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Intrafibrillar and Perinuclear Mitochondrial Heterogeneity in
Adult Cardiac Myocytes
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Abstract

Mitochondria are involved in multiple cellular functions, in addition to their core role in energy
metabolism. Mitochondria localized in different cellular locations may have different morphology,
Ca?* handling and biochemical properties and may interact differently with other intracellular
structures, causing functional specificity. However, most prior studies have utilized isolated
mitochondria, removed from their intracellular environment. Mitochondria in cardiac ventricular
myocytes are highly organized, with a majority squeezed between the myofilaments in
longitudinal chains (intrafibrillar mitochondria, IFM). There is another population of perinuclear
mitochondria (PNM) around and between the two nuclei typical in myocytes. Here, we take
advantage of live myocyte imaging to test for quantitative morphological and functional
differences between IFM and PNM with respect to calcium fluxes, membrane potential, sensitivity
to oxidative stress, shape and dynamics. Our findings show higher mitochondrial Ca2* uptake and
oxidative stress sensitivity for IFM vs. PNM, which may relate to higher local energy demand
supporting the contractile machinery. In contrast to IFM which are remarkably static, PNM are
relatively mobile, appear to participate readily in fission/fusion dynamics and appear to play a
central role in mitochondrial genesis and turnover. We conclude that while IFM may be
physiologically tuned to support local myofilament energy demands, PNM may be more critical in
mitochondrial turnover and regulation of nuclear function and import/export. Thus, important
functional differences are present in intrafibrillar vs. perinuclear mitochondrial subpopulations.
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Introduction

Mitochondria localized in different regions of a cell, interact with local intracellular
structures and may display distinct morphological and biochemical properties. These
mitochondrial subsets may also exhibit different responses to substrates, inhibitors and may
vary in their energetics, sensitivity to stimulation, resistance to apoptosis, and other
characteristics. In cardiac mycoytes, mitochondria are spatially separated into different
populations. One just beneath the surface sarcolemma (subsarcolemmal mitochondria,
SSM), the major population which are between the myofibrils (interfibrillar mitochondria,
IFM), and a third population that is perinuclear (PNM). The IFM are organized in a lattice of
parallel rows surrounding and surrounded by the contractile myofilament and these IFM
may be restricted in their positions. This type of organization may provide bioenergetic
support for contraction and mitochondrial interactions with the cytoskeleton [1, 2] and
sarcoplasmic reticulum (SR) [3-5]. The heart performs energetically demanding work
(contraction, rapid cycles of ion transport) that require large amounts of ATP every second
and that work can dynamically regulate gene expression and protein synthesis to adapt to
different chronic workloads.

In adult cardiac myocytes, the precise matching of energy supply with demand are critical in
maintaining cardiac function at different workloads and substrate supply. Heterogeneity of
mitochondrial energetics can cause complex dynamic behavior to deal with these changes in
cellular workload or environmental conditions [6]. This includes local metabolic transients,
cell-wide coordinated redox transitions, and propagated metabolic waves within myocytes
[7]. There is growing evidence for functional heterogeneity of mitochondria with respect to
their biochemical, respiratory or enzymatic activities, Ca?* handling and membrane
potential. However most prior characterizations have relied on isolated mitochondria that are
separated from their normal in-situ environment [8-12], which may limit conclusions.
Confocal imaging allows spatial analysis of different mitochondrial populations in live
myocytes with respect to redox potentials [6] and mitochondrial Ca2* handling [13, 14].
However, these florescence sensors can be complicated by contaminating cytosolic signals.
Previous cardiac myocyte studies have mostly focused on comparing isolated SSM and IFM
[8-12], but less is known about how IFM and PNM differ in myocytes. Here we use real-
time confocal imaging on live cardiac myocytes to examine morphological and functional
differences between IFM and PNM.

In many cell types mitochondria are described as “highly dynamic”, including frequent
mitochondrial fission/fusion events and translocation within cells [15-18]. Indeed,
mitochondria in many cell types are dynamically rebuilt through continuous fusion and
fission process in response to various cellular signals. Mitochondrial fission is required to
create new mitochondria, but it also allows segregation of damaged mitochondria for
degradation. Mitochondrial fusion produces elongated mitochondria and allows exchange of
materials between mitochondria. Hence, mitochondrial fusion and fission appear to occur in
a constant and balanced manner to allow the mitochondrial network to adapt to metabolic
needs of the cell.
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We hypothesize that in cardiac myocytes PNM exhibit dynamic fission/fusion and
translocation similar to that described in other cell types, while IFM may be much more
static, constrained in part by their rigid organization in a “lattice” of parallel rows
surrounded by contractile myofilaments. The myofilament and Z-line structures could
severely limit both movement and dynamic interaction between IFM. Despite these spatial
restrictions cardiac IFM may exhibit dynamic interaction via nanotunnels and fusion/fission,
for which the key proteins are all expressed in cardiac myocytes [19-21]. However, there is
limited direct comparison of mitochondrial matility differences in IFM vs. PNM. Here, we
use multiple approaches to examine the morphology and functional dynamics of IFM vs.
PNM in adult cardiac myocytes. Our data indicated that IFM and PNM vary substantially in
morphology, Ca2* uptake, permeability transition pore (PTP) opening, motility, fission/
fusion events and mitochondrial turnover via mitophagy.

