained with TMRM or various Mitotracker dyes (CMXros, CMH2XRos, MG, MDR; Table 1). Fluorescence images were recorded using an interval of 20 s 
and the mitochondrial uncoupler FCCP (7.5 μM) was added to induce Δψ depolarization. (A) 1st image (RAW) of the timelapse recording visualizing the fluorescence 
signals in the absence of FCCP. For intensity analysis, background-corrected fluorescence signals were quantified for each cell using ROIs placed in a mitochondria- 
dense region (marked “m”), a nuclear region (“n”) and a closely juxtaposed extracellular background region (“b”). (B) Effect of FCCP on mitochondrial (upper row) 
and nuclear (lower row) fluorescence signals. (C) Average mitochondrial fluorescence signals computed from the data in panel B (upper row). Prior to calculating this 
average, for each cell recording the fluorescence intensity data was normalized using the average of the first three datapoints of the image sequence. (D) Same as 
panel C, but depicting the average nuclear fluorescence signals calculated from the data in panel B (lower row). Statistics: the data in this figure was obtained from at 
least 25 cells for each condition in 3 independent experiments (days; Table 2). In panel B, each line represents an individual cell. The error bars in panel C and D 
reflect the standard error of the mean (SEM). (For interpretation of colors used in this figure, the reader is referred to the web version of this article.) 
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2.4. Time lapse fluorescence microscopy of photo-induced mitochondrial 
Δψ flickering in cells co-stained with TMRM and MG 

Prior to microscopy analysis, fibroblasts were seeded at a density of 
100,000 cells on glass coverslips (Ø 24 mm; placed in 6 well-plates) and 
cultured in M199 to ~70 % confluence in a humidified atmosphere 
(95 % air, 5 % CO2, 37 ◦C) during 24 h. Next, cells were stained in M199 
(37 ◦C in 95 % air, 5 % CO2, 25 min) containing 15 nM TMRM and 50 nM 
MG. Then, cells were washed 2 times with PBS and coverslips were 
mounted in a temperature-controlled chamber attached to the stage of 
an inverted microscope (Axiovert 200 M; Carl Zeiss) equipped with a 
×63/1.25 Oil Plan NeoFluar objective [67]. During image acquisition, 
cells were placed in M199. TMRM was excited at 540 nm using a Xenon 
lamp-based monochromator with a spectral bandwidth of 15 nm 
(Polychrome IV; TILL Photonics, Gräfelfing, Germany). MG was excited 
at 488 nm. A CoolSNAP HQ monochrome CCD-camera (Roper Scientific 
Photometrics, Vianen, The Netherlands) was used for fluorescence 
detection. Further details of the spectral properties of this microscopy 
system (dichroic mirrors, emission filters), as well as image acquisition 
settings, are provided in Fig. 5A–D and Supplementary Table S1. Mi
croscopy hardware was controlled using Metafluor 6.0 software (Uni
versal Imaging Corporation, Downingtown, PA, USA). To visualize Δψ 
flickering, individually acquired time-lapse images were combined into 
a single sequence (stack) using Image Pro Plus software (Media Cyber
netics). Next, a “difference” (Δ) sequence was calculated by subtracting 
the (n-1)th image from the nth image. This movie was optimized using a 
linear contrast stretch (LCS) operation to visualize decreases and in
creases in fluorescence signal (i.e. occurring between two subsequent 
images) as black and white pixels, respectively [49,62,68]. During some 
recordings the cells required manual refocusing. This induced a simul
taneous signal change in the Δ image (e.g. Supplementary Movie S7). 
Images with refocusing-induced artifacts were omitted from the analysis 
[49]. 

2.5. Minimal model for TMRM redistribution during a single Δψ flickering 
event 

To simulate the inter-mitochondrial exchange of TMRM during 
reversible Δψ depolarization, a minimal mass action-based model was 
developed (Supplementary Fig. S3). This model was implemented in 
MATLAB/Simulink (Release 2022a; www.mathworks.com). Further 
details are provided in the Results section. 

2.6. Data analysis 

Analyses were performed with Origin Pro software (Originlab Corp., 
Northampton, MA, USA). For linear curve fitting, Pearson’s correlation 
coefficient R was used as an estimate of the population correlation co
efficient. Values of − 1 and +1 indicate a perfect linear relationship 
between the two variables [69]. Unless stated otherwise, average data 
was expressed as mean ± SEM (standard error of the mean), differences 
between conditions were assessed using a non-parametric Mann-Whit
ney U test, and significance was marked as: *p < 0.05, **p < 0.01 and 
***p < 0.001. 

3. Results 

3.1. Effect of FCCP on the mitochondrial and nuclear fluorescence 
intensity of TMRM and MT dyes 

Primary human skin fibroblasts (PHSFs) were stained with various 
mitochondrial dyes (Table 1): tetramethylrhodamine methyl ester 
(TMRM), Mitotracker Red CMXros (CMXros), Mitotracker Red 
CMH2Xros (CMH2Xros), Mitotracker Deep Red FM (MDR) or Mito
tracker Green FM (MG). To determine how Δψ depolarization affected 
the mitochondrial fluorescence signals of these dyes, cells were acutely 

