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Exchanges of matrix contents are essential to the maintenance of
mitochondria. Cardiac mitochondrial exchange matrix content in two
ways: by direct contact with neighboring mitochondria and over
longer distances. The latter mode is supported by thin tubular
protrusions, called nanotunnels, that contact other mitochondria at
relatively long distances. Here, we report that cardiac myocytes of
heterozygous mice carrying a catecholaminergic polymorphic ventric-
ular tachycardia-linked RyR2 mutation (A4860G) show a unique and
unusual mitochondrial response: a significantly increased frequency
of nanotunnel extensions. The mutation induces Ca2+ imbalance by
depressing RyR2 channel activity during excitation–contraction cou-
pling, resulting in random bursts of Ca2+ release probably due to Ca2+

overload in the sarcoplasmic reticulum. We took advantage of the
increased nanotunnel frequency in RyR2A4860G+/− cardiomyocytes to
investigate and accurately define the ultrastructure of these mito-
chondrial extensions and to reconstruct the overall 3D distribution
of nanotunnels using electron tomography. Additionally, to define
the effects of communication via nanotunnels, we evaluated the
intermitochondrial exchanges of matrix-targeted soluble fluorescent
proteins, mtDsRed and photoactivable mtPA-GFP, in isolated cardio-
myocytes by confocal microscopy. A direct comparison between ex-
changes occurring at short and long distances directly demonstrates
that communication via nanotunnels is slower.
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Recent concepts of mitochondrial structure and function os-
cillate between two divergent views. One view emphasizes

the totally dynamic concept of a mitochondrial system, as seen in
bacteria and cultured cells, represented by individual elements that
enjoy extensive mobility combining large migrations between dif-
ferent areas of the cells with dynamic tubulation, fusion, and fission
processes (1–3). At the opposite end of the spectrum is a restricted
static view of mitochondria, as seen in mouse skeletal muscle, in
which mitochondria constitute a semipermanent extensive network
that allows intracellular energy distribution (4). Obviously, neither
extreme view applies perfectly to all cells, tissues, and functional
conditions. In differentiated skeletal and cardiac muscle, mitochon-
dria are stabilized in a stereotyped positioning relative to myofibrils
mostly because their movements are restricted by the narrow spaces
between the myofibrils and also because they are specifically teth-
ered, perhaps via mitofusin-2 to the membrane systems, mostly to
the sarcoplasmic reticulum (SR) (5–8). Exchange of matrix content,
DNA, and proteins and segregation of damaged mitochondrial
components are needed for maintaining mitochondrial and cell
functions (9, 10). Striated muscles have developed a unique system
of intermitochondrial communication either directly at short dis-
tances or via long nanotunnel extensions (11, 12). Neither type of
communication apparently requires a migration of the organelles
from their tethered sites. Unique intimate contacts, “kissing junc-
tions,” coordinate structural associations between mitochondria (13).

Ca2+ plays two major roles in mitochondrial functions. One is to
regulate oxidative energy production, permeability transition, and
other processes in the mitochondrial matrix (14). The other role is
to control mitochondrial dynamics via fission by targeting of Drp1
(15, 16) and via motility by targeting of Miro proteins (17–19) in the
cytoplasm. In some striated muscles, including mammalian myo-
cardium, mitochondria are strategically located for uptake and
sensing of small amount of Ca2+ during its release from the ad-
joining SR (6, 20, 21). This makes mitochondria particularly re-
sponsive to changes in Ca2+ homeostasis. The cardiac ryanodine
receptor (RyR2) is the SR Ca2+ release channel involved in normal
excitation–contraction (E–C) coupling in cardiac muscle. Mutations
in skeletal ryanodine receptor (RyR1) resulting in unbalanced Ca2+

homeostasis can affect mitochondrial morphology and distribution
(22, 23). Defects in mitochondrial dynamics and mitochondrial
morphology have also been reported in various cardiomyopathies
and heart failure but have not been linked to Ca2+ homeostasis.
In this communication we demonstrate an unusual cardiac mi-

tochondrial response to an engineered RyR2 mutation (A4860G).
The mutation depresses RyR2 channel activity during E–C cou-
pling, but also results in random bursts of Ca2+ release during
systole. Therefore, the myocytes are affected by a specific Ca2+

metabolism imbalance, resulting in a form of catecholaminergic
polymorphic ventricular tachycardia (24). The unique mitochondrial
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response is a striking increase in long-distance intermitochondrial
communications by widespread nanotunnel extensions (12). The
study of RyR2A4860G+/− cardiomyoctytes allows us to define and
differentiate between two modes of intermitochondrial communi-
cations (close proximity kissing and long-distance nanotunneling),
neither of which requires physical migration of the organelles.