Mitochondrial distribution and morphology (IFM vs. PNM)

We studied mitochondrial organization and function using confocal imaging and electron
microscopy (EM) of intact and permeabilized rabbit ventricular myocyte. As classically
described in EM images [22] and in Figure 1A, IFM in adult ventricular myocytes are
aligned in longitudinal chains between the myofibrils, and seem to be squeezed into these
tracks by the myofilaments which perforce are longitudinally continuous. This may
contribute to the typically oval shape of IFM, and further lateral compression would be
expected during contraction as the sarcomere thickens. In contrast PNM distribute around
the nucleus and in the typically binucleate myocyte also in the space between the two nuclei.
These PNM typically appear more spherical in shape (Figure 1A). To quantify mitochondrial
morphology in these EM images, mitochondrial outer perimeters were individually traced.
The major mitochondrial shape descriptors including perimeter (meanSD for IFM vs PNM
respectively: 3.96+0.16 vs 3.0+0.13 um, p< 0.001), aspect ratio (1.89+0.08 vs 1.40+0.03, p<
0.001), circularity (0.757+£0.012 vs 0.825+0.008, p< 0.001), and form factor (FF) (1.38+0.03
vs. 1.24+0.02, p< 0.001) differed significantly between IFM and PNM (Supplemental Fig1).
Circularity is a two-dimensional index of sphericity (4me (surface area)/(perimeter)?) where
1.0 indicates a perfect circle (or sphere). PNM are smaller, more spherical and exhibit
shorter perimeter, whereas IFM have larger aspect ratios. Notably, PNM do lack the
myofilament constraints and that may contribute to the more spherical shape of PNM.
(Supplemental FigurelA-C). FF (the inverse of sphericity) also reflects complexity and
branching aspects of mitochondria.

Mitochondrial Ca2* handling in IFN vs. PNM

We measured mitochondrial Ca2* uptake in IFN vs. PNM in both intact and saponin-
permeabilized myocytes. Mitochondrial Ca2* participates in excitation-metabolism
coupling. That is, when Ca2* transients are larger or more frequent mitochondria accumulate
more Ca2*, which enhances ATP production via Ca?*-dependent dehydrogenases during
oxidative phosphorylation [23-25]. First, we measured mitochondrial CaZ* uptake caused by
electrical field stimulation of intact myocyte (at 1 Hz) after a long period of rest in low
[CaZ*] containing solution. The genetically encoded and mitochondrially targeted Ca2*
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sensor Mitycam was expressed via adenoviral infection as previously described [5]. The
Mitycam signal indicates that intra-matrix free [Ca2*] ([Ca2*]wito) gradually rises during
pacing over 2-3 min until pacing is switched off, allowing slow [CaZ*]wito decline. IFM
exhibited much faster initial rate of Ca2* uptake (1.10+0.35 vs. 0.63+0.23 s, *p<0.05) and
larger amplitude (0.220+0.06 vs. 0.151+ 0.06, *p<0.05, Figure 1 C-E). However, the post-
stimulation [Ca2*]ito decline, while faster in the IFM example in Fig 1C, was not
significantly different on average between IFM and PNM (Figure 1F). Figure 1G shows
measurement of mitochondrial membrane potential (y,) which was close to the negative
maximum achieved by inhibition of the FgF1-ATP synthase (typically-180 mV) in both IFM
and PNM, even during the period of 1 Hz myocyte stimulation. No difference in y, was
detected between IFM and PNM.

The faster Ca2* uptake observed in IFM could be due to an intrinsic differences in MCU-
dependent uptake rate, but in intact myocytes, local SR Ca2* release could create higher
[CaZ*]; around IFM vs. PNM [5]. To better assess the intrinsic mitochondrial Ca2* uptake
that is independent of SR Ca2* release, we also measured mitochondrial Ca2* uptake in
saponin-permeablized myocyte with 5 uM thapsigargin to prevent SR Ca2* uptake and
release, and with [Ca%*]; clamped by heavy buffering we raised [Ca%*]; in a step from 0 to 1
UM (Figure 11). IFM still exhibited faster initial Ca2* uptake rate vs. PNM (0.153+0.03 vs.
0.117+ 0.020, *p<0.05), and larger amplitude (10.96+1.73 vs. 9.03£1.28, *p<0.05 Figure
11-3), but no difference in the rate [Ca?*]wito decline (Figure 1L). However, the IFM : PNM
uptake rate ratio was smaller in permeabilized vs. intact cells, consistent with the idea that
some intrinsic differences (present in the permeabilized case) are further amplified by local
SR Ca?* release associated with excitation-contraction (E-C) coupling in intact myocytes.

We also tested whether IFM or PNM were differentially sensitive to oxidative stress induced
by exposure to phenylarsine oxide (PAO) application (Figure LM—N). We measured y, in
permeabilized myocytes (which was not different at baseline), but found that the IFM were
more readily depolarized by PAO. This might reflect either higher oxidative status or a
higher [Ca%*], in IFM, which would favor mPTP opening. Taken together, these findings
indicate that IFM and PNM have different Ca2*handling properties and sensitivity to
oxidative stress.

Mobility of mitochondria in adult cardiac myocytes (PNM vs. IFM)

Mitochondria are very dynamic in cells lacking the rigid structure of cardiac myocytes. Here
we tracked the movement of individual PNM vs. IFM using mitochondrially targeted GFP
(after Ad-mtGFP expression for 24-36 hr) via confocal imaging of live cardiac myocytes in
real time. During a 1 hr observation period, IFM essentially did not move (Figure 2A-C).
Only 0.04% of IFM moved detectably (2 IFM out of ~5700 mitochondria in 10 cells) and
the net movement of the mitochondrion in Figure 2D was less than 0.3 pm. For PNM we
observed movement in 70% of the 10 myocytes imaged during 1 hr of observation (and 32
out of ~1200 total PNM followed). An individual PNM tracked with mtGFP in Figure 2B-C
(mitol) traveled 2.8 um along the indicated path during 140 s before stopping, in contrast to
a simultaneously monitored IFM (mito2). The average distance of mobile and total PNM
(including the static PNM) was ~0.53 and 0.01 pm respectively (Figure 2E).