treated with the protonophore carbonyl cyanide-4-phenylhydrazone 
(FCCP). Since all dyes use a single excitation and single emission 
wavelength, fluorescence intensity was quantified in a mitochondrial 
(Fig. 1A; “m”) region of interest (ROI) and in the cell nucleus (Fig. 1A; 
“n”) to minimize potential FCCP-induced defocussing artifacts and 
thereby facilitate data interpretation. FCCP application induced a 
decrease in mitochondrial fluorescence paralleled by an increase in 
nuclear signal intensity for all dyes (Fig. 1B). Visual inspection of the 
average dye responses demonstrated that the magnitude of the fluo
rescence changes decreased in the order: 
TMRM ≫ CHM2Xros = CMXros >MDR >MG (Fig. 1C–D). Quantitative 
single-cell analysis (Table 2) of the data in Fig. 1 demonstrated that the 
initial (i.e. pre-FCCP) mitochondrial (F0,mito) and nuclear (F0,nuc) stain
ing intensity were spread over a wide range of values and increased in 
the order: TMRM = CMH2Xros < CMXros =MG <MDR (Fig. 2A-B-C 
and Table 2). The ratio between mitochondrial and nuclear staining 
intensity (F0,mito/F0,nuc) varied over a much smaller range and increased 
in the order: MG < CMXros =MDR < CMH2Xros < TMRM (Fig. 2D and 
Table 2). To assess the magnitude of the FCCP-induced effect, the 
maximal nuclear fluorescence signal (Nuc%; expressed as percentage of 
F0,nuc) and the minimal mitochondrial fluorescence signal (Mito%; 
expressed as percentage of F0,mito) were determined using the data in 
Fig. 1B. Nuc% was a linear function of Mit%, revealing that the 
magnitude of the FCCP effect decreased in the order: 
TMRM ≫ CMH2Xros = CMXros =MDR >MG (Fig. 2E–F). To determine 
whether Δψ was necessary for mitochondrial staining, cells were incu
bated with TMRM or one of the MTs in the presence of FCCP (7.5 μM). 
Under these conditions the cellular staining patterns were similar to 
those observed in pre-stained (acutely FCCP-treated), cells (Fig. 3B; 
“Post-FCCP” condition), and the signal to background ratio increased in 
the order: TMRM < CMH2Xros = CMXros <MG <MDR (Supplementary 
Fig. S1A). These results demonstrate that the mitochondrial localization 
of TMRM, CMXros, CMH2Xros, MG and MDR is differentially sensitive 
to FCCP-induced Δψ depolarization. 

3.2. Effect of FCCP on automated mitochondrial segmentation in cells 
stained with TMRM or MT dyes 

We previously presented an image segmentation protocol for quan
tification of mitochondrial staining intensity and morphology parame
ters (see: Materials and methods). This protocol was originally 
developed for confocal and epifluorescence microscopy analysis of 
living PHSFs stained with R123 or TMRM. To determine how FCCP- 
induced Δψ depolarization impacted on the performance of this seg
mentation algorithm, the first (pre-FCCP) and last (post-FCCP) images of 
typical timelapse recordings (Fig. 1) were processed (Fig. 3). This yiel
ded a binary (BIN) image highlighting mitochondrial objects (white) on 
a black background. In the absence of FCCP, the BIN images (Fig. 3A) 
were suited for computer-assisted quantification of mitochondrial ob
jects. In contrast, the image segmentation algorithm highlighted a large 
number of relatively small white objects in the BIN images of FCCP- 
treated cells (Fig. 3B). Comparison of the RAW and BIN/ZOOM im
ages in the post-FCCP situation indicated that these objects do not 
(exclusively) represent mitochondria. This means that our image 
quantification protocol is appropriate for analysis of TMRM- and MT- 
stained PHSFs in the absence, but not in the presence, of FCCP. Quan
tification of the BIN image yielded various mitochondrial morphology 
parameters (Table 2), including the area of individual fluorescent ob
jects (Am), the number of objects per cell (Nc), the aspect ratio of the 
objects (AR; being the ratio between the major and minor axis of the 
ellipse equivalent to the object) and the formfactor (F) of the objects. 
Lower and higher values of AR and F, correspond to more circular and 
more elongated/branched morphologies, respectively. Given their 
extremely flat morphology [30], Am can be interpreted as a measure of 
mitochondrial size, whereas the product of Am and Nc constitutes a 
measure of mitochondrial mass (Mm). In addition to the morphology 
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parameters, the fluorescence intensity of individual objects (Dm) was 
quantified from “masked” (MSK) images, which were obtained by per
forming a Boolean “AND” operation using the COR image and its cor
responding BIN image [22,31]. The Dm values differed between the five 
dyes (Fig. 4A) and linearly correlated with F0,mito (Supplementary 
Fig. S1B). The latter demonstrates that manual (Fo,mito) and automated 
(Dm) quantification of mitochondrial fluorescence intensity delivers 
similar results. Regarding mitochondrial morphology parameters Mm 
was identical between dyes (Fig. 4B). Moreover, Nc, Am, AR and F were 
similar for TMRM, CMXros, CMH2Xros and MG, but higher for MDR 
(Fig. 4C-D-E-F). We previously highlighted the importance of 
(Δψ-linked changes in) mitochondrial staining intensity for proper 
quantification of AR and F [29]. In this sense, the linear contrast opti
mization (LCS) during image processing enhances all signals that are 
above background, which minimizes the effect of regional differences in 
Δψ on the outcome of the automated mitochondrial morphology anal
ysis. Therefore the latter will only be affected upon a dramatic loss of Δψ 
(depolarization), leading to a substantial reduction in mitochondrial 
fluorescence intensity, as observed in our FCCP experiments (Fig. 3B). 
Given the relevance of mitochondrial staining intensity in our mito
chondrial morphology quantification protocol, we analyzed the rela
tionship between Dm and the morphology parameters. This 
demonstrated both significantly negative (Mm, Nc) and positive (Am, 
AR, F) linear correlations (Supplementary Fig. S2). These findings 
demonstrate that, (1) with the exception of Mm, mitochondrial 
morphology parameters in MDR-stained cells differ from those obtained 
with the other dyes, and (2) this difference is likely due to the high 
mitochondrial fluorescence intensity observed for MDR. 

3.3. Impact of photo-induced Δψ flickering on the mitochondrial 
fluorescence signals of TMRM and MG in co-stained cells 

Given the highest and lowest sensitivity to FCCP treatment of TMRM 
and MG, respectively (Figs. 1C–D, 2E), we hypothesized that these dyes 

