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Abstract

A gentle optical examination of the mitochondrial permeability transition pore (mPTP) opening
events was carried out in isolated quiescent ventricular myocytes by tracking the inner membrane
potential (A'Y) using TMRM (tetramethylrhodamine methyl ester). Zeiss Airyscan 880 “super-
resolution” or “high-resolution” imaging was done with very low levels of illumination (0.009%
laser power). In cellular areas imaged every 9 seconds (ROI or regions of interest), transient
depolarizations of variable amplitudes occurred at increasing rates for the first 30 minutes. The
time to first depolarization events was 8.4 min (+ 1.1 SEM n=21 cells). At longer times,
essentially permanent and irreversible depolarizations occurred at an increasing fraction of all
events. In other cellular areas surrounding the ROI, mitochondria were rarely illuminated (once
per 5 minutes) and virtually no permanent depolarization events occurred for over 1 hour of
imaging. These findings suggest that photon stress due to the imaging itself plays an important
role in the generation of both the transient mPTP opening events as well as the permanent mPTP
opening events. Consistent with the evidence that photon “stress” in mitochondria loaded with
virtually any photon absorbing substance, generates reactive oxygen species (ROS) [1-5], we
show that cyclosporine-A (CsA, 10 mM) and the antioxidant n-acetyl cysteine (NAC, 10 mM),
reduced the number of events by 80 % and 93% respectively. Furthermore, CsA and NAC
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treatment led to the virtual disappearance of permanent depolarization events. Nevertheless, all
transient depolarization events in any condition (control, CsA and NAC) appeared to repolarize
with a similar half-time of 30 6 s (n=478) at 37°C. Further experiments showed quantitatively
similar results in cerebral vascular smooth muscle cells, using a different confocal system, and
different photon absorbing reagent (TMRE; tetramethylrhodamine ethyl ester). In these
experiments, using modest power (1% laser power) transient depolarization events were seen in
only 8 out of 23 cells while with higher power (8%), all cells showed transient events, which align
with the level of photon stress being the driver of the effect. Together, our findings suggest that
photon-induced ROS is sufficient to cause depolarization events of individual mitochondria in
quiescent cells; without electrical or mechanical activity to stimulates mitochondrial metabolism,
and without raising the mitochondrial matrix Ca2*. In a broad context, these findings neither
support nor deny the relevance or occurrence of A¥), depolarization events in specific putatively
physiologic mitochondrial behaviors such as MitoFlashes [6, 7] or MitoWinks [8]. Instead, our
findings raise a caution with regards to the physiological and pathophysiological functions
attributed to singular AY', depolarization events when those functions are investigated using
photon absorbing substances. Nevertheless, using photon stress as a tool (“Optical Stress-Probe™),
we can extract information on the activation, reversibility, permanency and kinetics of
mitochondrial depolarization. These data may provide new information on mPTP, help identify the
mPTP protein complex, and establish the physiological function of the mPTP protein complex and
their links to MitoFlashes and MitoWinks.
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Mitochondria are intracellular organelles in cardiac myocytes and other cells that convert the
energy stored in carbohydrates, lipids and proteins into the universal energy currency, ATP.
The inner mitochondrial membrane (IMM) is normally polarized to the very negative
potential of approximately —160 mV (AY'\) by the extrusion of protons by the electron
transport chain (ETC) complexes. Dynamic and reversible changes of A'Y), have been
observed in a variety of cell types with an array of spatiotemporal features. For example,
AY)\, changes have been shown to occur in the entire population of cellular mitochondria,
all at once, along with changes of mitochondrial NAD(P)H[9-11]. Other reports show more
localized events displayed by individual mitochondria. These localized events were linked to
morphological changes of the cristae architecture[12, 13]. Dramatic depolarizations of AY),
can also occur through a mechanism called “permeability transition” and attributed to the
opening of a mitochondrial permeability transition pore (mPTP). The mPTPs can be
activated by elevated concentrations of reactive oxygen species (ROS) in the mitochondrial
matrix or elevated mitochondrial matrix Ca2* ([Ca2*]y), or both. Recent reports using
primarily quiescent cardiac ventricular myocytes have presented new views suggesting a
physiological role to the activation of mPTP and attribute a physiological function A¥'y, to
depolarizations of individual mitochondria called “MitoFlashes” [6, 7] or “MitoWinks” [8].
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Under normal physiological conditions, the hyperpolarized inner membrane potential of
approximately —160 mV powers the production of ATP from ADP and inorganic phosphate
by the ATP synthase protein. The Adenine Nucleotide Translocator (ANT) transports ATP
out of the mitochondrial matrix once it is made and ADP into the matrix from the
intermembrane space and the cytosol. The IMM is very tight, or minimally leaky, and thus
significantly impermeable to protons and other charged substrates enabling A'Y), to be
maintained in an energy efficient manner. Protons are used to drive the ATP synthase located
in the IMM. Protons in the intermembrane space can also be used in a highly regulated
manner by uncoupling proteins (UCPs) found in the IMM to regulate temperature and by
specific transporters in the IMM (e.g. the Na*/H* transporter needed to extrude Na*).
Calcium (Ca?*) is also largely impermeant to the IMM but can enter the matrix through the
MCU (mitochondrial Ca2* uniporter) which is a low abundance, low conductance (pS),
highly selective CaZ* channel in the IMM[14, 15]. The MCU Ca2" flux is one of the
mechanisms that link cellular activity to mitochondrial function[16-18]. Ca2* is extruded
from the matrix by the highly regulated mitochondrial Na*/Ca2* exchanger (NCLX) [19—
21]. Together these transporters and channels minimally degrade A'Yy, through their leak of
charge. In contrast to the IMM, the outer mitochondrial membrane (OMM), readily conducts
small cations like Na*, K* and CaZ* through VDAC (the voltage dependent anion channel).
Both ADP and ATP cross the OMM in a regulated manner through VDAC.