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 November 01.
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Mitochondria can also participate in fusion and fission. In static EM images we found some
branched, potentially transitional-shaped mitochondria, which might be undergoing fusion
or fission (Figure 3A). To assess this possibility dynamically we used Ad-mtGFP infected
adult cardiac myocytes to test whether fusion/fission events could be visualized in live adult
myocytes. Figure 3B shows two individual PNM that start 1.4 um apart and move toward
each other, apparently fusing into one mitochondrion. We also observed mitochondria which
appear to split or separate (Figure 3C) and others that seem to transiently interact (Figure
3D). These events were almost exclusively observed in PNM rather than IFM (Figure 3E).

To further test whether such apparent fission/fusion events are associated with mitochondrial
depolarization (Ayp,) we monitored TMRM and mtGFP in Ad-mtGFP transfected cardiac
myoctyes. Most of the events observed showed unaltered Ay, before and after fission/
fusion. However, two events were like Figure 4, in which one apparent daughter
mitochondrion (mito2) increased ym (normalized to mtGFP) vs. the other daughter (mitol)
slightly decreased y, after normalized to mtGFP (Figure 4D). This apparent differential y,
health in daughter mitochondria resembles results reported in COS7 cells [17].

To further test whether mitochondrial matrix content is exchanged in adult cardiac myocytes,
we expressed mitochondrial matrix-targeted Ad-mtDsRed in cultured cardiac myocytes and
measured fluorescence recovery after photo-bleaching (FRAP). If FRAP occurs in an
individual mitochondrion that would indicate mixture of contents with an unbleached
mitochondrion. But in the FRAP region, an unbleached mitochondrion could also move into
that region (reflecting matility). We compared the FRAP recovery rate for IFM and PNM for
up to 1 hr after photobleach in that given cell. PNM showed much faster FRAP rates vs. IFM
(0.273 £ 0.014 vs. 0.110 + 0.018 %/min, p< 0.01, Figure 5A-C). The higher PNM motility
would also affect the FRAP rate (in addition to fusion/fission). Indeed, the FRAP shown in
Figure D-E shows one mitochondrion that moved into the oval FRAP region (see enlarged
50 min image; Figure 5D). This was responsible for the rapid increase of the florescence at
50 min (labeled with *), which is much faster than the average FRAP rate (Figure 5E). Thus,
both mitochondrial fusion/fission and motility contribute to the FRAP in the PMN region. To
more specifically assess the contribution of fusion/fission to the observed FRAP rate, we
suppressed fusion/fission using the Drp-1 inhibitor mdivi-1 [26, 27] (that can also partially
inhibit Complex I [28]). Mdivi-1 strongly suppressed FRAP rate in PNM, but not in IFM
(Figure 5F—H). This suggests that more than half of the FRAP in PMN was due to fission/
fusion events, with mobility being responsible for less than half. The extremely low IFM
mobility directly monitored in Figure 2 might suggest that IFM FRAP with mdivi-1
(0.089%/min; dotted line) is an effective technical baseline, and if so fission/fusion may
exceed mobility for both PMN and IFM FRAP.

In addition to these FRAP experiments, we also used mitochondria-targeted and
photoactivatable GFP (mtPA-GFP) to produce GFP fluorescence only in a small cluster of
mitochondria whose fate could be tracked. Myocytes expressing mtPA-GFP (via adenovirus)
were also labeled with TMRM to identify all mitochondria. After photoactivation of mtPA-
GFP at 405 nm in PNM and IFM regions, we monitored fluorescence at 488 nm (Figure 6A,
left). The enlarged PNM region of interest (ROI; Figure 6A, right) show abrupt photo-
activation in several local mitochondria. In Mito2 and 3 (in the photoactivated region)

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 November 01.
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fluorescence progressively declined after photo-activation (by ~35% over 25 min; Figure
6C) while a neighboring mitochondrion (Mito4) just outside of the photo-activated region
exhibited a 50% rise in fluorescence (from 69 to 103). Mito6 just below Mito2-3 also
showed increased GFP, while Mito5 first lost and then gained GFP fluorescence. In contrast,
Mito7 (located just below Mito4) fluorescence did not change significantly. This is
consistent with Mito2, 3 and 5 transferring some GFP to Mito4 and 6, with Mito5 getting
some back later from Mito2—-3. This apparent matrix mixing between individual PNM
presumably results from fission/fusion events. Analogous analysis of an IFM ROl in this
same myocyte did not exhibit significant fluorescence shifts after photo-activation (Mito8—
10; Figure 6B-C).

To test whether this apparent PNM vs. IFM difference in mitochondrial dynamics is related
to distribution of fusion/fission machinery, we immunostained for the fission protein Drp1,
and fusion proteins Mfn1, Mfn2, and OPA, and co-stained with MitoTracker to identify
mitochondria. We did not detect striking differential localization (PNM vs. IFM) of these
mitochondrial dynamic proteins (Supplement Figure 2).