should also display the highest (TMRM) and lowest (MG) sensitivity to 
rapid and reversible Δψ depolarization. It has been previously demon
strated that illumination of mitochondria-localized TMRM or the related 
tetramethylrhodamine ethyl ester (TMRE) triggers Δψ “flickering”, 
which is characterized by cycles of cation efflux (Δψ depolarization) and 
influx (Δψ repolarization). This flickering phenomenon reflects revers
ible opening of the mitochondrial permeability transition pore (mPTP) 
as demonstrated in a variety of cell models and isolated mitochondria 
[49,62,68,70–79]. To allow proper analysis, we first compared the 
spectral properties of TMRM and MG. Using epifluorescence micro
scopy, PHSFs were stained with either TMRM or MG and visualized (see: 
Material and methods and Supplementary Table S1). Inspection of the 
excitation/emission spectra and maxima for TMRM and MG (Fig. 5A) 
suggests that excitation of MG at 488 nm (Fig. 5B; marked “1”) also 
induces (minor) excitation of TMRM (Fig. 5B; marked “2”). However, 
excitation of TMRM at 540 nm (Fig. 5B; marked “3”) does not excite MG 
(Fig. 5B; marked “4”). Excitation wavelengths, dichroic mirrors and 
emission filters were chosen in such a way to minimize the spectral 
crosstalk between TMRM and MG (Fig. 5C–D and Table S1). Experi
mental analysis of TMRM-stained cells revealed that mitochondrial 
TMRM fluorescence signals were not detected in the MG channel 
(Fig. 5E upper panels, Fig. 5F right panel and Fig. 5G). Similarly, 
mitochondrial MG fluorescence signals were not detected in the TMRM 
channel in MG-stained cells (Fig. 5E lower panels, Fig. 5F left panel and 
Fig. 5H). This demonstrates that our staining protocol and microscopy 
hardware settings are suited for analysis of TMRM and MG fluorescence 
signals in co-stained cells. To trigger and visualize photo-induced Δψ 
flickering in PHSFs we adapted an experimental protocol (Fig. 6A) based 
upon our previous analyses of mPTP-linked Δψ flickering in mouse 
myotubes and melanoma cell lines [49,68]. This entailed increasing the 
intensity of the excitation light by omitting the neutral density filter 
(NDF) and using a 6-fold (TMRM; 300 ms) longer exposure time relative 
to the FCCP experiments (Supplementary Table S1). Moreover, the 
image acquisition interval was reduced to 2 s during Δψ flickering 

Table 2 
Experimental parameters obtained from microscopy experiments.  

Dye → TMRM CMXros CMH2Xros MG MDR 

Initial staining intensities (pre-FCCP) 
ncells 30 31 29 25 27 
F0,mito (grayvalue) 299.3 ± 25.74 1291 ± 168.5 246.8 ± 18.91 1171 ± 100.6 3253 ± 248.1 
F0,mito (SD%) 47.11 72.69 41.25 43.00 40.63 
F0,nuc (grayvalue) 32.26 ± 4.603 233.8 ± 35.66 36.28 ± 4.501 238.5 ± 21.92 587.3 ± 78.55 
F0,mito/F0,nuc (A.U.) 11.12 ± 0.9758 6.718 ± 0.4874 9.123 ± 1.203 5.266 ± 0.3574 6.618 ± 0.6010  

Effect of FCCP 
Mito% 30.68 ± 3.137 75.06 ± 2.941 67.00 ± 3.264 91.23 ± 1.548 82.50 ± 3.312 
Nuc% 430.6 ± 34.05 242.5 ± 10.75 273.2 ± 17.48 204.6 ± 8.400 275.7 ± 17.61 
Nuc%/Mito% (A.U.) 17.74 ± 2.093 3.392 ± 0.2079 4.290 ± 0.4185 2.273 ± 0.1149 3.685 ± 0.400  

Mitochondrial morphology analysis (pre-FCCP) 
nFOV 7 7 8 7 6 
Dm (grayvalue) 242.6 ± 23.51 1059 ± 212.0 189.3 ± 27.54 1017 ± 148.8 2467 ± 310.6 
Mm (pixels) 25,001 ± 4234.9 24,369 ± 2351.5 25,079 ± 1530.8 25,021 ± 2433.9 22,976 ± 2809.3 
Nc 374.2 ± 65.08 275.7 ± 39.75 384.8 ± 30.99 341.5 ± 48.98 210.1 ± 31.05 
Am (pixels) 67.39 ± 4.472 93.29 ± 9.990 67.56 ± 5.330 77.04 ± 5.527 113.0 ± 10.34 
AR (A.U.) 3.000 ± 0.09759 3.143 ± 0.1863 2.763 ± 0.0730 3.029 ± 0.1358 3.517 ± 0.1537 
F (A.U.) 2.714 ± 0.1455 3.286 ± 0.3481 2.638 ± 0.1463 2.800 ± 0.1512 3.800 ± 0.3088 

Data was obtained for multiple fields of view (FOVs; nfov) and cells (ncells) in three independent experiments (N = 3 days). Errors indicate standard error of the mean 
(SEM). 
Initial staining intensities (pre-FCCP): Signals were background-corrected for each individual cell. F0,mito = initial mitochondrial fluorescence intensity prior to 
addition of FCCP (average of first 3 images). SD% = percent standard deviation of Fo,mito = relative variation in staining intensity. F0,nuc = initial nuclear fluorescence 
intensity prior to addition of FCCP (average of first 3 images). 
Effect of FCCP: Mito% = Minimal mitochondrial signal (% of F0,mito). Nuc% = Maximal nuclear signal (% of F0,nuc). (F0,mito/F0,nuc) and Nuc%/Mito% were calculated 
for each individual cell. 
Mitochondrial morphology analysis (pre-FCCP): Only objects with a size >10 pixels were included in the analysis. Dm = mitochondrial fluorescence intensity; 
Nc = number of stained objects. Am =mitochondrial area (a measure of mitochondrial size). AR =mitochondrial aspect ratio (a measure of mitochondrial length). 
F =mitochondrial formfactor (a combined measure of mitochondrial length and degree of branching). Mitochondrial mass (Mm) is given by the product of Am and Nc. 
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experiments. As a consequence, repetitive and reversible Δψ de
polarizations are triggered by TMRM-mediated photo-induced stimula
tion of mitochondrial mPTP opening (e.g. [49,62,68]). Microscopy 
imaging yielded two image sequences for each field of view (FOV), 
reflecting TMRM and MG time-lapse recordings (Fig. 6B; upper panel 
and Supplementary Movie S6). To visualize Δψ flickering, a “difference” 
(Δ) sequence was calculated from each TMRM and MG image sequence 
(i.e. “ΔTMRM” and “ΔMG”) by subtracting the (n-1)th image from the 
nth image (Supplementary Movie S7). In these Δ sequences, decreases 
and increases in TMRM and MG fluorescence intensity between subse
quent images are visualized as regions of black or white pixels, respec
tively [49,62,68]. This analysis revealed the presence of such decreases/ 
increases in the TMRM sequence but not in the MG sequence (Fig. 6B; 
lower panel; arrows and Fig. 6C). Manual scoring of the number of de
polarizations within discrete image intervals (i.e. for images 20 to 70, 
images 200 to 250 and images 400 to 450) from multiple ΔTMRM se
quences demonstrated that the number of Δψ depolarizations per cell 
increased as a function of time (Fig. 6D). This is compatible with 
oxidative stress accumulation in the context of the envisioned flickering 

mechanism, where TMRM illumination stimulates cyclic photo- 
generation of mitochondrial singlet oxygen molecules (1O2) that in
crease mPTP open probability [71,74,80,81]. Taken together, these re
sults support our FCCP results in demonstrating that the mitochondrial 
localization of TMRM and MG displays a high and low sensitivity, 
respectively, to reversible Δψ depolarization. 