Activation of mPTP provides a dramatic increase in a non-selective conductance across the
IMM and OMM and produces a rapid mitochondrial depolarization measured by the
decrease in fluorescence of TMRM (tetramethyl rhodamine methyl ester) or TMRE
(tetramethyl rhodamine ethyl ester). The activation of the mPTP is considered a rapid and
fairly non-selective permeability event. Consistent with the sudden opening of a large
conductance channel [22-26], this opening permits the 600 Da MW (i.e., calcein) or even
larger molecules of up to 1500 Da to enter the mitochondria [27, 28]. The identification of
the molecular component(s) of mPTP or the protein structure(s) responsible for the observed
events has (have) been problematic. At one point, the mPTP was thought to include multiple
components from the IMM and the OMM that would be assembled to produce mPTP that
spanned both membranes. One set of candidate components included three elements -
VDAC, ANT and mitochondrial matrix cyclophilin (CyP-D)[29-31]. After that
hypothesized set of components was ruled out by knockout experiments[32-35], several
groups have suggested that mPTP is composed of reorganized subunits of ATP synthase[36—
38]. However, this conclusion has remained controversial [39, 40]. Despite the unknown
identity of mPTP, clues to its identity, and its behavior, can be studied by monitoring AY .

The work presented here was carried out in quiescent ventricular myocytes in which new
instrumentation has enabled us to carry out an investigation of mPTP depolarizations and
their links to mitochondrial matrix [ROS] with great sensitivity. With this approach we have
investigated how ROS affects mPTP-dependent depolarization of spatially resolved
individual mitochondria. This approach is similar to that undertaken to characterize
MitoFlashes or MitoWinks. We used light to generate reactive oxygen species (ROS) in the
mitochondrial matrix loaded with TMRM or TMRE. TMRM and TMRE are fluorescent
indicators used by us and others to measure A'Y, and, like other chemicals, produce ROS
by absorbing photons [1-5]. These same dyes have been used by others to characterize
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depolarization events of individual mitochondria including MitoFlashes and MitoWinks.
However, with the combination of light intensity, dye concentration and low imaging rate,
we have been able to precisely control the dose of ROS systematically without materially
changing [Ca2*]; or [Ca2*]y [41]. Thus, under these conditions of [Ca2*]; remaining about
100 nM, increased ROS dose by repeated imaging, activates mPTP opening events.

We conducted a detailed examination of single mitochondrial depolarization and recovery to
learn more about the mechanisms that activate and regulate mPTP. In isolated quiescent
ventricular myocytes, single mitochondria we identified by the TMRM (or TMRE)
fluorescence that reports their membrane potential. Using confocal and super-resolution
imaging we visualized a time-dependent increase in transient mPTP openings (i.e., transient
depolarization and full recovery) that progressed to sustained depolarizations. Our
observation that the frequency and properties of mPTP events tracked with the relative
power of laser illumination suggested that level of ROS generated as the by-product of low
power laser illumination of TMRM (or TMRE) may be a driver of the effect. Our evidence
that scavenging ROS with NAC was equally effective in suppressing mPTP as inhibiting its
activation by CsA, confirmed ROS as central to the activation of mPTP. Given that no
electrical or mechanical stimuli has been applied to account for mPTP depolarizations in
quiescent ventricular myocytes with nearly constant ~100 nM [Ca2*];, our investigations
support the hypothesis that mPTP openings are driven by the level of ROS in the matrix[23]
under these conditions.

Material and Methods

AY¥) measurements in cardiomyocytes.