Perinuclear translocation may be critical in Mitochondrial Turnover

Unlike other cell types, adult cardiac myocyte mitochondrial trafficking is complicated by
myofilament structural constraints. Here, we explore the idea that mitochondrial biogenesis
initiates preferentially in the perinuclear region. We transfected Ad-mtGFP into cardiac
myocytes and monitored mtGFP expression. Fifteen hours post-transfection, mtGFP was
highly expressed in PNM, but less so elsewhere, while at 36 h post-transfection mtGFP
expression was more uniform throughout the myocyte (Figure 7A). While this might be due
to mitochondrial genesis, it might only reflect the faster protein translation in the perinuclear
area (and hence accumulation by local PNM). Our EM data does show perinuclear Golgi
enrichment near these PNM (Figure 7B). In live myocytes, confocal imaging using DRAQ5
to stain nuclei and NBD to indicate Golgi, we also find Golgi mainly in the perinuclear
region (Figure 7C). Thus, PNM are physically closer to protein synthesis sites for
perinuclear mitochondrial biogenesis.

This raises a question as to whether the perinuclear region is also related to mitochondrial
clearance and turnover via mitophagy. To encourage mitochondrial turnover via starvation,
we cultured cardiac myocytes in glucose free starvation media for 6 hr [29]. Starvation can
trigger mitophagy, where unhealthy mitochondria are degraded in autophagosomes and
lysosomes. We measured mitochondria and lysosomal co-localization as an index of where
mitochondrial turnover is occurring in live myocytes. Individual mitochondria were
visualized using mtPA-GFP (green) and lysosomes were labeled using LysoTracker (red;
Figure 7D). We photoactivated mtPA-GFP in multiple intrafibrillar regions before starvation
(green in Figure 7D, and observed mainly perinuclear lysosomes (red) at that time. Six hours
after starvation, mtPA-GFP from IFM was found to co-localize with lysosomes in the
perinuclear region (Figure 7D, right). This suggests that unhealthy mitochondria (or fission
products therefrom) were delivered from myofilaments or subsarcolemmal regions to the
perinuclear area where they fuse with lysosomes to be degraded (Pearson’s correlation: 0 vs.
0.5360+0.1, P<0.05, Figure 7E).

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 November 01.
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Next, we induced mitophagy by exposing myocytes to a mitochondrial depolarizing stress
(100 nM FCCP overnight; Figure 8). Here, myocytes expressed mtDsRed to label individual
mitochondria and we used LysoTracker green to track lysosomes. Our data showed little
evidence for mitophagy under normal conditions, but after a 6h FCCP exposure there was
increased co-localization of mtDsRed and LysoTracker (Pearson’s correlation; 0.04+ 0.03
vs. 0.20£ 0.03, **P< 0.01, Figure 8A, B, E). Moreover, we also observed an increased
perinuclear mtDsRed intensity after FCCP application. This might reflect delivery of
unhealthy mitochondria from intrafibrillar to the perinuclear region. To further test this idea,
we applied 5 pM Nocodazole to disrupt microtubule assembly. Nocodazole significantly
inhibited translocation of mitochondria to the perinuclear region (reduced PN/IFM
mtDsRed; Figure 8C-D) and the co-localization of mitochondria with lysosomes (Pearson’s
correlation: 0.20+ 0.03 vs. 0.05+ 0.03, ##P< 0.05, Figure 8C, E).

We conclude that IFM are normally non-motile with little basal fission/fusion activity (in

contrast to PNM). However, upon mitochondrial damage, IFM (or their fission fragments)
make their way toward the perinuclear region via microtubules to participate in lysosomal
mediated mitophagy.

Discussion

Mitochondria are crucial determinants in the life and death of cells and changes in their
morphology and function underlie processes [30, 31]. Unlike many cell types, in cardiac
myocytes the rigid myofilament and Z-line structures may cause morphological difference
between IFM and PNM. The proximity of IFM to the intense energy demands placed on the
myofilaments may also contribute to functional differences in mitochondrial Ca2*handling.
Here, we compared these two mitochondrial sub-populations from different perspectives and
investigated the functional significance of their regional differences.

Mitochondrial Structure and Function are Tuned to Subcellular Locations

Cardiac muscle requires large amounts of mitochondrially produced ATP for energetic
demands. Heterogeneity of mitochondrial oxidative differences were first demonstrated by
Palmer et a/. [10] using isolated mitochondria from SSM and IFM subsets. Several studies
have reported that IFM (vs. SSM) exhibited 50% higher levels of substrate oxidation and
higher activity of key oxidative phosphorylation enzymes, including succinate
dehydrogenase and citrate synthase [10, 32]. This difference might be the result of the
specific physiological roles reflecting different subcellular niches. The IFM are thought to
generate most of the ATP for contraction, while SSM may also provide energy supply for
active sarcolemmal transport of electrolytes and metabolites.

In contrast, PNM are less physically constrained, allowing them to assume a more spherical
shape and perinuclear clustering. PNM have been suggested to produce ATP close to the
nucleus and influence nuclear function. In both intestinal Cajal-like cells and atrial cardiac
myocytes, PNM play be critical in regulating local Ca2* waves and SR/ER Ca?" release
frequency by buffering Ca2* near the nucleus [33, 34]. Thus, spatially-defined mitochondrial
subpopulations can sense and modulate their local energy supply and demand as well as
Ca?* signaling. This may also reflect distinct chemical and metabolic properties of spatially

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 November 01.
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different mitochondrial populations [10, 35]. PNM may also regulate various nuclear
functions [36], including modification of promoters to alter transcriptional complex
assembly and mRNA expression [37].

