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SUMMARY

Mitochondrial network connectivity enables rapid
communication and distribution of potential energy
throughout the cell. However, this connectivity
puts the energy conversion system at risk, because
damaged elements could jeopardize the entire
network. Here, we demonstrate the mechanisms
for mitochondrial network protection in heart and
skeletal muscle (SKM). We find that the cardiac
mitochondrial reticulum is segmented into sub-
networks comprising many mitochondria linked
through abundant contact sites at highly specific
intermitochondrial junctions (IMJs). In both cardiac
and SKM subnetworks, a rapid electrical and
physical separation of malfunctioning mitochon-
dria occurs, consistent with detachment of IMJs
and retraction of elongated mitochondria into
condensed structures. Regional mitochondrial sub-
networks limit the cellular impact of local dysfunc-
tion while the dynamic disconnection of damaged
mitochondria allows the remaining mitochondria
to resume normal function within seconds. Thus,
mitochondrial network security is comprised of
both proactive and reactive mechanisms in striated
muscle cells.
INTRODUCTION

Cellular mitochondrial networks allow for sharing of metabolites

and proteins as well as mitochondrial DNA (Bleazard et al., 1999;

Molina et al., 2009; Szabadkai et al., 2004). Coupled mitochon-

dria also provide a rapid conductive path for the distribution of

potential energy (Glancy et al., 2015). However, this extensive

coupling presents a major risk as local failures can also spread

quickly over the entire network and compromise cellular energy

conversion. Like many power networks that physically segment

elements with circuit breakers, similar strategies may be in place

to protect cells with coupled mitochondrial networks from prop-

agating local failures.
This is an open access article under the CC BY-N
The heart has a high constant energy demand with a putative

physically connected mitochondrial network (Bakeeva et al.,

1983). However, there are contradictory reports of the functional

connectivity of the cardiacmitochondrial reticulum (Amchenkova

et al., 1988;Aonet al., 2003;Duchenet al., 1998;Romashkoet al.,

1998; Wang et al., 2008). We hypothesized that these discrep-

ancies could be explained, at least in part, by the induction of

mitochondrial network protection mechanisms in place to miti-

gate the risks associated with connectivity in the heart. Here,

we demonstrate a physically and electrically connected mito-

chondrial reticulumarranged into longitudinal subnetworkswithin

the cardiac cell. Additionally, we show that both physical and

electrical connectivity can be dynamicallymodulated in response

to localized damage in heart and skeletal muscle (SKM). These

rapid alterations in mitochondrial connectivity allow muscle cells

to respond to local dysfunction within seconds and restore the

energy distribution systems to the remainder of the cell.

RESULTS

The Cardiac Mitochondrial Reticulum Is Physically
Coupled through Abundant Intermitochondrial
Junctions
To analyze the structural connectivity of the cardiac mito-

chondrial reticulum in 3D, focused ion beam scanning electron

microscopy (FIB-SEM) volumes of murine left ventricles were

collected (Figure 1; Movie S1). Cardiac mitochondrial network

structure was significantly different from the SKM described

previously (Glancy et al., 2015). Paravascular mitochondria

(PVM) (Figure 1D) were much less frequent than in SKM but still

associated with shallow capillary grooves (Glancy et al., 2014).

Paranuclear mitochondria (PNM) (Figure 1C) were primarily

located on opposite sides of the long axis of the nuclei. The

most extensive mitochondrial pool ran parallel to the fiber axis

betweenmyofibrils in long, closely packed rows ofmitochondria.

These fiber parallel mitochondria (FPM) (Figure 1E) were larger

but morphologically similar to the fiber parallel mitochondrial

segments detected in SKM. Notably, the network of thin, tubular

I-band mitochondrial segments that ran perpendicular to the

long axis of the SKM fiber was not observed in the heart.

Intermitochondrial junctions (IMJs) are defined by the close

apposition of both the inner and outer membranes of two adja-

cent mitochondria with high electron density (Figures 2A and
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Figure 1. Heart Mitochondria Form Net-

works

(A) Single FIB-SEM frame. M, mitochondria;

C, contractile proteins; L, lipid droplets. Yellow

arrows, intermitochondrial junctions (IMJ).