3.4. Kinetics of a single photo-induced Δψ flickering event in TMRM and 
MG co-stained cells 

Through serendipity, the depicted experiment displayed a parallel 
increase in black and white pixels in the ΔTMRM image sequence 
(Fig. 6C). This provided an opportunity for detailed analysis of mito
chondrial TMRM release and uptake kinetics. Between image T708 and 
T706, TMRM fluorescence decreased in the black mitochondrial fila
ments and slightly increased in adjacent filaments. Between image T708 
and T710, additional TMRM was lost from the mitochondrial filaments 
(black pixels), whereas adjacent filaments displayed a further increase in 
TMRM signal (white pixels). Analysis of the TMRM signal (Fig. 7A) using 

Fig. 2. Quantitative analysis of the mitochondrial and nuclear fluorescence intensity of TMRM and Mitotracker dyes in the absence and presence of FCCP. (A) 
Background-corrected mitochondrial fluorescence signal (F0,mito) computed from the first three images within the image sequence for each cell (Fig. 1B; upper 
panels). (B) Same as panel A, but now for the background-corrected nuclear fluorescence signal (F0,nuc) for each cell (Fig. 1B; lower panels). (C) Scatter plot of the 
data in panel A (F0,mito) vs. panel B (F0,nuc). The red line indicates a linear fit: R = 0.935, p < 0.0001, slope = 1.15 ± 0.0370 (SE), intercept = − 1.27 ± 0.107(SE). 
Dotted lines represent the 95 % prediction limits of the fit. (D) Ratio between the mitochondrial and nuclear fluorescence signals (F0,mito/F0,nuc) for each cell. (E) 
Effect of FCCP treatment on average fluorescence signals expressed as the minimal mitochondrial intensity (Mit%; expressed as percentage of F0,mit) and the maximal 
nuclear intensity (Nuc%; expressed as percentage of F0,nuc). The red line indicates a linear fit: R = − 0.960, p = 0.00983, slope = − 3.54 ± 0.602(SE), inter
cept = 530 ± 43.6(SE). Dotted lines represent the 95 % confidence limits of the fit. (F) Quantification of the FCCP induced effect as expressed by the ratio Nuc%/Mit 
%. Statistics: In panel A, B, C, D, and F, each symbol represents an individual cell, error bars mark the 99 % (upper) and 1 % (lower) percentile, the box marks the SD, 
the square marks the mean value, and the horizontal line within the box indicates the median value. Significant differences between conditions (a, b, c, d) were 
assessed using a non-parametric Mann-Whitney U test and marked by: *p < 0.05, **p < 0.01 and ***p < 0.001. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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ROIs (Fig. 7B; yellow ovals) positioned on mitochondrial filaments 
displaying TMRM release (Mito1) and -uptake (Mito2) demonstrated 
opposite and similar kinetics (Fig. 7C). Only a very minor and transient 
TMRM fluorescence increase during the depolarization phase of the Δψ 
flickering event was detected in a closely juxtaposed cytosolic ROI 
(Fig. 7C; green circles). The Δψ flickering event in Mito 1 had a total 
duration of ~44 s and consisted of three kinetic phases: a relatively rapid 
depolarizing phase (phase I; ~8 s), a stationary phase (phase II; ~12 s) 
and a repolarization phase (phase III; ~24 s). The TMRM fluorescence 
decrease in Mito1 and increase in Mito2, displayed similar time con
stants (τ; Fig. 7C). Taken together, these results strongly suggest that 
TMRM molecules released from a mitochondrial filament undergoing 
Δψ depolarization (Mito1) are primarily taken up by the nearby mito
chondrial filament not undergoing such an event (Mito2). The different 
phases of the Δψ flickering event suggests that Δψ relatively rapidly 
depolarizes (phase I) and more slowly recovers (phase III). Given the fact 
that Δψ is primarily sustained by the ETC [5,6], it is likely that the ki
netics of phase II reflects ETC activity (Fig. 7D). To further enhance our 
understanding of this experimental data, a mass action-based mathe
matical model was developed to simulate reversible TMRM exchange 
between Mito1 and Mito2. 

3.5. Minimal model for dynamic TMRM redistribution during a reversible 
Δψ flickering event 

Using our experimental data as a starting point (Fig. 7C), we adapted 
a recently described computational model for reversible Δψ flickering 
[82]. Our model consisted of two mitochondria (Mito1, Mito2) and a 
cytosolic compartment (Fig. 8A). It was assumed that TMRM enters the 

cytosol from Mito1 and Mito2 via two outward-directed fluxes (V1,out, 
V2,out) and enters Mito1 and Mito2 from the cytosol by two inward- 
directed fluxes (V1,in, V2,in): 

V1,out = [TMRM]1⋅kout (III)  

V2,out = [TMRM]2⋅kout (IV)  

V1,in = [TMRM]c⋅kin (V)  

V2,in = [TMRM]c⋅kin (VI) 

Literature values of kout (the rate constant of TMRM efflux from the 
mitochondrion) and kin (the rate constant of TMRM influx into the 
mitochondrion) equalled 0.1 s− 1 and 0.0002⋅ABS(Δψ), respectively 
[82]. These values were obtained from Δψ flickering data in rat ven
tricular myocytes and smooth muscle cells [80]. Obtaining a good 
quantitative match with our experimental data required increasing the 
rate constants to kout = 0.8 s− 1 and kin = 0.2⋅ABS(Δψ). This suggests that 
PHSFs display a relatively fast mitochondrial TMRM release and 
Δψ-dependent TMRM uptake in our experiments. Changes in TMRM 
concentration ([TMRM]) for Mito1, Mito2 and the cytosol were 
described using ordinary differential equations (ODEs): 

d[TMRM]1

dt
= V1,in − V1,out (VII)  

d[TMRM]2

dt
= V2,in − V2,out (VIII)  