Scanning EM showed distinct morphological cristae structure more dense in IFM vs. SSM,
consistent with higher ATP production in IFM [11]. We also observed morphological
differences between IFM and PNM (although we did not analyze cristae structure). IFM had
larger perimeters, areas and lengths, with aspect ratios close to two (1.9) vs. the more
circular PNM. Morphologically, PNM were for the most part isolated circular units with
many loosely clustered around the nuclear poles. Our data is 2D EM images, so we do not
know if Z-direction depths would match the shorter 2D dimension, but our results are
consistent with a previous study using 3D EM images [38]. IMF mitochondria are organized
into a lattice-like string of elongated beads alongside the densely packed force bearing
myofibrils, with each mitochondrion typically spanning the length of one sarcomere,
bounded longitudinally by dense protein structures at Z-lines (~1.8 um; Figure 1).

As above, the IFM may be specialized to provide high levels of ATP to support local
myofilament energy demands, such that mitochondrial number and morphology are
influenced by the local energetic cellular requirements [39]. Hence, in adult cardiac
myocytes, the larger and more active IFM (vs. PNM) could be an adaptation to the higher
energetic demands. This is also functionally in-line with our observation of higher IFM Ca2*
uptake in intact cells, which can promote oxidative phosphorylation and ATP synthesis.

Here, we measured [Ca2*]wito rise during both pacing and Ca2* transients in intact myocytes
and in response to a [Ca2*]-clamp pulse to 1 uM in permeabilized myocytes with the SR
disabled (preventing SR Ca2* release induced spatial gradients). In both cases, the initial rate
of [Ca]wmito rise (Fig 1D and J) and peak of Ca2* uptake were higher in IFM than PNM. This
difference was apparent in the Ca2*-clamp experiments suggesting that there are intrinsic
differences between IFM and PNM in situ. The fact that this difference was more dramatic
during physiological CaZ* transients, suggests that the IFM (vs. PNM) also have some
degree of preferential access to Ca2* released from the SR during E-C coupling. There is
direct experimental evidence for higher and faster increases of [Ca?*]wit near the location
where SR Ca?" release occurs vs. other locations (mid-sarcomere and perinuclear region)
which experience a [Ca]; signal closer to the cytosolic average [5].

The organization of IFM in cardiac myocytes also allows diffusible cytosolic messengers to
promote propagating waves of mitochondrial depolarization that can oscillate rhythmically
and cause cyclical changes in overall cellular energetics [40-42]. Notably, these oscillations
do not require direct physical interaction of neighboring mitochondria discussed below, but
are driven by diffusion of reactive oxygen species (ROS) via ROS-induced ROS release
waves [7, 43]. Hence, cytosolic diffusible messengers, local architecture, and the intrinsic
mitochondrial differences could all contribute to rapid and sensitive response to changes in
energy demand, but can bring with it the potential for metabolic instability.

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 November 01.
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Mitochondrial Movement, Fusion and Fission

We monitored mitochondrial movement by tracking individual mitochondrial position over
time (Figures 2-3), FRAP of mitochondrial targeted DsRed (Figure 5 and 8) and
photoactivation of mtPA-GFP (Figure 6-7). In these techniques movement can be
complicated by exchange of mitochondrial content mediated by fission/fusion events and
direct nanotunnels connecting nearby mitochondrial matrices [19, 20].

Most cells lack the rigid mechanical structure that surrounds IFM in cardiac myocytes. So it
is was not surprising that we found IFM to be nearly fixed in position for times up to 1 hour
in ventricular myocytes, which contrasts to substantial mobility of PNM (Figures 2, 3, 5 and
6). The exemplar PNM in Figure 2B—-C moved along the nuclear edge, suggestive of directed
rather than random movement. That is consistent with strong evidence in neurons that
mitochondria are transported along microtubules over long distances [44], and that when we
disrupted microtubules with nocodazole mitochondria were inhibited from traveling to the
perinuclear region during mitophagy (Figure 8). Thus, while random movement in the less
confined perinuclear region may occur, much of the directed mitochondrial translocation in
cardiac myocytes may be along the rich microtubule network in these cells including the
perinuclear region [45, 46].

The FRAP experiments illustrated best how both movement of unbleached individual
mitochondria into the bleached region may explain nearly half of the FRAP measured in
PNM. That is implied by the fact that inhibiting fission/fusion reduced FRAP by >50%
(Figure 5F). The IFM FRAP was much slower, and inhibition of fission/fusion had a
negligible effect (Figure 5G). Since there was little evidence for IFM movement in this time
frame, a substantial part of the very slow IFM FRAP (with fission/fusion inhibited) might be
mediated by the relatively stable nanotunnels described by Huang et a/. [19]. That is, even
without clear fission/fusion events, exchange of mitochondrial content between neighboring
mitochondria can occur [19, 20] and that may be the dominant pathway for IFM, while
fission/fusion and mitochondrial movement all contribute importantly to PNM FRAP. Eisner
et al. found that cultured vs. fresh cells exhibited different mitochondrial dynamics, so we
cannot rule out the possibility that IFM and PNM respond differently to culture that was
required for sensor adenoviral transfection [20]. However, we did not observe different
responses to culture between PNM and IFM, and our Rhod-2 experiments using fresh
isolated cardiac myocytes gave data that were consistent with the Mitycam [Ca]mito
measurements.