(B) 3D rendering of cardiomyocyte (upper cell in A).

(C) 3D rendering of paranuclear mitochondria

(PNM) and nucleus (N).

(D) 3D rendering of paravascular mitochondria

(PVM) and a capillary (V).

(E) 3D rendering of fiber parallelmitochondria (FPM)

and lipid droplets (L). Represents five volumes, four

animals.

See also Movie S1.
2B). While IMJ function and molecular composition have yet

to be explicitly defined, IMJs have been suggested to permit

communication and/or energy distribution (Bakeeva et al.,

1983; Duvert et al., 1985; Glancy et al., 2015; Picard et al.,

2015). Indeed, the PNM, PVM, and FPM pools were all highly

coupled by many IMJs (see Figure 1A). These IMJs are not

simply due to close packing of mitochondria or artifacts associ-

ated with fixation, as IMJs are not observed in EM images of

mouse kidney or liver (Xu et al., 2008) despite high mitochondrial

content. However, the precise physical nature as well as the

frequency and conductivity of these specialized IMJs remain

unclear.

To provide insight into how IMJs may participate in the con-

nectivity of a cardiac mitochondrial reticulum, we determined

the morphology and IMJ linkage sites of the different types of

mitochondria in each region of the heart cell (Figures 2C–2E).

The PNM pool consisted of two basic mitochondrial morphol-
488 Cell Reports 19, 487–496, April 18, 2017
ogies: ‘‘compact’’ PNM were smaller,

somewhat spherical mitochondria while

‘‘elongated’’ PNM were larger and often

had several branches (Figure 2C; Table

S1). Although there was no difference in

surface/volume ratio, elongated PNM

had slightly more surface area partici-

pating in an IMJ compared to compact

PNM. PVM also consisted primarily of

compact and elongated morphologies,

although they were generally larger and

had lower surface/volume ratios than

PNM. Large mitochondria with nanotube

(Huang et al., 2013) projections (see yel-

low arrow in Figure 2D) were also present

in the PVM pool, although they made

up <10% of all PVM. The �1–4 mm long,

thin nanotubes were observed as a con-

necting structure within an individual

mitochondrion or to form an IMJ with

one or more adjacent mitochondria.

FPM were made up of four basic struc-

tures (Figure 2E). Mitochondria with no

IMJ coupling (‘‘non-connected’’) were

generally smaller and classical bean

shaped structures. These may be newly
formed mitochondria soon to be connected with the rest of

the network or recently disconnected mitochondria ready for

degradation. The most prevalent FPM morphology was an

elongated structure often spanning the length of two or more

sarcomeres with IMJs at each end. Another common FPM

morphology was a more compact structure with IMJ coupling

to several adjacent mitochondria similar to that observed in the

PNM and PVM. The fourth FPM morphology was a large mito-

chondrion containing thin, sheet-like portions (see yellow arrow

in Figure 2E) wrapping around the width of one or more sarco-

meres and ‘‘connecting’’ multiple rows of mitochondria through

IMJs. Another distinguishing characteristic of the heart mito-

chondria was the presence of highly embedded, spherical lipid

droplets nearly surrounded by the mitochondria (Figure 2F)

suggesting direct, local access of these mitochondria to fatty

acids. Consistent with this notion, at the lipid-mitochondrial

interface, their respective membranes are difficult to resolve on



Figure 2. Heart Mitochondrial Morphology

and Connectivity

(A) Single IMJ (yellow arrows) tomogram slice.

Dashed box shown in (B).

(B) Sequential tomograms of membrane to mem-

brane contact site (dotted box).

(C–E) Mitochondrial morphologies (green) and

locations of IMJ (red). (C) Compact (upper left) and

elongated (middle and right) PNM. (D) Elongated,

nanotube (yellow arrow), and compact PVM (left to

right). (E) Connector (left), compact (right upper),

elongated (right middle), and non-connected (right

lower) FPM. Yellow arrow, sheet-like connecting

structure.

(F) Adjacent FPM (assorted colors) and lipid

droplets (white).