Fig. 3. Effect of FCCP on mitochondrial segmentation in cells stained with TMRM or Mitotracker dyes. The data presented in this figure reflects five typical image 
sequences (Supplementary Movies S1–S5; representing the experiments in Fig. 1). (A) 1st image (RAW; left column) of the timelapse recording visualizing the 
fluorescence signals in the absence of FCCP (the top left image is identical to Fig. 1A). Following image segmentation, a binary (BIN) image was obtained (middle 
column) allowing quantification of mitochondrial morphology parameters. A magnification of the BIN image (yellow square) is presented in the right column 
(ZOOM), to highlight mitochondrial structures (white objects). (B) Similar to panel A, but now representing the last image of the timelapse recording in the presence 
of FCCP. Similar to panel A, RAW, BIN and ZOOM images are presented. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 
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d[TMRM]c

dt
= V1,out − V1,in +V2,out − V2,in (IX) 

This model was implemented in MATLAB/Simulink (Supplementary 
Fig. S3) and its behaviour was investigated using the following as
sumptions: (1) Mito1 and Mito2 display a resting Δψ of − 119 mV, as 
demonstrated previously in this PHSF cell line [27], (2) the Mito1 
flickering event consists of a step-wise Δψ depolarization and repolari
zation [82], (3) Δψ depolarization occurs instantaneously from 
− 119 mV to 0 mV, (4) the Δψ depolarization has a duration of 20 s, and 
(5) Δψ instantaneously repolarizes from 0 mV to − 119 mV. Using the 
above Δψ profile for Mito1 (Fig. 8B), the model (“Model A”) predicted a 
rapid reversible loss of TMRM from Mito1 (Fig. 8D; black line), a rapid 
reversible uptake of TMRM for Mito2 (red line) and a minor change in 
[TMRM]c (green line). The predicted duration of phases I and II for 
Model A agreed well with the experimental data (Fig. 8F; white vs. gray 
bars). In contrast, the duration of phase III predicted by Model A was 
much shorter than observed in the experiment (Fig. 8F; white vs. gray 
bars), suggesting that the assumed length of the Δψ repolarization phase 
is too short in this model. Therefore, a second model was developed 
(“Model B”), which was identical to Model A except for displaying a 
longer (20 s) Δψ repolarization time (Fig. 8C). The output of Model B 
(Fig. 8E) agreed well with the duration of phases I, II and III in the 
experiment (Fig. 8F; white vs. black bars). Moreover, the overall TMRM 
kinetics predicted by Model B matched well with the experimental data 
(Fig. 8G). Taken together, our modelling results support the conclusion 
that TMRM redistribution between Mito1, Mito2 and cytosol during a 

reversible Δψ flickering event is primarily governed by mass action ki
netics. In this sense, we propose that phase II of this event is mainly 
governed by ETC activity. 

4. Discussion 

This study focuses on the use of TMRM and MT dyes for automated 
quantification of mitochondrial morphology and Δψ in PHSFs. To allow 
faithful comparison between dyes and with other studies, all experi
ments were carried out in the same cell line (#5120) using established 
staining protocols. It was found that TMRM and MTs are suited for 
automated mitochondrial morphology quantification, but that the nu
merical data obtained with different probes is not identical. Moreover, 
we observed that all probes are sensitive to FCCP-induced Δψ depolar
ization, with TMRM and MG displaying the highest and lowest sensi
tivity, respectively. We conclude that TMRM is best suited for integrated 
analysis of Δψ and mitochondrial morphology than the tested MTs 
under conditions that Δψ is not substantially depolarized. 

4.1. Mitochondrial specificity and FCCP-sensitivity of TMRM and MTs 

Under our experimental conditions, all dyes displayed a typical 
mitochondrial staining pattern (Fig. 3A) and mitochondrial and nuclear 
fluorescence intensity linearly increased in the order: 
TMRM = CMH2Xros < CMXros =MG <MDR (Fig. 2C). The ratio be
tween these signals (Fo,mito/Fo,nuc) reflects the degree of mitochondria- 

Fig. 4. Quantitative analysis of mitochondrial morphology parameters in cells stained with TMRM or Mitotracker dyes in the absence of FCCP. Mitochondrial 
morphology parameters were quantified by image segmentation of the 1st image from the timelapse recordings presented in Fig. 1B. (A) Background-corrected 
mitochondrial fluorescence intensity (Dm) for TMRM and the Mitotracker dyes. (B) Same as panel A, but now for mitochondrial mass (Mm). (C) Same as panel 
A, but now for the number of mitochondrial objects per cell (Nc). (D) Same as panel A, but now for mitochondrial area (Am; a measure of mitochondrial size). (E) 
Same a panel A, but now for mitochondrial aspect ratio (AR). (F) Same as panel A, but now for mitochondrial formfactor (F). Statistics: In this figure, each symbol 
represents a full FOV (microscopy image). Error bars mark the 99 % (upper) and 1 % (lower) percentile, the box marks the SD, the square marks the mean value, and 
the horizontal line within the box indicates the median value. Significant differences between conditions (a, b, c, d) were assessed using a non-parametric Mann- 
Whitney U test and marked by: *p < 0.05 and **p < 0.01. 
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specific staining (Fig. 2D and Table 2), which decreased in the order: 
TMRM > CMH2Xros >MDR = CMXros =MG. This indicates that TMRM 
staining delivers the most mitochondria-specific signals. 

Collectively, the cellular localization of CMXros, MG and MDR de
pends on (extracellular) probe concentration and their relative rates of 
PM/MIM transfer and immobilization (Fig. 9). This means that, in 