Mitochondrial fission/fusion also appears to differ dramatically between PNM and IFM.
PNM exhibited much more apparent fusion and fission activity vs IFM. Fusion-mediated
exchange of soluble matrix mtPA-GFP was readily observed in PNM, but not in IFM during
an hour of observation (Figure 6). In addition, the mdivi-1 sensitivity of FRAP was large for
PNM, but not in IFM, indicative of greater fission/fusion in PNM vs. IFM. This could be
partly caused by limited motion of IFM as observed experimentally and physical barriers
between neighboring IFM (Z-lines longitudinally and sarcomeres transversely). Despite this,
the apparent distribution of fusion/fission proteins was similar in IFM and PNM Suppl
Figure S2). Thus, the machinery is present (and that may be required for IFM turnover
discussed below). Of course, other factors may limit the local activities of these fission/
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fusion proteins (e.g. recruitment to the mitochondria, exact locations with respect to
regulatory protein partners, GTPases and post-translational modifications). Thus, while there
is abundant expression of these fusion/fission proteins, the fission/fusion activity could be
highly regulated in cardiac myocytes. We may underestimate the absolute frequency of
fission/fusion events in intact hearts because we studied primary myocytes 24-30 hr after
adenoviral infection in culture to reach adequate expression of the fluorescent proteins,
which Eisner et a/. [20] found to decrease these events. However, we do not think this is
likely to alter our comparisons between IFM and PNM in the same cells.

Mitochondrial Turnover and Mitophagy

Mitochondria have tissue-specific rates of turnover. In mouse heart, mitochondria turn over
with a half-life of 14 days [47], but in the liver, the half-life is only 2—-4 days[48, 49].
Selective mitochondrial autophagy, or mitophagy, eliminates damaged and dysfunctional
mitochondria [48] and is closely linked to mitochondrial biogenesis, which permits
replacement with healthy mitochondria and. Baseline mitochondrial turnover in healthy
myocytes is slow enough to make it hard to study in single cell/mitochondrial studies. So,
we stressed myocytes by starvation or FCCP to make the process more practical to monitor.

We observed starvation-induced mitophagy in the perinuclear space, and that IFM (with
photo-activated mt-PA-GFPh) had moved there from the interfibrillar space to undergo
mitophagy (Figure 7). FCCP also promoted mitochondrial translocation to the perinuclear
region and co-localization with Lyso-tracker. Lysosomes are relatively concentrated in the
perinuclear region. The less structured space and mitochondrial delivery there may facilitate
mitophagy. Moreover, microtubular disruption with nocodazole prevented the net
translocation of mitochondria to the perinuclear space, and the extent of mitochondrial-
Lyso-Tracker colocalization (Figure 8). Thus, the perinuclear region may be the active site
for mitochondrial clearance (for both IFM and PNM) and microtubules are important in
delivering damaged IFM mitochondria to the perinuclear region to undergo mitophagy. The
signaling pathways involved in mitophagy are complex and multifold [50, 51], but the
spatial migration of mitochondria as described here may be an important part of the process.
Future studies will be required to determine at what exact stage (and molecular steps) in the
mitophagic pathway lead to microtubule-mediated translocation of IFM to the perinuclear
myocyte domain.

Golgi are also enriched around the nucleus, which could also favor mitochondrial
biogenesis. Our data showed earlier mitochondrial GFP (mt-GFP) expressed in PNM
compared to IFM after transfection with mt-GFP. This suggests the IFM subpopulation
displayed a lower protein synthesis rate than the PNM, or that mitochondrially targeted
proteins are preferentially made near the nucleus and delivered more slowly to distant IFM.
A previous proteomics study, showed cardiac protein synthesis is slower at IFM than SSM
[9]. In neurons, it is thought that mitochondria are synthesized in the cell body and then
transported down the axon (along microtubules) and that damaged mitochondria are
transported back towards the cell body for degradation [52]. It will be interesting to test in
future work how much of that scenario pertains to IMF in adult cardiac myocytes.
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In conclusion, we have used live myocyte imaging to test for quantitative morphological and
functional differences between IFM and PMN. We found that compared to IFM, PNM have
lower rates of CaZ* uptake, are less sensitive to oxidative stress, are smaller and rounder, and
exhibit much more active translocation, fission and fusion. The relatively static IFM can
however, be mobilized during stress (starvation or FCCP) to translocate via microtubular
transport to the perinuclear region where mitophagy is more prominent. Thus, while IFM
may be physiologically tuned to support local myofilament energy demands PNM may be
more critical in mitochondrial turnover and regulation of nuclear-related functions. Thus,
important functional differences are present in intrafibrillar vs. perinuclear mitochondrial
subpopulations.

Methods

Cardiac Myocyte isolation, dye loading and permeabilization

Cardiac myocytes were isolated from New Zealand white rabbits and C57BL6 mice using
retrograde Langendorff perfusion using Liberase TM (0.075 mg/mL, Roche) and Trypsin
(0.0138%, Gibco) (37°C) as previously described [53]. All procedures were approved by the
University of California Davis Institutional Animal Care and Use Committee (IACUC) in
accordance with the NIH Guide for the Care and Use of Laboratory Animals. Freshly
isolated myocytes were plated on laminin-coated glass cover slip for >45 min before dye
loading. All experiments were performed at room temperature (RT) (22-23°C). Cells were
loaded with 2 pM Rhod-2 AM or 1 nM TMRM for 30 min, both at 23°C in nominally Ca
free Tyrode’s solution (in mmol/L: HEPES 5, NaCl 140, KCI 140, MgCl, 1, glucose 10; pH
adjusted to 7.4 with NaOH). 30 min were allowed for de-esterification. The A¥, in intact
myocyte was measured by TMRM under field stimulation at 1 Hz with 1.8 mmol/L
extracellular [Ca%*]. For plasma membrane permeabilization, cells were exposed to saponin
(50 pg/ml; 30 sec) which was then washed off, in standard intracellular relaxing solution
containing (in mmol/L) HEPES 10, K-aspartate 135, MgCl, 0.7, EGTA 2, reduced
glutathione 10, MgATP 5, glucose 10, pH 7.2.