Results
Ultrastructure of WT and RyR2A4860G+/− Cardiomyocytes: Variability in
Mitochondrial Shapes/Disposition. The RyR2A4860G+/− mutation in-
duces an unexpected, unique mitochondrial response in the myo-
cardium, but does not affect any other structural components (Fig. 1
A and B). Cardiac mitochondria in WT mice are discrete organ-
elles aligned in either single or multiple longitudinal rows between
myofibrils (Fig. 1A). They are approximately cylindrical with rounded
edges and occasional short tubular extensions, or nanotunnels (Fig.
1A) (12), and they are longitudinally oriented. The overall ap-
pearance and disposition of sectioned mitochondrial profiles in
myocytes from the heterozygotes are essentially the same as in
WT but with two exceptions. First, the frequency of nanotunnel
extensions is notably increased and that results in overall dis-
tortions of the mitochondrial profiles (Figs. 1B and 2 A and D).
Second, this is accompanied by a visibly higher occurrence of small
mitochondrial profiles in mutant (Fig. 1D) vs. WT (Fig. 1C) de-
tected in cross-sections.

Neighboring mitochondria may join each other either at their
ends or laterally at kissing junctions, which are very intimate
contacts involving a specific narrow proximity of the outer mem-
branes over small spots at short intervals (Fig. 1E) (12, 13). The
frequency of kissing junctions, or sites of possible communication
between large mitochondria, is essentially unaltered in the mutant
vs. WT. On average, 82% in WT and 89% in mutants of the mi-
tochondrial proximity sites have kissing junctions (Fig. 1E).

Analysis of Nanotunnel Structure, Disposition, and Frequency. The
higher frequency of nanotunnels associated with RyR2A4860G+/−

mitochondria offers the opportunity for an in-depth analysis of
nanotunnel microanatomy. Nanotunnels are funnel-shaped ex-
tensions at their origin, and their diameters decrease in proximity
of the mitochondria and then remain fairly constant within a range
of 0.04–0.20 μm (Fig. 2 A–C). All nanotunnels, even the narrowest
ones, clearly have outer and inner membranes; they contain matrix
proteins and show a continuation of the cristae, mostly aligned
parallel to the long axis of the tunnel (Fig. 2 B and C). This es-
tablishes a preferential pathway within the matrix for diffusion
along the nanotunnel’s long axis. Mitochondrial extensions con-
stituted only of the outer membrane as described in dividing
bacteria were never encountered, indicating that nanotunnels are
not simply stretched-out bridging connections between dividing
mitochondria that are in the process of moving apart.

Fig. 1. Mitochondria in WT and RyR2A4860G+/− cardiomyocytes. (A and B) Thin longitudinal sections of WT and RyR2A4860G+/− myocytes. Mitochondria are
longitudinally arranged in the spaces between the myofibrils, often in single file, constituting ∼40% of the cell volume. The majority of mitochondria are
cylindrical in shape with a variable diameter and length. Larger mitochondria infrequently extend protrusions, or nanotunnels (arrows), which are less
frequent in WT (A) than in RyR2A4860G+/− (B). (C and D) In cross-sections, the intersections of mitochondria and nanotunnels with the plane of section con-
stitute separate profiles, with variable diameter and distribution. Small profiles are less frequent in WT (C) than in RyR2A4860G+/− (D). (E) Contiguous mito-
chondria form kissing junctions (arrows) at their sites of close proximity. In these specialized contact areas, the outer membrane protrudes into periodic
contacts, and occasionally the inner membrane participates in the junction. The Inset is enlarged by threefold. The frequency of kissing junctions relative to
the closely apposed sets of mitochondria does not significantly differ in the two sets of myocytes: 82 ± 19% in WT (mean ± SD, 293 mitochondrial couples, 30
cardiomyocytes, three hearts) and 89 ± 12% in mutants (385 mitochondrial couples, 32 cardiomyocytes, three hearts).
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The length of nanotunnels profiles varies between 0.7 μm and
3.6 μm in thin sections. This is likely an underestimate of the
real length because the nanotunnels frequently escape from the
plane of the thin sections. For the same reason, connections
between two mitochondria via nanotunnels are seldom ob-
served, but one is seen in Fig. 2C. The frequency of nanotunnel

extensions relative to the number of mitochondria is approxi-
mately threefold higher in the mutant compared with the WT
(28 vs. 9) (Fig. 2D).