(G) FIB-SEM frame. Mitochondria in the same

color are IMJ-coupled.

(H) 3D rendering of mitochondrial subnetworks.

Each color represents a different IMJ-coupled

subnetwork. Grey, not network connected. Rep-

resents five volumes, four animals.

See also Table S1 and Movie S1.

Cell Reports 19, 487–496, April 18, 2017 489



Figure 3. Membrane Potential Conduction

(A and B) TMRM and MPD loaded cardiomyocyte

prior to (A) andafter (B)UV irradiation.Whitedashed

lines, UV irradiation zone; yellow dotted lines, size

of FIB-SEM image in Figure 1A.

(C) Ratio TMRM image before and after irradia-

tion. Black pixels, decreasing signal; white pixels,

increasing signal; white dashed lines, irradiation

zone for longitudinal coupling. Represents nine

experiments, six mice.

(D) Ratio TMRM image for vertical coupling.

Represents eight experiments, four mice.

(E) Ratio TMRM image without MPD (control).

Represents nine experiments, five mice.

(F) Mitochondrial depolarization extends further

along longitudinal axis.

See also Figures S1 and S3 and Movie S2.
the EM scale suggesting a highly specialized interaction poten-

tially supporting lipid transport to the mitochondria.

Mitochondrial Subnetworks Proactively Limit the
Spread of Dysfunction within the Cell
The extent of a potential IMJ-facilitated conductive pathway

through mitochondrial networks in the heart was examined by

manually tracing mitochondrial pools coupled through IMJs as

defined by their increased electron density at the point where

the membranes of two adjacent mitochondria were indistin-

guishable from each other (see yellow arrows in Figure 1A).

Mitochondria in the heart do not form a single network coupled

via IMJs, but rather several subnetworks of tens to hundreds

of mitochondria each (Figures 2G and 2H; Movie S1). In gen-

eral, all of the PVM or PNM in a given region of the cell were

completely coupled through IMJ structures. In addition, all

PVM and PNM pools observed were coupled by IMJs to nearby

FPM pools providing a link to different regions of the cell. Most

of the mitochondrial subnetworks ran in rows along the long

axis of the cardiac cell with multiple rows often joined by the

FPM connector mitochondria described above (Figure 2E; Table

S1). However, in many cases, two rows of coupled mitochondria

would approach within 100 nmof each other but not form an IMJ.

Thus, mitochondria in the heart cell form several regional subnet-

works along the long axis of the cell comprised of one or more

rows of mitochondria with few perpendicular connections.

To assess electrical connectivity, we used a similar strategy to

that previously reported for SKM (Glancy et al., 2015) by utilizing

a photoactivated mitochondrial uncoupler localized to the mito-

chondrial matrix (MitoPhotoDNP [MPD]) (Chalmers et al., 2012).

In these studies, isolated cardiomyocytes (CM) are equilibrated

with MPD in the presence of tetramethylrhodamine methyl ester

(TMRM), a fluorescent dye whose concentration gradient from

the cytosol to the mitochondrial matrix is proportional to DJm.

MPD was regionally irradiated to increase the proton perme-
490 Cell Reports 19, 487–496, April 18, 2017
ability of the mitochondrial inner mem-

brane, and the redistribution of TMRM

associated with any depolarization of

DJm was followed. Within the first frame

(�400 ms) after irradiation, significant
redistribution of TMRM from the mitochondria to the cytosol

was detected outside the irradiation region consistent with func-

tionally coupled mitochondrial subnetworks (Figure 3). To

examine coupling down the longitudinal axis of the cell, we

employed an irradiation zone that was perpendicular to the

cell (longitudinal coupling, see Figures 3A–3C and Movie S2)

and to examine vertical coupling, we employed an irradiation

zone parallel to the cell (vertical coupling, see Figures 4D and

S1; Movie S2). Small, ‘‘single-mitochondrion’’-sized irradiation

zones did not result in significant depolarization outside the irra-

diation region (Figure S1), thus, larger irradiation regions were

used to overcome the current capacity of the network. Con-

sistent with the structural data, mitochondrial depolarization

extended further outside the irradiation region down the longitu-

dinal axis (Figure 3F). This arrangement of mitochondria into

several regional subnetworks as opposed to a single, cell-wide

network limits the spread of localized mitochondrial dysfunction

to within defined volumes while still providing a uniform potential

energy source within each subnetwork.