Viral transfection
Freshly isolated cells were plated on laminin-coated glass cover slips in serum-free PC-1
medium (Lonza) supplemented with penicillin/ streptomycin for 45 min before transfection.
Mycoytes were exposed to adenoviral-mediated gene transfer of Mitycam, mtGFP, mtDsRed
and mtPA-GFP for 4 hours at a multiplicity of infection (MOI) of 500 virus particles per cell
(vp/cell), followed by replacement with fresh PC-1 media. Infected cells were cultured for
15 or 36 hr, with 1 final replacement of fresh medium 1 hr before experiments.

Transmission electron microscopy

Rabbit hearts were fixed by perfusion 2.5% (vol/vol) glutaraldehyde in 0.1 M Na-cacodylate
(pH 7.4), the TEM image acquisition and analysis were performed as previous study [54].

Solutions

A Ca-buffered, Ca-free, Na-free internal solution contained (in mmol/L): EGTA 5, HEPES
20, K-aspartate 100, KCI 40, MgCl, 1, maleic acid 2, glutamic acid 2, pyruvic acid 5,

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Luetal. Page 12

KH2PO4 0.5, pH 7.2 adjusted with Trisma base. To control [Ca?*];, 0.1 M CaCl, solution
was added as calculated with MaxChelator. Free [Ca2*] was confirmed by Ca-sensitive
electrode. Na*-free internal solution with low Ca2* buffering capacity and 100 nM free
[Ca?*] contained (in mmol/L): EGTA 0.05, CaCl, 0.0234, HEPES 20, K-aspartate 100, KCI
40, MgCI2 0.551, maleic acid 2, glutamic acid 2, pyruvic acid 5, KH,PO4 0.5, MgATP 5,
pH 7.2 adjusted with Trisma base. When NaCl was added to these solutions, equal amounts
of KCI were omitted. 40 uM cytochalasin D was included to inhibit myocyte contraction.
Starvation media (in mM): 20 HEPES, 110 NaCl, 4.7 KCI, 1.2 KH,POy, 1.25 MgSQOy, 1.2
CaCly, 25 NaHCO3 [29].

Confocal imaging scanning Mitochondrial

Rhod-2, TMRM and mtDsRed fluorescence were measured in (Nikon Al confocal
microscope, 60x water-immersive objective, 535 nm excitation, emission at 560 + 15 nm)
The mtGFP, LysoTracker green signals were measured with same confocal (488 nm
excitation, emission at 530 £ 15 nm). mtPAGFP signals were activated at 405 nm and
fluorescence collected using excitation at 488 nm and emission at 530 + 15 nm. Time-lapse
X,y images were acquired at 512 bit resolution and at the sampling rate of 507 ms per frame.

Chemicals and statistics

Indicators and NBD C6-Ceramide were obtained from Invitrogen (Eugene, OR),
LysoTracker green, LysoTracker red, MitoTracker green, DRAQ5 were obtained from
Thermo Scientific (Waltham, MA) oligmycin and FCCP from Calbiochem (La Jolla, CA).
To detect subcelluar distribution of fusion/fission proteins, anti-OPAL, Mfn1, Mfn2, Drpl
antibodies (Abcam) were used at 1:500 dilution. The secondary antibody carried fluorescein
isothiocyanate derivative (Alexa Flour 488; Molecular Probes) and was used at 1:1000
dilution. Data are presented as mean + SE of n measurements. Comparison between groups
used Student’s t-test, One-Way ANOVA (significant at p<0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
1. Within adult cardiac myocytes, mitochondria are morphological and
functional heterogeneous.
2. Compared to perinuclear, intrafibrillar mitochondria exhibit higher [Ca]mito

uptake and more sensitive to oxidative stress.

3. Perinuclear mitochondria exhibit higher mobility, fission/fusion events and
are critical in mitochondrial turnover.
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Figure 1. Perinuclear and intermyofibrillar mitochondrial morphology and ca?* uptake in
intact cardiac myocytes.

(A) Electron microscopy images of sections through left ventricular rabbit heart.

Intermyofibrillar mitochondria (IF) are often a rounded brick-shape (left), and perinuclear
mitochondria (PN) are more round and loosely arranged (right). (B) Ad-Mitycam indicates
mitochondria (and [Ca]mito), Di-8-ANEPPS indicates T-tubule (red) and Hoechst 33342

indicates the nucleus. Enlarged images from the indicated myocyte regions in B (scale bar

10 um). (C) Kinetics of [Ca]mito during 1 Hz pacing frequency in adult rabbit cardiac
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myocytes, mean initial [Ca]nito uptake rate (D), A[Ca] it amplitude (E) and decline
rate[Ca]mito When pacing stopped (F; n=6 cells). (G,H) Mitochondrial membrane potential
Ay after 1 Hz pacing, normalized to the maximal value with oligomycin (n=6 cells).
Kinetics of [Ca]mito change during Ca2*-clamp in permeablized (and SR disabled) cardiac
myoyctes (1), mean A[Ca]mito (K), initial uptake rate (J) and [Ca]mito decline rate (L; n=6
cells). M,N v, was normalized to the initial value, and mPTP opening time induced by
phenylarsine oxide (PAO; n=4 cells) was estimated as the time when a regression line for the
first 20 points of sustained yy, decay intersect the baseline.