The Case for a Nanotunnels-to-Small Profiles Connection. An immediate
question to be considered is whether there is a direct relationship

Fig. 2. Images and quantitation of mitochondria and nanotunnels. (A–C) Mitochondria and nanotunnels in RyR2A4860G+/− myocytes. (A) Mitochondrial
outlines are distorted into a conical protrusion at the site of nanotunnel origin. A short segment of the nanotunnel (between arrowheads) is contained within
the section. (B) A very thin longitudinally oriented nanotunnel (between arrowheads) is followed for over 2 μm. (C) A nanotunnel extends transversely across
the fiber from the mitochondrion at the right to the one at the far left, overpassing and possibly kissing other mitochondria. The cristae are present and
aligned parallel to the long axis of the tunnel. Colored lines indicate correspondence between the diameter of a mitochondrion/nanotunnel and the nearby
sectioned profiles. (D) The ratio of nanotunnel extensions (#Nt) to sectioned mitochondrial profile numbers (#Mt) is higher in RyR2A4860G+/− vs. WT myocytes:
28 ± 9% (mean and SD, n = 588 mitochondria, 51 micrographs) vs. 9 ± 5% (n = 724 mitochondria, 54 micrographs), three hearts each; ***P < 0.0001 (Student’s
t test). (E) The number of mitochondria (#Mt) per area of EM images in longitudinal sections is not different in WT and RyR2A4860G+/−: 31 ± 9 (n = 32 areas, 980
mitochondria, 17 cells) vs. 28 ± 11 (n = 31 areas, 854 mitochondria, 16 cells), three hearts each; P > 0.05. (F) The average of mitochondrial area (μm2) in
longitudinal section is slightly smaller in the WT than in RyR2A4860G+/−: 32 ± 9 × 10−2 vs. 38 ± 11 × 10−2; *P < 0.05. (G) Average of mitochondrial area (μm2) in
cross-section is significantly higher in the WT than in RyR2A4860G+/−: 3.4 ± 0.5 × 10−2 (n = 15 areas, 448 mitochondria) vs. 2.6 ± 0.5 × 10−2 (n = 15 areas, 485
mitochondria), two hearts; **P < 0.001. (H) Relative frequency of mitochondrial profile areas in cross-sections of WT and RyR2A4860G+/− as percentage of total.
In mutant cells, there is a clear shift toward small profiles.
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between small mitochondrial profiles seen in thin sections and the
presence of nanotunnels.
The overall number of mitochondria per area of thin longitu-

dinal section is not different in RyR2A4860G+/− and WT (Fig. 2E).
The average areas of sectioned mitochondrial profiles measured
in longitudinal sections is also not very different (0.36 μm2 vs.
0.31 μm2) (Fig. 2F). On the contrary, cross-sections give data
apparently conflicting with the data above. First, the average areas
of profiles measured in cross-sections is smaller by two orders of
magnitude than those in longitudinal sections (Fig. 2G). The
reason for this apparent discrepancy is that the orientation of both
mitochondria and nanotunnels are strongly anisotropic: both are
oriented in a longitudinal direction, parallel to the myofibrils’ long
axis, and the length of the mitochondrion contributes significantly
to the measured area (Fig. 1 A and B). Second, the mitochondrial
areas in cross-sections are significantly smaller in RyR2A4860G+/−

vs. WT (0.025 μm2 vs. 0.034 μm2) (Fig. 2G). The reason for this
result is that profiles of mitochondrial bodies and of their nano-
tunnels extensions appear as separate entities in cross-sections,
and each nanotunnel can give rise to small mitochondrial profiles
at several points along its length (Fig. 2C). Indeed, the histogram
in Fig. 2H, from cross-sectional data, shows a large spike in the
frequency of mitochondrial profiles with areas of 0.016–0.024 μm2

consistent with that expected from sections cutting at right angles
to nanotunnels with the diameter mentioned above (Fig. 2C), and
their presence contributes to the apparent decrease in average
mitochondrial dimensions in mutants (Fig. 2G).

The Complex Distribution of Nanotunnels and Its Relationship to
Microtubules Is Evidenced by EM Tomography and 3D Imaging. To
directly assess the contribution of nanotunnels to small mito-
chondrial profiles observed in thin section (Fig. 3 A and B), we
followed the path of nanotunnels through 0.4-μm-thick sections

using electron tomography (Fig. 3 C–I; Movie S1). In the serial
images, three long nanotunnels contribute to several small, round
mitochondrial profiles visible as individual images. Interestingly,
microtubules (Fig. 3 C–G and Movie S1) follow the path of
nanotunnels (see also below).
Mitochondria extending nanotunnels and microtubules were

segmented and reconstructed in 3D (Fig. 4; Movies S2–S4). This
more clearly shows that the majority of small mitochondrial profiles
are sections through nanotunnel extensions. Nanotunnels are quite
convoluted and have varied orientations relative to each other and
the myofibrils, but they do not show any evidence for direct con-
nections to each other even when they are separated by small
distances. Under low magnification, a large zone of intense mito-
chondrial network was reconstructed (Fig. 5; Movie S5). In the
volume of the section, nanotunnels pass over each other and other
mitochondria forming part of an extensive complex assembly (Fig.
5; Movie S6). Due to limitations of the reconstruction, which did
not cover a sufficient depth, it was not feasible to demonstrate di-
rect mitochondrion-to-mitochondrion continuity via nanotunnels.
Ultrathin sections of rapidly frozen cardiomyocytes, as well as