Depolarized Mitochondria Are Electrically Separated
from the Mitochondrial Reticulum in Seconds
While the initial (<5 s) response to regional mitochondrial depo-

larization permitted assessment of the functional connectivity

of the mitochondrial reticulum as described above, observa-

tion over longer periods of time allowed us to evaluate how

the mitochondrial network responded to this locally induced

dysfunction. Shortly after the immediate, network-wide DJm

depolarization (Figures 4A and 4B), the center of the cell where

the uncoupler was activated continued to depolarize as evident

by the loss of TMRM signal in this region (Figure 4C). In contrast,

the TMRM signal outside of the irradiated region quickly redis-

tributed back from the cytosol into the mitochondria consistent

with a repolarization of DJm with a recovery time constant of

7.6 ± 1.0 s (n = 7) (Figures 4D and 4F; Movie S3). Thus, after



Figure 4. Mitochondrial Circuit Breaker

(A–C) TMRM fluorescence before (A), immediately

after (B), and 75 s after (C) cardiomyocyte regional

uncoupling.

(D) Mitochondrial TMRM time course of irradi-

ated (dotted blue) and non-irradiated, depolarized

(solid red) regions. Data = mean ± SE.

(E) Ratio TMRM image before and immediately

after irradiation.

(F) Ratio TMRM image before and 75 s after UV.

Represents seven experiments, three mice.

(G–I) TMRM fluorescence during muscle fiber

regional uncoupling. (G) Pre UV. (H) Immediately

after UV. (I) 55 s after UV.

(J) Representative TMRM fast Fourier transform

(FFT) 0.5 mm�1 frequency amplitude time course of

irradiated (dotted blue) and non-irradiated (solid

red) regions.

(K) Ratio TMRM image before and immediately

after irradiation.

(L) Ratio TMRM image before and 55 s after UV.

Represents five experiments, five mice.

See also Movie S3.
the initial network-wide depolarization, there was an apparent

electrical separation of the uncoupled mitochondria from the

healthy mitochondria. This resulted in the continued loss of

TMRM from the damaged region while the heathy region, no

longer burdened by the current drain of the uncoupled region,

recovered the DJm.
Ce
An electrical separation mechanism

is also present in isolated mouse soleus

fibers (Figures 4G–4L; Movie S3) that

form a large, grid-like reticulum electri-

cally coupled by many long, branched

mitochondria linked together through

IMJs (Glancy et al., 2015). Due to the

larger network configuration in the SKM

cells, the initial response to local uncou-

pling was a more homogeneous depo-

larization of the mitochondrial reticulum

than in the cardiac cells (Figure 4K), but

the secondary electrical separation of

the uncoupled and control regions of the

cell was still observed (Figures 4J and

4L) and with a similar recovery time con-

stant (7.9 ± 0.3 s, n = 5). These results

were not consistent with the electrical

response of mitochondria to photodam-

age (Movie S3).

Depolarized Mitochondria Are
Rapidly Physically Removed from
the Mitochondrial Reticulum
We hypothesized that the electrical

separation of the mitochondrial network

observed after localized damage involved

a rapid, physical separation of the mito-

chondria via fission or other mechanical
event. In order to observe mitochondrial structural changes, we

used mice that express a green-to-red photo-switchable fluores-

cent protein localized to the mitochondrial matrix (MitoDendra2)

(Pham et al., 2012). By combining MPD with MitoDendra2, we

were able to simultaneously depolarize and photoconvert mito-

chondria in the center of the cell allowing for separate structural
ll Reports 19, 487–496, April 18, 2017 491
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observations of the uncoupled (red) and normal (green) regions

of themitochondrial network.We focused primarily on SKMfibers

for these studies, as the lower mitochondrial content allowed

for better visualization of individual mitochondrial structures. In

the absence of MPD, mitochondrial dynamics were negligible in

the 2min after photoactivation (MovieS4) consistentwithprevious

reports in muscle (Eisner et al., 2014). Prior to and immediately

after activating MPD in the center of the cell, both the uncoupled

and normal regions of the cell retained their normal, grid-likemito-

chondrial network structure (Figures 5Aand5B).However, quickly

after photoconverting MPD, the red, uncoupled mitochondria

became highly dynamic while the green, control regions of the

cell maintained its static mitochondrial structure (Figure 5C;