Ventricular myocytes were isolated using standard enzymatic approaches [42] from 6 week
old to 10 week-old Sprague-Dawley rats (250-300 grams). Ventricular myocytes were stored
in mammalian cell culture medium (Media 199, Gibco/Thermo-Fisher, USA). The cell
medium was supplemented with Insulin-transferrin-sodium selenite media supplement
(Sigma-Aldrich), penicillin, streptomycin, 50 uM Cytochalasin D, and 50 nM TMRM
(tetramethylrhodamine methyl ester perchlorate). The isolated cardiomyocytes were allowed
to settle on the glass bottom of a plastic imaging chamber (Lab-Tek™ Chambered No 1
Coverglass). The plastic imaging chamber was placed inside a microscope stage-top
incubator (INU TIZW, TOKAI HIT, Japan). The temperature within the stage-top incubator
was set to 37 °C and in normal air CO, was set to 5 %. Confocal measurements of A¥,
(using TMRM) was carried out by scanning with the 561 laser-line (Zeiss 880 Airyscan,
Germany, low illumination intensity). All procedures and protocols involving animal use
were approved by the Institutional Animal Care and Use Committee of the University of
Maryland School of Medicine. Airyscan 880 images were both standard confocal images
(whole cell) and deconvolved Airyscan images (zoomed in high resolution images) that were
further analyzed using the image-processing software /mageJ (Wayne Rasband, National
Institutes of Health, Bethesda, MD). Transient changes of A'Y, were analyzed up until the
imaged cellular region (68 pm by 68 pm) lost 5% of its initial TMRM fluorescence
(tg5=31.71 +5 minutes, n=7 cells). Further statistical analysis and plotting were done with
OriginPro 2018. All results are presented as mean + s.e.m.
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Tissue preparation and arterial smooth muscle cell isolation.

Rat cerebral arterial smooth muscle cells were isolated as previously described[43]. In brief,
Sprague-Dawley rats of either sex were sacrificed by intraperitoneal injection of a lethal
dose pentobarbital, and the brain was removed and placed into ice (4 ° C) cold HEPES-
buffered saline solution containing (in mM): (134) NaCl, (6) KCI, (1) MgCly, (2) CaCl,,
(10) glucose, (10) HEPES (pH 7.4 adjusted with NaOH). Posterior and cerebellar cerebral
arteries were dissected and cleaned of connective tissues. The arteries were then transferred
into HEPES-buffered isolation solution containing (in mM) (55) NaCl, (80) sodium
glutamate, (5.6) KCI, (2) MgCl,, (10) HEPES, and (10) glucose (pH 7.3 with NaOH), which
was supplemented with papain (0.7 mg/ml) and collagenase (1.0 mg/ml) for digestion.
Isolated smooth muscle cells were maintained in ice-cold (4°C) HEPES-buffered isolation
solution and used within 8 h after dissociation. All procedures and protocols involving
animal use were approved by the Institutional Animal Care and Use Committee of the
University of Maryland School of Medicine.

APy measurements in smooth muscle cells.

Results

Freshly isolated arterial smooth muscle cells were incubated in HEPES-buffered saline
solution with tetramethylrhodamine ethyl ester (TMRE,100 nM, to measure AY , for 20
min, followed by 5 min wash. To prevent cell contraction, 10 pM wortmannin was included
in all the experimental solutions. Zeiss LSM510 microscopy was used for fluorescence
imaging. Unless otherwise stated, 400 images sized 71.43 x 71.43 pm (512 x 512 pixels)
were acquired every 3 s at lower (1%) or higher (8%) laser power. Data were analyzed
offline using Image J 1.42q. Statistics and figures were processed and prepared using
OriginPro 2018. All results are presented as mean + s.e.m.

The data acquired in our investigation makes use of the Zeiss Airyscan 880 inverter confocal
super-resolution microscope to image rat cardiac ventricular myocytes and the mitochondria
therein. The myocytes were isolated and placed in an incubator imaging bath (37 © C, 5%
COy, 20% Oy, pH = 7.4). Mitochondria are densely packed within ventricular myocytes,
occupying approximately 1/3 of the cell volume[44—46]. The mitochondria were regularly
imaged every 9-12 seconds in a 68 micron by 68 micron square as shown in the Fig. 1A
diagram. Every 5 minutes an image of the entire cell was also acquired. The timing of these
events is shown in the time-line in Fig. 1B. The zoomed-in region of the whole cell image
shows the mitochondria that are polarized (red, very negative AY),). TMRM (tetramethy!l
rhodamine methy! ester) was used to image the mitochondria and used to report on the
mitochondrial membrane potential, AY\[47]. TMRM is an amphiphilic positively-charged
cell-permeant fluorescent indicator that readily dissolves in aqueous solutions and distributes
itself across membranes in a voltage-dependent manner[48-50]. The very low level of
illumination enables us to minimally perturb the redox state of the cell and the mitochondria,
thus enabling us to use this process as a tool to investigate mPTP behavior by what we call
“Optical Stress-Probe” imaging.
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Transient opening of mPTP.