electron tomography and 3D reconstructions, showed an abun-
dance of microtubules in close, parallel proximity with nano-
tunnels (Fig. 6; Movie S7), suggesting that microtubules may
contribute to tunneling dynamics. Interestingly, electron micro-
graphs show that cristae in nanotunnels are aligned parallel to
the longitudinal axis of the extensions, suggesting the possibility
that these structures arise from a pulling action along the mi-
crotubules (Fig. 2C), consistent with the hypothesis that micro-
tubules are involved in this process.

Two Modes of Intermitochondria Communication with Different
Kinetics. To evaluate whether the presence of nanotunnels af-
fects the flow of matrix-targeted soluble fluorescent proteins

Fig. 3. The relationship between nanotunnels and small mitochondrial profiles imaged in rapidly frozen RyR2A4860G+/− myocytes. (A and B) In thin sections,
the small profiles 1, 2, and 3 belong to three nanotunnels that are partly included in the section thickness and generate small apparently separated profiles at
the edge of the section. (C–I) Sequential images taken from a tomogram of a 0.4-μm section (235 images recorded) provide images equivalent to those in thin
sections (Movie S1). Three different colors identify profiles that appear continuous in some part of the tomogram but contribute to apparently separate
profiles in other views. Microtubules colored in purple (C–G) follow the path of nanotunnel profiles (Movies S1 and S7).
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between mitochondria, we compared exchanges of mtDsRed
and mtPA-GFP between mitochondria of isolated WT and
RyR2A4860G+/− cardiomyocytes. mtPAGFP was photoactivated
within two to five small square areas (25 μm2) per cell, resulting
in simultaneous bleaching of mtDsRed in the same area (Fig.
7A). During the time of recording (165 cycles at 3-s intervals),
the mtPA-GFP fluorescence decays in the photoactivated (PA)
areas whereas small positive spots appear within a few microns
(Fig. 7A). The fact that the proteins are within the mitochondrial
matrix indicates flow through some mitochondrial extensions
and/or exchanges between mitochondria.
The overall fluorescence decay in the PA areas is a direct

measure of the rate of loss of mtPA-GFP and gives an indication
of the movement of matrix proteins from one set of mitochondria
to others. The mtPA-GFP decay is significantly slower in hetero-
zygotes than inWT cells. At 445 s after a 15-s activating pulse (Fig.
7 B and C) the fluorescence has decayed by 12% of the value at
photoactivation in heterozygotes compared with 29% in WT.
Analysis of individual acceptor organelles outside the PA

areas simultaneously detected the time course of two indicators
for matrix exchange between organelles: the gain of mtPA-GFP
from a donor and the loss of unbleached mtDsRed to the same

donor. The time course of the mixing kinetics shows the green
fluorescence increasing whereas the red one declines in the ac-
ceptor within the same time interval until equilibrium is reached
(Fig. 8). To compare dynamic rates and geometric factors, we ar-
bitrarily divided the matrix mixing events into two groups: “slow”
events that require >30 s (30–111 s in WT and 30–183 s in mutant)
to reach equilibrium and “fast” events that require <30 s (Fig. 8).
The percentage of slow events is significantly higher in the mu-
tant than in WT (56% vs. 24%) (Fig. 8D) in good agreement with
the slower overall fluorescence decay in RyR2A4860G+/− (Fig. 7C).
Events also differ in terms of the distance between the edges

of the PA areas and the site of appearance of new mtPA-GFP
spots presumably representing acceptor mitochondria. Consid-
ering that in the electron micrographs the length of mitochon-
drial nanotunnels averaged between 0.6 μm and 3.6 μm, we
decided that a threshold of ≥1 μm is a sufficient distance to in-
dicate a communication requiring the presence of a nanotunnel
in events at a “long distance” (Fig. 8 A and B; Movie S8). “Short-
distance” events, by contrast, indicate increases in mtPA-GFP
intensity at <1 μm in distance from the PA area or a PA neigh-
boring mitochondrion (Fig. 8C; Movie S9). We estimated the fre-
quency of long-distance events in a subset of cells. Long-distance