Fig. 5. Spectral properties of TMRM and MG. (A) Excitation (Ex; dotted lines) and emission (Em; continuous lines) spectra for TMRM (red) and MG (green). Nu
merals indicate excitation and emission maxima (nm). (B) Excitation spectra (dotted lines) of TMRM (red) and MG (green). The excitation wavelengths for TMRM 
(540 nm) and MG (488 nm) used in this study are marked by vertical lines. Excitation of MG (marked “1”) does also excite TMRM (marked “2”), whereas excitation of 
TMRM (marked “3”) does not excite MG (marked “4”). The emission spectrum of the used excitation source (Xenon lamp) is depicted by the black curve. (C) TMRM 
(red) and MG (green) emission spectra, superimposed on the spectral characteristics of the dichroic mirror (560DRLP; black) and emission filter (565ALP; blue line) 
used for detection of TMRM fluorescence. (D) TMRM (red) and MG (green) emission spectra, superimposed on the spectral characteristics of the dichroic mirror 
(560DRLPXR; black) and emission filter (535AF45; blue line) used for detection of MG fluorescence. (E) Upper panel: background-corrected fluorescence signals of 
TMRM-stained cells detected in the TMRM channel (300 ms illumination) and MG channel (100 ms illumination) using the excitation wavelengths, dichroics and 
emission filters depicted in panels B-C-D. In this panel, a grayvalue display range of 0–1000 (for TMRM and MR) was used for visualization purposes. Bottom panel: 
same as upper panel, but now for cells stained with MG. Here, a grayvalue display range of 0–200 (for TMRM and MR) was used for visualization. (F) Contrast- 
optimized versions of the TMRM channel signal in MG-only stained cells (left panel; taken from panel E) and the MG channel signal in TMRM-only stained cells 
(right panel: taken from panel E). (G) Average intensity for the profile indicated by the horizontal line in panel E (upper panel: for cells stained with TMRM only). (H) 
Average intensity for the profile indicated by the horizontal line in panel E (lower panel: for cells stained with MG only). Further details are provided in the Results 
section and Supplementary Table S1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 6. Impact of photo-induced Δψ flickering on the mitochondrial fluorescence signals of TMRM and MG in co-stained cells. (A) Experimental protocol for cell 
culture, staining and fluorescence imaging of photo-induced Δψ flickering. (B) Upper panel: TMRM and MG fluorescence signal at the beginning of the image 
acquisition (T0). This panel depicts background-corrected (COR) images in which gray value display ranges of 0–912 (TMRM) and 0–480 (MG) were used for 
visualization purposes. The white box highlights the ROI magnified in panel C (for full image sequence see: Supplementary Movie S6). Lower panel: example of 
difference (Δ) images directly calculated from the time-lapse recording by subtracting COR image T754 (i.e. recorded at 754 s) from COR image T756 (i.e. the next 
image recorded at 756 s). The ΔMG and ΔTMRM were contrast-optimized using a linear contrast stretch (LCS) operation for visualization purposes. The dark pixels in 
the ΔTMRM image reflect the acute loss of TMRM fluorescence from mitochondrial objects (arrow) linked to Δψ depolarization. Such dark pixels were absent from 
the ΔMG image (for full image sequence see: Supplementary Movie S7). (C) Zoomed-in version of the time-lapse recording in panel B. The columns depict the TMRM 
fluorescence signal (TMRM), the TMRM difference images (ΔTMRM; for full image sequence see Supplementary Movie S8), the MG fluorescence signal (MG) and the 
MG difference images (ΔMG). The ΔMG and ΔTMRM images were contrast-optimized using a linear contrast stretch (LCS) operation. (D) Total number of Δψ 
depolarization events per cell within three discrete image intervals (20–70; 200–250; 400–450). Statistics: the data in panel D was obtained from 18 cells (Image 
20–70), 18 cells (Image 200–250) and 17 cells (Image 400–450) in 4 independent experiments (days). Each symbol represents an individual cell, error bars mark the 
99 % (upper) and 1 % (lower) percentile, the box marks the SD, the square marks the mean value, and the horizontal line within the box indicates the median value. 
Significant differences between conditions (a,b) were assessed using a non-parametric Mann-Whitney U test and marked as: **p < 0.01 and ***p < 0.001. 
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theory, CMXros, MG and MDR could end up at the PM, in the cytosol 
and/or in the mitochondrial matrix. The relevance of extracellular probe 
concentration is illustrated by our previous observation in cell line 
#5120 that using a 100-fold higher CMXros or MG concentration of (i.e. 
5 μM instead of 50 nM) greatly increased extra-mitochondrial staining 
levels [28]. Evidence in isolated brain mitochondria suggests that this 
aspecific staining is linked to fact that μM concentrations (but not nM 
concentrations) of CMXros and MG reduce mitochondrial state 4 
(resting) and uncoupled (maximal) oxygen consumption [48]. 
Compatible with this explanation, MDR (50 nM) did not affect basal/ 
maximal oxygen consumption rates and ATP production in cancer stem 
cell models [83]. In this sense, the extra-mitochondrial staining in our 
previous study [28] might be due to (partial) Δψ-depolarization induced 
by the relatively high extracellular CMXros and MG concentration. 

The mitochondrial matrix concentration (Cm) of the cation TMRM 
(Fig. 9A), depends on the electrical potential across the PM (ΔV) and 
MIM (Δψ), as well as its extracellular concentration (Eq. (II)). Given 
their cationic nature, CMXRos (Fig. 9B), MG (Fig. 9D) and MDR (Fig. 9E) 
likely behave similar to TMRM regarding their Δψ-dependent accumu
lation in the mitochondrial matrix. However, in contrast to TMRM, 
CMXros, MG and MDR are (partially) immobilized through their thiol- 
reactive CM groups (Fig. 9; green symbols). Indeed, the magnitude of 
the FCCP effect (Fig. 2E) decreased in the order: 
TMRM ≫ CHM2Xros = CMXros =MDR >MG, whereas the number of 
CM groups increased in the same order: 
TMRM ≪ CMH2Xros = CMXros =MDR <MG (Fig. 9). This strongly 
suggests that mitochondrial probe immobilization by these groups is 

directly responsible for the differential FCCP effect. 
Of the MTs analyzed, CMH2Xros is a special case since it becomes 

fluorescent (i.e. detectable) upon oxidative conversion into CMXros 
[16,46]. This suggest that similar results should be obtained in 
CMH2Xros- and CMXros-stained cells. Oxidation of CMH2Xros can 
occur at various sites in the cell (Fig. 9C), for instance by extracellular 
ROS (eROS), cytosolic ROS (cROS), and/or mitochondrial ROS (mROS), 
after which the formed cationic CMXros is expected to behave as 
described above. Interestingly, in our experiments the mitochondrial 
and nuclear fluorescence signals of CMXros were >6-fold higher than 
those of CMH2Xros (Fig. 2A–B and Table 2). Since the used extracellular 
concentration and microscopy settings were identical for these MTs 
(Supplementary Table S1), and their molecular structure is highly 
similar (Fig. 9), this result strongly suggests that the rate of oxidative 
conversion of CMH2Xros into CMXros is relatively low in our experi
ments. This means that the mitochondrial CMXros fluorescence intensity 
in CMH2Xros-stained cells also depends on ROS levels. 