Ventricular myocytes placed in the supplemented M199 media in the incubator adhere to the
glass coverslip that forms the floor of the incubator. The solution contains TMRM at a
concentration of 50 nM and this leads to the quasi-steady-state fluorescence signal in the
mitochondria shown in Fig. 2A, Left. The estimated —80 mV membrane potential of the
living adult ventricular myocyte at 37 © C underlies the movement of TMRM from the
extracellular solution into the cytosol and rapidly creates a steady-state distribution. The
steady-state level of TMRM in the cytosol leads to a steady-state level of approximately 20-
fold more than in the extracellular solution. Nevertheless, it still looks dark compared to the
mitochondria which are quite bright. The TMRM is used to identify polarized mitochondria
because they accumulate TMRM in the matrix at a very high levels (approximately 8,000-
fold more than the extracellular level and 400-fold more than cytosol) because of the very
negative A¥ . Fig. 2A, right panel, shows a super-resolution image of a normal rat
ventricular myocyte using the Zeiss LSM 880 Airyscan technology to image the TMRM in
the mitochondria. Further zooming in of the region identified in the small square shows three
mitochondria (see Fig. 2B). The time-dependent changes in the TMRM fluorescence of the
three mitochondria are shown in time-sequence (four items top to bottom). At the top all
three mitochondria are bright yellow-red at t=1529 s. The pseudocolor relative fluorescence
is shown to the right of the mitochondrial images. These three mitochondria are organized
diagonally from the lower left to the upper right. Twelve seconds after the top most image,
the second image from the top (at t=1541 s) shows that the middle mitochondrion is much
darker (nearly black, marked by a white arrow). Thirty seconds later, the third image was
acquired (at t=1571 s) and it shows that the middle mitochondrion has largely recovered its
fluorescence. A discussion of the kinetics of the changes in fluorescence intensity follows
below and in the Discussion. Much later (at time=1 hour), the mitochondria is very dark and,
like its neighboring mitochondrion in the upper right corner of the zoomed frame, it has
“permanently” depolarized while the mitochondrion in the bottom left is still fluorescent.

Photon stress.

Like all fluorescent indicators, illuminating the indicator with photons that are absorbed
leads to the production of reactive oxygen species (ROS) [1-3, 41]. In the experiments
shown here, every effort is taken to minimize the illumination level to keep the ROS
production by photon stress low. Fig. 2A shows a zoomed-out view of the entire ventricular
myocyte (Fig. 2A left) and the zoomed in view of about half of the cell (Fig. 2A, right). Fig.
2B shows the sequence of a mitochondrion before (top) it is transiently depolarized (second
from top) and when it recovers (third from top) and much later when it is permanently
depolarized (bottom). Fig. 2C shows the averaged relative fluorescence time-course of all
transient mPTP opening events. Normalization was made to the fluorescence level of each
mitochondrion before each transient mPTP opening event. For this average, the maximum
depolarization time was used to synchronize the transient events. The maximum
depolarization is shown to be associated with an average drop in TMRM fluorescence by 54
+2% and the half-time of recovery was 31 £ 6 s (478 events in 7 cells). The asymmetry of
the transient depolarization kinetics and the recovery kinetics is striking. This asymmetry is
probably due to a combination of a rapid depolarization (compared to the imaging interval)
when the transient mPTP opening event occurs and the mitochondrial capacitance is
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discharged. On the other hand, the much slower recovery time reflects the time it takes to
repolarize the mitochondria as the ETC pumps out protons when mPTP closes coupled with
the re-equilibration of TMRM as it diffuses across the mitochondrial membranes to
faithfully reflect the repolarized AYy;. More experiments will be needed to sort out the
detailed time-course and cause(s) of the asymmetry. It is still important to note that
measuring the time-course of changes in TMRM fluorescence (Optical Stress-Probe
imaging) does provide important detail surrounding the transient opening events.

What are the causes of the transient mPTP opening events and their recoveries?

The known ability of photon stress to produce ROS [1-3, 41] certainly appears to be a major
factor in the development of transient mPTP opening events. Additionally, there is the
historic evidence linking elevated mitochondrial ROS and elevated mitochondrial Ca2*
([Ca?*]p) to the activation of mitochondrial permeability transition. Other factors may also
play a role, such as mitochondrial matrix pH. Since ROS, [Ca?*]y, and pHy have been
argued to be important in the development of MitoFlashes[6, 7] and MitoWinks[8], the use
of Optical Stress-Probe imaging with simultaneous measurements of [H*]y and [Ca2*]u
would appear to be valuable to sort out the roles of these variable in future studies. Here we
show that the fast onset of depolarization (~9 s or less) is contrasted with the longer period
of recovery of polarization. Furthermore, the range of the extent of the depolarization shown
in Fig. 2D and Fig. 2E during mPTP opening events is wide (from a reduction of TMRM
fluorescence of about 20% to nearly 100%). It may possibly mean that there is a range of the
open time of the putative channel that underlies the event. This is illustrated in the example
shown in Fig. 2D (red trace) that lasts much longer than the typical event or than the average
of all events. The half time of recovery, however, is about the same (20-30 s) for all events.
These data are consistent with the opening of a channel to produce the onset of the transient
depolarization of variable time and a repolarization period that is similar for all events.
Repolarization then is consistent with the channel closure followed by a time-dependent
extrusion of protons by the ETC and diffusion of TMRM into the matrix from the cytosol.