Fig. 4. Three-dimensional reconstruction of mitochondrial nanotunnels in RyR2A4860G+/−. (A) Orthoslice view of cardiac muscle with mitochondrial nanotunnels
and microtubules segmented and reconstructed using electron tomograms. Each color identifies a specific mitochondrion (Movie S2), whereas microtubules are
highlighted in purple. (B and C) Mitochondria and microtubules are shown in the volume of the section (566 millions voxels) in different orientations. Nano-
tunnels extend in three dimensions through the volume of the myocyte, passing over each other and appearing as small, round mitochondria on the surface of
the section (Movie S3). Microtubules follow their profiles. (D–F) Three representative orientations emphasize the complexity (Movie S4).
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events are significantly more frequent in RyR2A4860G+/− cells than
in WT: 43 vs. 21% (Fig. 8D) with a distance range of 1–6 μm.
This is in general agreement with the higher frequency of nano-
tunnels in RyR2A4860G+/− cells.
If communication via nanotunnels affects the rate of fluores-

cent protein exchange, we should find some relationship between
the rate of matrix mixing and the relative positions of donor and
acceptor mitochondria. Close to 100% of long-distance events in
mutant (27 of 28) and WT (13 of 14) show slow mixing kinetics.
Short-distance events have predominantly, although not exclu-
sively, fast kinetics (73 and 76% of total respectively in mutant
and WT). Fig. 8 compares examples of two long-distance events,
where the transfer of mtPA-GFP is relatively slow (≥40 s to
reach the equilibrium in this case), with two short-distance
events, where the mixing kinetics are either fast (20 s) or slow
(60 s). These data are in agreement with the general slow ex-
change in long-distance events and the mixed slow/fast exchange
in short-distance events. In conclusion, the kinetics of long-
distance and short-distance events are essentially similar in WT
and mutant, but their frequencies are different, suggesting that

the overall slower transmission in the latter is due to the in-
creased frequency of long-distance, slower events.
Direct observations of mtPA-GFP movement along nanotunnels

were infrequent. A combination of the small size of the nanotunnel
and the rapidity of matrix protein movement along it are the
probable causes. Figs. 8B and 9 offer rare direct views of nanotunnel
activity with the movement of small mtPA-GFP boluses along a
single narrow path ∼5 μm long (Fig. 9C; Movie S10).
To investigate the cause of the slow rate of matrix mixing be-

tween mitochondria located at longer distances from each other,
the rate of matrix flow along nanotunnels needs to be considered.
The ratio between the time of the first appearance of green
fluorescence in a distant mitochondrion acceptor and its distance
from the PA area is quite variable, indicating a possible rate of
flow between 4 nm/s and 121 nm/s (mean 43 nm/s ± 34 nm/s).
Thus, the influence on mitochondrial mixing rates by the rate of
diffusion along the nanotunnels is quite variable and may not be
the limiting factor.
A final observation is that during imaging of >200 PA areas

for 500 s each, no migration of mitochondria was detected.

Fig. 5. Complexity of nanotunnel dispositions in a large sectional area of RyR2A4860G+/−. A tomogram was recorded at lower STEMmagnification (14,000×) to
reconstruct a large area of intense mitochondrial nanotunneling activity. Mitochondria not extending nanotunnels are colored in pale brown; mitochondria-
extending nanotunnels are highlighted by different colors. (A) Orthoslice view of the myocyte with mitochondrial 3D reconstruction (Movie S5). (B) View of
mitochondria in the myocyte volume (255 million voxels) showing the complex arrangement in a crowded area (Movie S6). (C) Three-dimensional model of
nanotunnels showing their variability on length; some extend over several microns.
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Each mitochondrion has a well-visible imprint in the confo-
cal images once its mtPA-GFP is activated. Migration of an
entire mitochondrion from the activated area would leave be-
hind a notable local dip in fluorescence and would appear as a
large positive spot elsewhere. This clearly demonstrates the
basic stability of the mitochondrial positioning between
the myofibrils.

Discussion
The unexpected effect of the RyR2A4860G mutation on mito-
chondrial morphology and kinetics provides an approach for the
differentiation of two modalities of intermitochondrial matrix

exchanges: (i) at direct large contact sites and (ii) via narrow
nanotunnels between distant organelles (12), both occurring
without movement of the individual organelles. The static EM
images indicate an apparent and intense activation of nano-
tunneling activity in the mutant that is surprisingly linked to
depression rather than enhancement of intermitochondrial ma-
trix exchange rates: in mutant cells the overall frequency of ex-
change events is slightly reduced, and the relative incidence of
long-distance, intrinsically slower events is higher. The combi-
nation of the two factors may be at the basis of the slower overall
rate of matrix exchange. However, it cannot be excluded that the
mutation causes a primary functional defect in the mixing. This

Fig. 6. Microtubules apparently guide nanotunnels. (A and B) Ultrathin section of rapidly frozen cardiomyocyte. Microtubules (in purple) are very close to
mitochondrial profiles and are oriented following the direction/orientation of nanotunnels. (C–H) Selected images from two tomograms showing microtu-
bules that accompany nanotunnels (red and green in C–E and yellow in F–H) (Movie S7).