Kinetic analysis demonstrated that FCCP application induced a bi- 
phasic decrease in mitochondrial TMRM fluorescence (Fig. 1C) and an 
increase followed by a decrease in nuclear TMRM fluorescence (Fig. 1D). 
The mitochondrial signal decrease for CMXros and CMH2Xros was 
kinetically similar to TMRM but of a lesser magnitude. In case of MG, 
only a small mono-phasic drop in mitochondrial fluorescence was 
observed, whereas for MDR this drop was transient. With respect to the 
nucleus, the fluorescence signals of CMXros, CMH2Xros, MG and MDR 
monotonously increased albeit with apparent bi-phasic kinetics 
(Fig. 1D). Visual inspection of the TMRM timelapse recordings (e.g. 

Fig. 7. Kinetics of a single photo-induced Δψ depolarization/repolarisation event in TMRM and MG co-stained cells. (A) Selected images (zoomed-in, rotated and 
contrast-optimized) visualizing mitochondrial TMRM release and reuptake during the flickering event in Fig. 6C. The full image sequence is provided in Supple
mentary Movie S9. (B) TMRM difference image (ΔTMRM; contrast-optimized) highlighting the simultaneous decrease (Mito1; black pixels) and increase (Mito2: 
white pixels) in TMRM intensity occurring between image T708 and image T710. Three regions of interest (ROIs) are highlighted (yellow circles) representing Mito1, 
Mito2 and the cytosol. (C) Kinetics of the TMRM fluorescence change in the ROIs for Mito1 (open squares), Mito2 (red circles), and the cytosol (green circles), 
revealing two dynamic phases (I and III) as well as a stationary phase (II). The increase (Mito1) and decrease (Mito2) in TMRM fluorescence during phase III was 
fitted using a mono-exponential equation: y = y0 +A⋅e-t/τ to obtain the indicated time-constant τ (R2 

> 0.98). (D) Proposed mechanism of TMRM redistribution 
between Mito1, cytosol and Mito2 during the Δψ flickering event (see Results for details). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 
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Fig. 8. Minimal model describing the dynamic TMRM redistribution between Mito1 and Mito2 during a reversible Δψ flickering event. (A) Schematic depiction of 
the three compartments in the model (Mito1, Cytosol, Mito2) and the four exchange fluxes (V1,out, V1,in, V2,out, V2,in). The model was applied to simulate the change in 
TMRM concentration in Mito1 ([TMRM]1), the cytosol ([TMRM]c) and Mito2 ([TMRM]2). Equilibrium analysis yielded the values for the TMRM concentration of 
0.2621 ([TMRM]1), 0.2621 ([TMRM]2) and 0.008807 ([TMRM]c). These were used as initial values during simulations. (B) Assumed absolute change in mito
chondrial membrane potential (Δψ) of Mito1 during the flickering event (Model A). (C) Similar to panel B but now for a flickering event displaying slower Δψ 
recovery kinetics (Model B). (D) Predicted [TMRM] kinetics for Mito1 (black line), the cytosol (green line) and Mito2 (red line) during the Δψ flickering event in 
Model A. (E) Same as panel D but now for Model B. (F) Duration of the dynamic phases (I and III) and stationary phase (II) of the Δψ flickering event in the 
experiment (open bars; taken from Fig. 7C), Model A (gray bars; phase duration was identical for Mito1 and Mito2), and Model B (gray bars; phase duration was 
identical for Mito1 and Mito2). (G) Super-positioning of the experimental data (symbols; taken from Fig. 7C) and Model B predictions (lines; taken from Fig. 8E) for 
Mito1 (open squares), Mito2 (red circles) and the cytosol (green circles). The simulated data was shifted to the right to match the start of the TMRM loss from Mito1. 
See Results for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 9. Mitochondrial staining mechanisms of TMRM and Mitotracker dyes. (A) Mechanism of accumulation of TMRM in the mitochondrial matrix. (B) Same as panel 
A but now for CMXros. (C) Same as panel A but now for CMH2Xros. (D) Same as panel A but now for MG. (E) Same as panel A but now for MDR. The vertical lines 
represent the plasma membrane (PM) of the cell and mitochondrial inner membrane (MIM). Molecular movement through these membranes is indicated by arrows, 
the thickness of which reflects the relative magnitude of the transfer. Positive charges and thiol-reactive chloromethyl groups are indicated by red and green symbols, 
respectively. Oxidative conversion of CMH2Xros into CMXros can be stimulated by extracellular reactive oxygen species (eROS), cytosolic ROS (cROS) and mito
chondrial ROS (mROS). See Discussion for details. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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Supplementary Movie S8) revealed that FCCP treatment subsequently 
induced: (1) acute TMRM release from elongated mitochondrial fila
ments, (2) TMRM entry into the nucleus, (3) TMRM exit from the nu
cleus, and (4) mitochondrial TMRM re-uptake. These phenomena were 
paralleled by apparent mitochondrial fragmentation (e.g. Supplemen
tary Movie S8), as observed previously in human skin fibroblasts and 
other cell types [9,84]. The fact that the mitochondrial TMRM signal 
does not return to pre-FCCP levels (Fig. 1C), in combination with the 
drop in nuclear TMRM signal (Fig. 1D), strongly suggests that post-FCCP 
Δψ-values are less negative than pre-FCCP Δψ values. This conclusion is 
strengthened by the observation that TMRM and the MTs displayed a 
substantial post-FCCP increase in extramitochondrial fluorescence 
signal (Fig. 3B). Increasing FCCP concentrations (10-30-100-300- 
1000 nM) dose-dependently stimulated mitochondrial oxygen con
sumption in isolated rat ventricular myocytes [85]. This is compatible 
with the above conclusion that mitochondria partially maintain their Δψ 
in the presence of FCCP in our experiments. Additionally, FCCP-induced 
Δψ depolarization and ensuing inhibition of ATP generation might 
impair plasma membrane ion balance, leading to (partial) ΔV depolar
ization and a loss of TMRM from the cell. The latter might be accelerated 
by the fact that extracellular TMRM was absent during FCCP 
experiments. 