Are transient mPTP depolarization events spontaneous elements in quiescent heart cells?

The simple answer based on our findings is probably not. Fig. 3A supports our conclusion
that transient mPTP depolarizing events almost never occur without photon illumination.
The first event in an imaged cell occurs on average after 8.4 minutes of imaging (x 1.1 SEM
n=21 cells). The first events for individual cells are identified in Fig. 3A to enable
comparison with Fig. 5C. Importantly the cumulative number of transient mPTP events (Fig.
3B) is slow to begin and increases non-linearly with time as does the number of transient
events per cell per minute (Fig. 3B). These observations, when taken together, suggest that
imaging generated ROS (i.e. photon stress) underlies many of the mPTP opening events that
we observe (both transient and permanent) in these experiments. Such conclusion is further
supported by the findings shown in Fig. 3D-I. In these experiments, the occurrence of
transient depolarization events is reduced by 80 % when the mPTP antagonist CsA (10 mM)
is present. Furthermore, the occurrence of transient depolarization events is reduced by 93 %
when the ROS scavenger NAC (10 mM) is present. As seen under control conditions, in the
presence of CsA or NAC, a gradual increase in the occurrence of events still develops over
time (see Fig. 3E and Fig. 3H) as one would expect if time-dependent accumulation of ROS
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plays a central role albeit at a different rate under each condition. Our findings shown in
Figs. 3 and 4 are consistent with the channel hypothesis for mPTP. This hypothesis posits
that the mPTP depolarization event occurs when the mPTP “channel” opens due to ROS-
dependent interaction with the mPTP protein complex. Fig. 4C shows that the number of
events (N) scale with the ROS burden: Ncontrol > Ncsa > Nnac. These data are also
consistent with the channel hypothesis when the mPTP terminates, a reaction that, if
spontaneous, should not depend on the ros burden. We observe that when the mPTP
depolarization event is over and the hypothesized channel closes the rate of closure does not
depend on how the opening was initiated (i.e. control conditions versus CsA treatment or
NAC exposure). In all cases, the tg 5 for recovery of Ay, should be similar. Fig. 4A shows
that the time-course of recovery does not appear to depend on the ROS burden: teontrol =
tcsa = tnac: As noted above Fig. 4C show the stark effect of CsA and NAC in reducing the
number of depolarization events observed over a time period of 30 minutes in each cell. Fig.
4D shows that like heart mitochondria, smooth muscle mitochondria produce depolarization
events more quickly when the illumination intensity is greater.

Transition from transient mPTP opening events to permanent mPTP opening events.

Fig. 5 shows the results of all ventricular myocytes that were imaged for one hour under
control conditions and while treated with either CsA or NAC. While transient mPTP opening
events were seen abundantly in the first 30 minutes in the region of interest (ROI) in all
control cells, an increasing number of permanent depolarizations occurred only in the
control cells. In all cells, the ROI was scanned every ~9 s. Fig. 5A shows a control cell and
the uniformity of the polarized mitochondria at the beginning of the experiment. Fig. 5A left
shows the whole cell and Fig. 5A right shows the zoomed-in ROI. After an hour of imaging,
many mitochondria in the ROI were permanently depolarized. Mitochondria in the rarely
imaged surround (imaged every 5 minutes) are virtually unchanged throughout the study
(Fig. 5B acquired at 60 min). Fig. 5C shows the fluorescence of the ROI in the control cells
and the variation cell-to-cell. Fig. 5D shows the large decrease in the average fluorescence
within the ROI of control cells (black line) and the very small decrease (almost none) in CsA
cells (red line) and NAC cells (blue line).

Discussion

We have examined mitochondria in healthy isolated rat ventricular myocytes at 37 °C for an
hour to track the behavior of the mitochondrial permeability transition pore (mPTP)
channels. The experiments took advantage of the fluorescent potentiometric indicator,
TMRM (tetramethyl rhodamine methyl ester), to measure the inner membrane potential
AY)\. We examined single mitochondria under near-normal conditions but in the absence of
cyclic contraction. The exposure to low level ROS due to photon-TMRM interactions
activated silent mPTP channels in mitochondria. Transient mPTP opening events appeared
first and were followed by permanent mPTP opening events. Both transient and permanent
mPTP depolarization events were antagonized by the antioxidant NAC and the mPTP
blocker CsA. These observations about mPTP depolarizations suggest that they arise from
the ROS generated by the imaging process itself and are not due to spontaneous functions of
the mitochondria. These mPTP opening events were primarily observed in single
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mitochondria and not in a highly interactive collection of mitochondria. This is clear
evidence that there is not a large network of electrically coupled mitochondria under the
conditions of these experiments. There are likely additional processes and mechanisms that
can lead to reversible depolarization AY), in intact cells that are beyond the scope of the
current work. We highlight the components of the mechanism relevant to this work in
discussion Fig. 6.