Fig. 7. mtPA-GFP fluorescence decay in WT and RyR2A4860G+/− cardiomyocytes. (A) Representative WT cardiomyocyte showing PA areas (squares) at 15 s from
irradiation and at the end of recording (500 s). The mtPA-GFP fluorescence decays in the selected areas whereas small positive spots (arrowheads) appear in
their vicinity. (B) Intensity of mtPA-GFP fluorescence signal in PA areas normalized to PA peak value during 500 s of recording. Gray curves represent indi-
vidual regions; blue and red, the average in WT and heterozygotes, respectively. (C, Left) Direct comparison of the two average traces. The decay is faster in
WT. (Right) At 445 s post-PA, percentage decay of signal is significantly smaller in heterozygote (red) than in WT (blue): 12 ± 16% (mean ± SD) vs. 29 ± 18%,
***P < 0.0001; 36 cells, 109 PA areas, from three RyR2A4860G+/− mice and from 53 cells, 126 PA areas from four WT mice.
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work establishes a well-defined level of mitochondrial behavior
in normal myocardium that can be used as a platform for com-
parison of altered behavior in this mutation as well as in other
cardiac pathologies.
In both WT and mutant cells, exchange events occur at a rel-

atively low frequency in comparison with the frequency of sites at
which mitochondria are closely apposed to each other at kissing
junctions and/or presumably at the end of nanotunnel extensions.
Therefore, the initiation of an event must involve some stochastic
transition in the relationship between the two interacting mito-
chondria. One possibility (11) is that an exchange is initiated by an
actual fusion event that permits direct mixing of matrices. A sec-
ond possibility (12) is that the membranes at kissing junctions
become permissive to direct movements of proteins from one
organelle to the other. Both hypotheses have some intrinsic weak-
nesses. In the case of fusion, the problem is that the matrix ex-
change is relatively slow, even considering the possible negative
effect of matrix space complexity. In the case of kissing junctions,
a yet-unexplored mechanism by which opening of pores in both
outer and inner membranes is coordinated, must be provided.

Regardless of the mechanism by which communication is
established (either fusion or gating of kissing junctions) the dif-
ference in the rate of exchange between long-distance events
involving nanotunnels and those at close range involving contacts
between the main body of mitochondria is most likely to be re-
lated to differences in their geometry. In 3D reconstructions,
nanotunnels, even where crowded in a small space, do not seem
to make frequent contacts with each other and with large mito-
chondria. This may indicate that the sites of communication are
near the nanotunnel tips. The orientation of cristae and matrix
spaces seem to facilitate flow along the length of the nano-
tunnels, but given the small diameter, the area of contact at the
tips is quite limited, thus providing a restriction for matrix flow.
Cell-to-cell communication via long narrow extensions are not
unique to cardiac mitochondria. Free bacteria also communicate
via short connecting tunnels (25) and so do higher cells (26),
although in the latter case the communication may be restricted
to the ferrying of organelles.
One interesting question is whether exchanges via nanotunnels

depend on the availability of preformed elongated paths or whether

Fig. 8. Long- and short-distance events and mixing kinetics. Representative images and examples of mixing kinetic events in WT selected for their visibility. (A) Long-
distance event where an increase in mtPA-GFP intensity is detected at ≥1 μm from the PA area. The #1 mitochondrion, located in the PA area, slowly donates mtPA-
GFP fluorescence to the #2 mitochondrion. (a′) Increase in mtPA-GFP fluorescence and decrease in mtDsRed of #2 mitochondrion occur with the same time course.
Equilibrium is reached after 45 s. (a′′) The presumed donor, #1 mitochondrion, loses mtPA-GFP fluorescence in parallel to an increase in the acceptor (#2). (B) Rare view
of a GFP-labeled nanotunnel (arrowheads) that reaches a mitochondrion over a long (∼6-μm) distance (arrow) (Movie S8). (b′) Fairly slow exchange of mtPA-GFP and
mtDsRed (40 s to equilibrium). (C) Two short distance events displaying different mixing kinetics: fast, betweenmitochondria #1 and #2, and slow, between a not-well-
identified mitochondrion in the PA area and #3 (Movie S9). (c′) The fast-mixing kinetics in #2 mitochondrion leads to equilibrium in 18 s; mtPA-GFP and mtDsRed
fluorescence are mirror images of each other. (c′′) mtPA-GFP fluorescence in the presumptive donor and acceptor (mitochondria 1 and 2). (c′′′) Slow-mixing kinetics in
#3 mitochondrion that leads to equilibrium in 84 s. (D) The percentages of both long-distance and slow-mixing kinetics events are increased in RyR2A4860G+/− vs. in WT.
Data are from 82 events, 13 cells, 34 PA areas, and three mice for WT and from 66 events, 14 cells, 38 PA areas, and four mice for RyR2A4860G+/−.
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nanotunnels develop in the process of an exchange event. The high
frequency of nanotunnels in mutant myocytes may favor the former
hypothesis, but unfortunately live images cannot solve the question
because a nanotunnel is visible only when filled with activated
mtPA-GFP. Regardless of the moment of formation, it is likely that
nanotunnels are generated by an active pull of the mitochondria
along microtubules. The frequent nanotunnel–microtubule apposi-
tions and the orientation of cristae is just what one would expect
from such a mechanism. Incidentally, this possible mechanism of
nanotunnel generation implies a mechanical anchorage of mito-
chondria (via tethers) that lets them resist the pull, consistent with
lack of evidence for mitochondrial migrations in live images.
Short- and long-distance matrix exchanges between cardiac