4.2. Performance of TMRM and MTs for mitochondrial morphology 
quantification 

Automated quantification of mitochondrial morphology parameters 
was feasible in the absence but not in the presence of FCCP (Fig. 3). The 
latter reflects the inability of our algorithm to segment mitochondria 
when the difference between mitochondria-specific and aspecific signals 
is relatively small (i.e. when Δψ is substantially depolarized). In the 
absence of FCCP, mitochondrial morphology parameters were virtually 
identical for TMRM- and MT-stained cells (Table 2). The mitochondrial 
mass (Mm) ranged between 22,976 (MDR) and 25,079 pixels 
(CMH2Xros), the number of mitochondrial objects per cell (Nc) between 
210 (MDR) and 385 (CMH2Xros), the area (size) of these objects (Am) 
between 67 (TMRM, CMH2Xros) and 113 pixels (MDR), the aspect ratio 
(AR) between 2.76 (CMH2Xros) and 3.52 (MDR), and the formfactor (F) 
between 2.64 (CHMH2Xros) and 3.80 (MDR). Statistical evaluation 
demonstrated that Mm was similar for all dyes, whereas Nc, Am, AR and 
F differed for MDR (Fig. 4). Linear regression analysis demonstrated that 
all morphology parameters significant correlated with mitochondrial 
fluorescence staining intensity (Dm), indicating that the high intensity 
staining for MDR is likely responsible for this observation (Supplemen
tary Fig. S2). In previous analyses of cell line #5120, mitochondrial 
morphology was quantified using R123, TMRM and mitochondria- 
targeted fluorescent proteins [27–31,86]. This yielded a range of 
TMRM-based “reference” values for Nc (between 50 and 150), AR (2, 3) 
and F (3–6; [22]). In case of TMRM (Table 1) we here obtained values for 
F (2.71) and AR (3.00) relatively close to these reference values, whereas 
Nc (374.2) was substantially higher. This difference is likely due to the 
use of different microscopy systems, image acquisition settings and/or 
staining protocols, affecting Dm, and thereby morphology parameter 
values ([22]; Supplementary Fig. S2). 

4.3. Δψ-sensitivity of TMRM and MG during photo-induced Δψ flickering 

To gain additional insight into the Δψ sensitivity of mitochondrial 
TMRM and MG staining (representing extremes in FCCP sensitivity; 
Fig. 2E), the behaviour of these dyes during reversible Δψ de
polarizations (“Δψ flickering”) was studied (Figs. 5–8). Compatible with 
the observed FCCP effects, detectable Δψ depolarizations were present 
and absent in TMRM and MG fluorescence images, respectively 
(Fig. 6C). Detailed analysis of two closely juxtaposed mitochondria 
(Mito1, Mito2) during a single Δψ flickering event revealed antiparallel 
changes in TMRM fluorescence (Fig. 7A–B). These consisted of a tri- 

phasic TMRM release/uptake in Mito1 mirrored by a tri-phasic TMRM 
uptake/release in Mito2 (Fig. 7C). Overall, the Δψ flickering event had a 
duration of ~44 s, displaying a depolarization phase I (~8 s), a sta
tionary phase II (~12 s) and a repolarization phase III (~24 s). Similar 
kinetics were predicted by a minimal mass action-based mathematical 
model (Fig. 8A), which assumed that TMRM redistribution was caused 
by an acute Δψ depolarization of 20 s followed by a linear Δψ repolar
isation of 20 s (Fig. 8C). In the model, the Δψ of Mito2 was kept constant, 
meaning that its TMRM uptake is solely driven by the outside (cytosolic) 
TMRM concentration ([TMRM]c). This behaviour is compatible with 
[Eq. (I)], which predicts that more TMRM will accumulate in the 
mitochondrial matrix of Mito2 (i.e. Cm will be higher), when Ccyt in
creases at a constant Δψ. Our experimental data (Figs. 7C and 8G; green 
symbols) and modelling results (Fig. 8E), strongly suggest that TMRM 
transfer from Mito1 to Mito2 is relatively fast since [TMRM]c remained 
virtually unchanged during the Δψ flickering event. Regarding Δψ 
flickering dynamics the current data is quantitatively compatible with 
experimental results in ventricular myocytes, displaying a fast (~9 s or 
less) depolarization and a half time of recovery of 20–30 s [80]. 
Although to a lower extent than R123, TMRM was demonstrated to bind 
to mitochondria and inhibit mitochondrial function in isolated rat heart 
mitochondria [25]. However, TMRM binding was not required in our 
minimal model to adequately describe our experimental data (Fig. 8G). 
This is likely due to the low extracellular TMRM concentration 
employed in this study (15 nM), and the fact that mitochondrial TMRM 
accumulation progressively deviates from the Nernst equation (i.e. [Eq. 
(I)]) with increasing cytosolic TMRM concentration [25]. The low 
extracellular TMRM concentration also makes it unlikely that TMRM 
inhibits mitochondrial (state 3) respiration in our experiments [25]. 
Taken together, the Δψ flickering analysis supports the conclusion that: 
(1) the different kinetic phases of the Δψ flickering event represent a 
rapid Δψ depolarization (phase I) followed by a slower, ETC-dependent, 
Δψ repolarization (phase III), and (2) during Δψ flickering TMRM, but 
not MG, is transferred from Mito1 to Mito2. These findings support the 
application of combined TMRM/MG staining during Δψ flickering 
events [62], allowing simultaneous analysis of mitochondrial 
morphology parameters (MG signal) and Δψ (TMRM signal). 

5. Conclusion 

In summary, this study demonstrates that the mitochondrial locali
zation of TMRM and MTs is differentially sensitive to Δψ depolarization 
and that staining with these dyes allows quantitative analysis of mito
chondrial morphology parameters. However, even when obtained using 
the same microscope hardware/settings and image quantification pro
tocol, data obtained with TMRM and MTs cannot be used interchange
ably. In this sense, comparison of mitochondrial morphology data 
between different conditions should be performed using an identical 
experimental strategy (e.g. dye, staining protocol, medium, microscope 
hardware/settings). It is advised to always including the same control 
cell line on each experimental day allowing (on-demand) data normal
ization and quality control analysis [22]. Regarding dye performance, 
this study provides evidence that TMRM is better suited for integrated 
analysis of Δψ and/or mitochondrial morphology than the tested MTs 
under conditions that Δψ is not substantially depolarized. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.bbabio.2023.149027. 
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