When considering our observations and findings in the context of published work, a number
of questions are raised. First, how do the new data presented here relate to the transient
depolarizations of individual mitochondria such as MitoFlashes and MitoWinks? Second, do
the mitochondria in heart operate as a network of interacting partners? (\We noted above that
this is unlikely.) Third, does the work presented here provide one or more tools that may
help in the quest to identify the molecular identity of mPTP channels?

MitoFlashes and MitoWinks.

The work reported here, focuses on the mitochondrial inner membrane potential or A¥yy,
and both transient and permanent depolarizations of individual mitochondria that occur
while imaging AY), with the fluorescent potentiometric indicator TMRM. We schematically
illustrate the process in Fig. 6. We do not measure mitochondrially targeted cpYFP
fluorescence (MitoFlashes) or formally examine MitoWinks in this paper. It is appreciated,
however, that MitoFlashes have been seen in both isolated myocytes and in functioning
tissue[51] and that MitoWinks have only been observed in isolated cells[6, 8]. While
MitoFlashes and MitoWinks appear to have many similarities, they may still arise through
different mechanisms. Note that MitoWinks have not been examined with cpYFP.
Nevertheless, our findings are relevant to both. Both phenomena are reported to be
associated with transient mPTP depolarizations (See Venn Diagram, Fig. 6B). Both
MitoFlashes and MitoWinks can be observed and studied in isolated quiescent ventricular
myocytes using photon-absorbing mitochondrially-localized indicators and imaged by
confocal microscopy as we have done here. In this study, we examined all of the
mitochondrial depolarizations that occurred in the region of interest (ROI) during the
examination period. Importantly, we observed mitochondria in the ROI for a longer period
of time but at a lower scan rate. We determined that virtually all depolarization events of the
mitochondria (both transient and permanent) were due to photon stress (i.e. photon-
generated ROS) during the observation period. We confirmed this by the huge reduction in
the number of depolarization events when the antioxidant NAC (10 mM) was applied. We
deduced that the depolarization events were due to mPTP because they were almost
eliminated by treatment with CsA (10 uM). Thus, we conclude that the depolarization events
we observed were due to the generation of ROS that opened mPTP.

The rate of occurrence of depolarization events under the conditions of the experiments
presented here was hugely lower than that reported by those investigating either MitoFlashes
or MitoWinks. The depolarization events in our ROI was 24-fold less than that seen for
MitoFlashes [6] and 20-50 fold less than for MitoWinks [8], when normalized to the
scanned area of the ROI. Note that in our experiments we acquired images every 9-12 s
under our extremely low illumination conditions in the presence of 50 nM TMRM. We
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attribute the lower rate of depolarization events to the lower frequency of the imaging done
in our experiments. Our imaging was still fast enough to resolve all of the events observed
by others.

In our experiments, there appeared to be no ROS “spill-over” effect from depolarized
mitochondria in the ROI affecting mitochondria within the cell but outside of the ROI. We
conclude this because the mitochondria in the same cell that were outside the scanned ROI
showed virtually no depolarizations contemporaneously with the depolarizations within the
ROI. See Fig. 5. The considerable controversy surrounding the mt-cpYFP fluorescence
signal and its interpretation[52-56] is not one that we have investigated.

Single mitochondria versus mitochondrial networks?

We present a compelling set of observations in the cardiac mitochondria that suggest
virtually all of the mitochondria in ventricular myocytes (i.e. sub-sarcolemmal,
intermyofibrillar, and perinuclear mitochondria) act as individual units. This is particularly
clear when these mitochondria are examined during the development of transient or
permanent mPTP depolarizations. Our finding here is different than the suggested network
of interconnected mitochondria of significant size with unusual features [57]. Based on our
data, the transient mMPTP opening events occur largely in single mitochondrial units for the
preponderance of observed events. Nevertheless, there were a small number of episodes
where two to four mitochondria were observed to transiently depolarize (and/or repolarize)
in synchrony. Consistent with this finding is our observation that the vast majority of
permanent depolarization events appear to take place in single mitochondria.

Transient depolarizations in mitochondria versus oscillatory behavior.