mitochondria allow the necessary communication without need of
disrupting the original position of the organelles. In skeletal
muscle of some species, the dichotomy between a large mito-
chondrion body and long, thin extensions is not as marked as in
cardiac muscle because the whole mitochondrion is thin and
elongated (27). It is not known how actively these mitochondria
expand/retract along the narrow spaces available, but clearly they
maintain a specific relationship to the triads.
The frequencies of small mitochondrial profiles and nano-

tunnels are higher by a factor of ∼1.5 and ∼3, respectively, in
mutant vs. WT myocytes. The EM data illustrate that each
nanotunnel and/or shorter mitochondrial extension contribute to
several apparently separate small profiles in thin sections. If each
of the additional nanotunnels in mutant myocytes happened to
be transected by the section at one to two sites, that in itself
would explain the increased frequency of small profiles following
the RyR2 mutation. Thus, although some fission activity may
occur in mutant cells, this is probably not a common event. By
contrast, in a separate RyR2 mutation that results in gain of
RyR2 release function and eventually in heart failure (28), we
observed very extensive fragmentation of mitochondria and no
nanotunneling. Therefore, nanotunneling is not a necessary
prelude to fragmentation. In nonmuscle cells, fusion/fission
events are coupled to large mitochondrial migrations (2). The
indication from this study is that cardiac mitochondria do not
need to migrate to communicate with each other and that mi-
tochondria apparently maintain their original position despite
the large Ca2+ imbalances. This is somewhat surprising in view of
the fact that, in nonmuscle cells, large mitochondrial movements

and/or fission occur under other related conditions. However,
even within striated muscles, mitochondria are not necessarily
permanently immobilized. Dispositions of mitochondria are
highly variable when one considers examples from a variety of
vertebrates (29); their positioning is developmentally regulated
(5), and they may acquire freedom of movement under certain
pathological conditions (28, 30, 31).
The relationship between the altered Ca2+ homeostasis due to

the RyR2 A4860G+/− mutation, and the induction of nanotunneling
is not clear, unless it is mediated by an increase in activity of
transport along microtubules, which may be affected by Ca2+.

Materials and Methods
Experimental Animals. The RyR2A4860G+/− mouse was generated and main-
tained as previously described (1). All procedures were approved by the
Thomas Jefferson University Committee on Animal Care.

Two-Dimensional Electron Microscopy. Heterozygous and WT hearts of 7-mo-
old mice were perfused and fixed with 6% (vol/vol) glutaraldehyde in 0.1 M
sodium cacodylate buffer (pH 7.4) and kept at 4 °C, and small bundles of
ventricular-wall muscles were processed for standard thin-section EM (28).
Fiji program (NIH) was used for morphometric analysis of randomly collected
images. Cross-sections (magnification: 19,300×) and longitudinal sections
(magnification: 26,300×) were used to measure areas of mitochondrial
profiles and to count the frequency of nanotunnels.

Electron Tomography and 3D Reconstruction. Previously fixed (see above) small
cardiac bundles were rapidly frozen using a high-pressure freezing system
(HPM 010), freely substituted in 100% acetone and 0.1% uranyl acetate, and
embedded at −50 °C in lowicryl (HM-20). Resin was polymerized with 348 nm
of light for 48 h at low temperatures and for 48 h at 25 °C. The surfaces of thick
sections (0.4 μm) were labeled with ∼15-nm gold particles. Tilt series were col-
lected at 200 keV of accelerating voltage using a FEI Tecnai F20 transmission
electron microscope reaching maximum negative and positive tilts of 68°. Images
in STEMmodewere captured using a Fischione HAAD camera. A total of 264 and
112 images were used for high-magnification (28,000×) and low-magnification
(14,000×) tomograms using IMOD (version 4.7). Videos were created by using a
series of snapshots made in IMOD and importing those images into the movie-
making software, Videomach (from www.gromada.com/main/products.php).
Surface segmentation of the organelles was obtained by outlining the
profile in AMIRA 5.6 3D software (FEI). The volumes were reconstructed
using direct volume rendering of 3D images with shadings (Volren).