J Mol Cell Cardiol. Author manuscript; available in PMC 2020 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Luetal.

A

@

Distance (um)

34

% mitochondira moving

- Mito1

Page 19

114 s 1h

50 100 150
Time(s)

80+ >
Cell No. Mito no. ®
-3 -3- :\;
e g =
= S
2 S 5
- a2 a _
o o 3 £ N=32 mito (7 cells)
QIR 3 2
21| 2 = | 8 @
Il 1l 1l %
=z ' &= = @ 0 S PE— =
3 L o i J lJ
PN IF PN IF 0.0 04 o.a' 12 16 20 24
Distance (um)

Figure 2. Motility of individual mitochondrion in adult cardiac myocytes.
(A) Right: expression of mitochondrial indicator Ad-mtGFP in adult cardiac myocytes (scale

bar: 10 um), (B) Enlarged images from the indicated myocytes regions in A (IF: lower ROI
and PN: upper ROI) at different time points (scale bar: 4 um). (C) Distance moved by
individual mitochondria indicated in B (IFM: mito2 and PNM: mitol) Mitol (labeled with
white *) moved along the nuclear edge indicated by dash lines and away from the neighbor
mitochondrion Mito3 labeled with yellow *. (D) Percent of cells (N, left)) and mitochondria
(n, right) exhibiting movement and (E) distribution of distances moved by individual
mitochondrion moved in PNM and IFM (n= 7 cells).
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Figure 3. Visualization of mitochondrial interaction in adult cardiac myocytes.
(A) EM images showed mitochondrial shapes (scale bars: 500 nm). (B) Two mitochondria

move towards each other along the path indicated by dash lines. Right: position and distance
of mitochondrion center indicated in left image at different time points. (C) mother
mitochondrion separates into two daughter mitochondria. Right: position and distance of
mitochondrion indicated in left image at different time points. (D) Transient mitochondrial
fusion (scale bars: 2um). (E) Percent of mitochondria exhibiting dynamic interaction.
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Figure 4. IMM Ay, during mitochondrial separation.

(A) Cardiac myocytes expressing Ad-mitoGFP (green) and mitochondrial membrane

potential sensor TMRM (red) (scale bar: 10 um). Right: enlarged images from the indicated
myocytes region in left images at different time points (scale bar: 2 um). Fluorescence of
mitoGFP (B), TMRM (C) and the TMRM/ mitoGFP ratio (D) of mitol and mito2 (in A) as a

function of time.
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Figure 5. PNM have faster fission/fusion rates than IFM.

FRAP Rate (%/min)

e e S
N w
i i

(=]
--
M

o

MitRed (a.u)

0 60 120
Time (min)
PNM IFM
[e] *%

Control +Mdivi-1

+Mdivi-1

Control

(A, D) Confocal images of cardiomyocytes transfected with Ad-DsRed before and after
photobleaching (PB) the ROIs at 540 nm (scale bar: 10 um, scale bar of enlarged images: 2
pum). (B, C) FRAP time course and rate for PN and IF mitochondria. (D,E) Exemplar ROI
where an existing mitochondrion appears to enter the ROI during FRAP period. (F-H)
FRAP of DsRed signal after photobleaching with and without Drp1l inhibition by Mdivi-1

(n=7 cells).
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Figure 6. Visualization of intermitochondrial communication in adult mouse cardiac myocytes.
(A) Confocal images of cardiomyocytes transfected with Ad-mtPAFGP (Green) and stained

with TMRM (Red) indicating individual mitochondrion, at different time points after
photoactivation of indicated ROIs. Right: Enlarged PNM region indicated in left images. (B)
Enlarged IFM regions indicated in (A) (scale bars: 4 um). Time courses of mtPA-GFP
fluorescence signal of PN and IF mitochondria over time. Individual mitochondria were
numbered in A and B as indicated to identify fluorescence changes in each mitochondrion

(©).
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Figure 7. Perinuclear region is highly active site for starvation-induced mitochondrial turnover.
(A) Confocal images of mitochondrial GFP expression in cardiomyocytes at 15 and 36 hrs

after transfecting Ad-mitoGFP. (B) EM image, (C) NBD Golgi staining in live cells
indicated that Golgi is enriched around nuclear (indicated by DRAQ5, violet). (D) Confocal
images of cardiomyocytes transfected with Ad-mtPA-GFPafter photoactivating ROIs (green)
at the cell periphery and stained with LysoTracker red to indicate lysosomes (Red), lower
panels are enlarged images from the indicated myocytes region in upper panels. (E)
Pearson’s correlation coefficient of mtPA-GFP and LysoTracker signal.
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Figure 8. Inhibition of mitochondrial trafficking to the lysosome at the perinuclear region.
Cardiac mycoytes stained with LysoTracker green and expressing mtDsRed before (A) and

after (B) applying 100 nM FCCP for 6 hr. (C) Ratio of DsRed signal (PNM/IFM) with and
without microtubule disruption (Nocodazole) during FCCP treatment. (D) Pearson’
correlation coefficient of mito-DsRed and LysoTracker green with and without Nocodazole
during FCCP treatment (n=6-12 cells).
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