Here we report of transient Ay, depolarization displayed largely by individual
mitochondria. Other studies have described similar events as “oscillations” even when they
only report a single transient depolarization. The physiology or pathophysiology of true
oscillations have different mechanistic underpinnings. The opening and closing of a single
channel produces a transient change in current or a transient depolarization. The activation
of a system with some positive feedback or some regenerative signaling often produces
oscillations. Thus, cyclic repetitive cell-wide oscillations of A¥, may occur with
oscillations of mitochondrial NAD(P)H, both occurring with steady frequency [9-11]. These
oscillations have been observed by multiple groups working on an array of cell types. In
addition, other studies report of partially synchronized oscillations of A¥, in groups of
mitochondria or ‘clusters’ of mitochondria observed in isolated cardiomyocytes [58]. In all
cases, these are partially synchronized events where A¥), changes at once in numerous
mitochondria and thus require a synchronizing mechanism. These types of observations are
clearly different than those reported here. The changes of AY), that we observe do not have
a repetitive oscillatory frequency. The events that we observe include transient or more
permanent depolarization events limited to individual mitochondria. The distinction between
our findings here and the reports by others that show partially synchronized wide-spread
oscillations of AY'y; raises a number of interesting questions. For example, what is the
synchronizing mechanism? Do changes of AY reflect oscillations of mitochondrial energy
production or oscillations of cellular energy demands? There are likely additional important
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questions raised by these findings, and future research along these lines certainly represents
a fascinating direction to better understand mitochondrial biology. Nevertheless these events
are fundamentally different from the transient depolarizations in mitochondria that we report
here or the reports describing MitoFlashes [6, 7] or MitoWinks [8].

Origin of photon-stress induced mitochondrial depolarization.

We can only speculate on how photon-stress induced ROS production underlies the opening
of mPTP. Our observations suggest that the initial event is attributable to the oxidation of a
residue(s) on the mPTP protein complex that de-stabilizes the native protein complex. The
destabilization enables the mPTP to open for a short period of time (milliseconds to
seconds) and then close. Presumably, the closing is related to reduction of the oxidized
residue(s) allowing the protein complex to assume its original stable conformation. Our
methods (tracking the time-course of fluorescence intensity changes) do not provide much
functional or temporal information. Nevertheless, as intensity of the effect progresses with
greater or longer photon stress, perhaps a second tandem de-stabilization at a different site
on the protein complex leads to more permanent open state. Perhaps the antioxidant NAC
works by strengthening the native chemical reducing power of the mitochondrial matrix
environment. If so, perhaps CsA works to protect the mPTP protein complex and shield the
possible oxidation sites. More definitive molecular and quantitative biophysical information
is needed to better identify and characterize mPTP.

Identity of the mPTP channel remains uncertain.

Recent reviews account for the demise of the tripartite mPTP channel (VDAC, ANT and
Cyclophilin-D) [33-35, 39]. The essence of the argument is that mPTP events can still occur
in the absence of one or more of the components. A new major candidate for the mPTP
channel is ATP synthase or one or more parts of it [59, 60]. The essence of the arguments
against this hypothesized mPTP channel is that mPTP opening events continue to exist when
the putative key components of the ATP synthase are hobbled [39, 61]. The vacuum of
additional candidates makes the use of Optical Stress-Probe imaging an attractive approach
when searching for a new candidate and testing how well that new candidate works in heart
cells. It also makes it possible to investigate the physiology and pathophysiology of the
mPTP channel whether or not it acts as a transient mPTP channel or one that opens
permanently.

What is the function of the mPTP protein complex?

Neither we in this paper nor others have been able to answer this question clearly. What we
have presented here is evidence that under quiescent conditions with normal [Ca2*]; and
[Ca%*]p, the mPTP protein opens extremely rarely if ever as best we can determine.
However, under conditions that generate ROS, such as photon stress, transient
depolarizations occur more often. From our observations and those carefully delineated in
the work by Shrof and co-workers[4] we need to proceed with care and caution when the
process of observation may significantly affect our mechanistic investigations.
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Fig. 1. Diagram of Imaging Procedure.
A, Diagram illustrating how a single isolated ventricular myocyte was imaged. A square

(edge 136 um, red frame) was imaged by standard confocal scan 1024 x 1024 pixels with
low intensity (0.009 % laser power) 561 nm laser illumination. These images were acquired
every 5 minutes. Within the large frame, a high-resolution square Airyscan image (edge 68
mm, green frame) was acquired every 9-12 s after the previous image, XY resolution was
120 nm using low intensity 561 nm light. A blue box within the Airyscan frame is used to
illustrate that individual mitochondria can be viewed from within the Airyscan image.
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TMRM (tetramethyl rhodamine methyl ester, 50 nM) was in the extracellular solution (see
Methods) and thus entered the cytosol and the mitochondria. The TMRM was used to view
the inner membrane potential (AY ) of individual mitochondria. By this means AY'y, of
individual mitochondria was tracked dynamically at high spatial resolution. B, Cells were
imaged for 60 minutes and the time-line illustrates the imaging tasks during that period.
Imaging was done with a Zeiss Airyscan 880 inverted confocal microscope using a 63X oil
PlanApo lens NA=1.4.
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Fig. 2. Transient depolarization of individual mitochondria.
A left, confocal image of a cardiomyocyte showing the fluorescence of TMRM. Right,