Adenovirus Infection and Cardiomyocytes Isolation. Hearts of 7- to 8-mo-old
mice were infected with adenovirus carrying mtDsRed and mtPA-GFP cDNA

Fig. 9. Nanotunnel activities in live cardiomyocytes. (A and B) Representative images of nanotunnels highlighted by their content of mtPA-GFP (arrowheads)
in RyR2A4860G+/− (A) and WT (B) cardiomyocytes. (C) Sequential movement of green fluorescence along a nanotunnel extension in a RyR2A4860G+/− car-
diomyocyte with parallel loss from a donor (arrowhead) during a 276-s recording. (Left) Initially, a narrow line of fluorescence (rectangle 1) is close to the PA
area. After 99 s, the signal has moved away, progressing further to a total distance of ∼5 μm, reaching the second PA area (at 345 s) moving at 48 nm/s, and a
new fluorescence (rectangle 2) is released from the donor, and it also moves away from the PA area (at 516 s) (Movie S10).
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by four to five intramyocardiac injections of 5 × 108 pfu of adenovirus in total
volumes of 20 μL. After 7 d, hearts were subjected to enzymatic perfusion to isolate
adult cardiomyocytes. Cells were plated and incubated for 1–2 h in platingmedium
[MEM, 10% calf serum, 100 U/mL penicillin, 2 mM ATP, 2 mM glutamine, 10 mM
2,3 butanedione monoxime (BDM)] followed by culture medium, MEM, 0.1% BSA,
100 U/mL penicillin, 2 mM glutamine, 10 mM BDM, 5 μg/mL insulin, 5 μg/mL
transferrin, 5 ng/mL selenium, all at 37 °C and 2% CO2.

Live Confocal Microscopy. The live-imaging approach follows seminal experi-
mental guidelines developed and implemented by Veronica Eisner (Department
de Biología Celular y Molecular, Facultad de Ciencias Biológicas, Pontificia Uni-
versidad Católica de Chile) (32). Imaging of isolated cells was performed within
12 h after cardiomyocyte isolation in 0.25%BSAwith the addition of 10mMBDM
to inhibit contraction using a laser-scanning microscope (LSM 780, Carl Zeiss),
exciting 488 nm (mtPA-GFP) and 568 nm (mtDsRed) with 63×/1.4 N.A. Apoplan
oil objective. To photoactivate mtPA-GFP and photobleach mtDsRed, a pulsed
laser beam (760 nm, Chameleon; Coherent) was applied within two to five
selected square areas (25 μm2) in two-photon mode. Fluorescence of activated
mtPA-GFP and of mtDsRed was recorded for ∼500 s (165 cycles of 3 s).

Live-Imaging Analysis. We analyzed the time dependence of mtPA-GFP
fluorescence decay within each square by determining the ratio of mtPA-GFP/
mtDsRed fluorescence levels at each successive 3-s time point and normalizing
it to the value at the time of photoactivation. Spectralyzer software (cus-
tomer designed) was used to analyze the green and red intensity levels for
individual sites where spread of activated PA-GFP outside the square was
detected. The resulting graphs were used to define the rate of reciprocal
exchange at each separate event. The position of each individual event (near
or far) from the nearest possible site of origin was determined and compared
with the rate of exchange.

Statistics. All data are expressed as mean ± SD. Significace was calculated by
Student’s t test.
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Movie S1. Tomogram of a RyR2A4860G+/− cardiomyocyte area rich in mitochondrial nanotunnels. Mitochondrial nanotunnels are colored in yellow, green, and
red and microtubules in purple.

Movie S1

Movie S2. Ortoslice view of mitochondrial nanotunnels and microtubules in RyR2A4860G+/− .

Movie S2
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Movie S3. Mitochondrial nanotunnels and microtubules of RyR2A4860G+/− in the volume of the section.

Movie S3

Movie S4. Three-dimensional model of RyR2A4860G+/− mitochondrial nanotunnels and microtubules.

Movie S4
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Movie S5. Three-dimensional reconstruction from a tomogram of a large RyR2A4860G+/− myocyte area with intense mitochondrial nanotunneling activity.

Movie S5

Movie S6. Mitochondrial nanotunnel reconstruction in the RyR2A4860G+/− myocyte volume.

Movie S6
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Movie S7. High magnification tomogram of microtubules (in purple) following mitochondrial nanotunnels profiles (yellow, red, and green) in 0.4-μm-thick section.

Movie S7
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Movie S8. Slow-long distance event involving a nanotunnel extension.

Movie S8
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Movie S9. Slow and fast-short distance events between neighboring mitochondria.

Movie S9
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Movie S10. Sequential movement of green fluorescence along a nanotunnel extension.

Movie S10
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