deconvolved Airyscan confocal image of the central region (green box is the Region of
Interest or ROI) of cell shown on left. B, TMRM fluorescent of highly zoomed-in square
(edge 2.1 um) subcellular region from right panel of A. C, Time-course of transient
mitochondrial depolarizations; data reflect the average of many events in multiple cells (478
events, n = 7 cells). The TMRM fluorescence was reduced by 54%. The half-time of
recovery was 31 £6 s. D, Typical single transient depolarization shows TMRM reduction by
48% (blue trace), half-time of recovery 22 s; large transient depolarization shows TMRM
reduction by 98% (red trace), half-time of recovery 25 s. E, the event amplitude distribution
(478 events, n = 7 cells). See movie showing both transient mPTP opening events and
permanent mPTP opening events in the supplementary information.
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Fig. 3. The frequency of the transient mPTP opening opening events (depolarizations) of
individual mitochondria.

A, the number of transient depolarizations events seen over the first 30 minutes of the
imaging protocol. The initial transient mMPTP opening event of each of the 7 cells studied is
identified with an arrow. B, the cumulative number of transient mPTP opening events over
the first 30 minutes of the imaging protocol (total number of events is 414). C, The number
of transient mPTP opening events per cell per minute over the first 30 minutes of the
imaging protocol. D and G, same as (A) but with the either CsA or NAC added to the M199
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media at the indicated concentration. E and H, same as (B) but with the either CsA or NAC
added to the M199 as indicated. F and I, same as (C) but with the either CsA or NAC added
to the M199 as indicated. (n=7 cells for control group, n=5 cells for CsA group, n=5 cells for
CsA group).
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Fig. 4. Transient depolarization of individual mitochondria in the presence of Cyclosporine A or
N-Acetyl-Cysteine and in smooth muscle cells.

A, Time-course of transient mitochondrial depolarizations; data reflect the average of
multiple events in multiple cells (478 events in the control group, n = 7 cells, 46 events in
the CsA group, n =5 cells, 14 events in the NAC group, n = 5 cells). The half-time of
recovery is indicated for each group. B, the event amplitude distribution. C, The mean
number of transient depolarization events per cell observed during the first 30 minutes of
imaging (control group n =7 cells, CsA group n = 5 cells, NAC group n =5 cells). The *
denotes p-value <0.05 compared to the control group, Student’s t-Test. D, The time at which
the first depolarization event was observed in isolated smooth muscle cells. Green bar
summarizes the results obtained when the laser power was set to 1% (n=8 cells) and the
orange bar summarizes the results when the laser power was set to 8% (n=23 cells), the *
denotes p-value <0.05, Student’s t- Test.
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Fig. 5. Transient mPTP opening events transition to permanent mPTP opening events as photon
stress continues.

A, left, confocal image of a cardiomyocyte showing the fluorescence of TMRM at the
beginning of the imaging protocol. Right, deconvolved high resolution Airyscan confocal
image of the central region (ROI) of the same cell. B, left, confocal image of a
cardiomyocyte showing the fluorescence of TMRM at the end of the imaging protocol (i.e.,
after 1 hour). Right, deconvolved high resolution Airyscan confocal image of the central
region of the same cell. C, The time-dependent TMRM signal from the ROI. The
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measurements from each cell (color coded and numbered 1 through 7) are shown. D, The
average time-dependent TMRM signal from the ROI (n=7 cells for control group, n=5 cells
for CsA group, n=5 cells for NAC group, s.e.m shown).
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Fig. 6. Discussion figure.
A, Schematic diagram showing the core components of mitochondrial transient

depolarization events. The mitochondrial permeability transition pore (mPTP, black oval)
spans the inner mitochondrial membrane (IMM) and the outer mitochondrial memebran
(OMM). The mPTP can be activated by reactive oxygen species (ROS) produced by multiple
sources. The mPTP can also be activated by high levels of free Ca2* in the mitochondrial
matrix ([Ca?*]y). The [Ca2*], is set by the Ca?* entry via the mitochondrial CaZ* uniporter
(MCU) and the extrusion of Ca2* by the mitochondrial sodium calcium exchanger (NCLX).
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The “Optical Stress-Probe” evokes mPTP-dependent depolarization events through the
generation of ROS. B, Venn diagram illustrating the relation between different reported
depolarization events. Red ellipse: all events that involve depolarization of the IMM (i.e.,
depolarization of A¥),). Grey ellipse: all events that involve opening of mPTP. Green circle:
all events that involve MitoFlash (See Yu et. al., 2019 and [6]). Blue circle: all events that
involve MitoWinks (see [8]). According to the defining papers, there are depolarization
events that may be neither MitoWinks nor MitoFlash events; there are MitoFlash events that
may also be MitoWink events.
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