Movie S4).Over time, the uncoupled regionbecameprogressively

more disconnected as observed by the increasing number of

separate mitochondrial regions in these 2D images (Figure 5D).

Within a few minutes, the irradiated regions became filled with

apparently separated, spherical mitochondrial structures, while

the control regions of the cell continued to maintain the normal,

grid-like mitochondrial network (Figure 5E).

Based on our initial results, we hypothesized that this physical

disconnection of damaged mitochondria involved breaking the

IMJs between adjacent mitochondria. One area to examine

this is the PVM pool of SKM that does not compete for space

with the contractile elements (Glancy et al., 2014) and as such,

are tightly packed together through IMJs but with highly irregular

shapes (Glancy et al., 2015). Both before and immediately after

depolarization of DJm, PVM remained closely associated and

with varying size and shape (Figures 5Fi and 5Fii). However,

within 2 min after regional uncoupling, 32% ± 4% fewer PVM

were detected within a given volume (Figure 5G) as they became

33% ± 8% larger (Figure 5H) as well as more round in shape. A

time series of these changes (Figure 5F; Movie S5) shows what

appear to be three individual mitochondria (a–c) prior to depolar-

ization eventually merging into a single mitochondrion through

two separate events. Due to the 2D resolution of these images,

it is difficult to discern whether the observed merging of PVM

is caused by fusion ofmultiplemitochondria (Figure 5I) or consol-

idation of a single, non-uniform 3D mitochondrion that may

appear as multiple structures in a 2D image (Figure 5J).

In the intrafibrillar regions of the cell, network disconnections

also appeared to occur at locations consistent with IMJs be-

tween two adjacent mitochondria (Figure 5K; Movie S5). This

physical separation of IMJs was particularly evident in the un-

coupled regions of MitoDendra2 isolated CM (Figure S2). Upon
Figure 5. Mitochondrial Network Disconnection

(A–C) MitoDendra2 fluorescence prior to (A), immediately after (B), and 120 s aft

(D) Time course of network disconnectivity. Mean ± SE, n = 6 fibers, n = 3 mice.

(E) 3D rendering after regional uncoupling.

(F) Time series of muscle fiber PVM MitoDendra2 fluorescence after regional unc

(G) Number of PVM immediately and 2 min after regional uncoupling (n = 3).

(H) Area per PVM immediately and 2 min after regional uncoupling (n = 3).

(I and J) 3D schematic of PVM fusion (I) or consolidation (J).

(K) Time series of intrafibrillar MitoDendra2 fluorescence after regional uncouplin

(L) Boxed region from (K) shows retraction of I-band mitochondrial segments (IB

(M) Mitochondrial diameters immediately after and 2 min after irradiation (n = 16

(N) 3D schematic of mitochondrial retraction. Structures from Glancy et al. (2015

See also Figure S2 and Movies S4 and S5.
network disconnection in the SKM, the thin, tubular I-band

mitochondrial segments (IBS) were observed to retract into

the thicker, fiber-parallel mitochondrial segments (FPS) until

the IBS were no longer distinct from the now 82% ± 10%

wider FPS (Figures 5K–5N; Movie S5). Thus, similar to the tightly

packed PVM, mitochondria in the intrafibrillar space of the SKM

fiber also appear to disconnect at IMJs and consolidate into

more compact structures.

DISCUSSION

The large differences in mitochondrial reticulum structure, con-

ductivity, and protein programming (Figure S3) between heart

and SKM suggest that mitochondrial network configuration is

tuned to match the functional requirements of the cell. The

SKM high mechanical power and associated myofibril content

limits the mitochondrial volume to support energy homeostasis.

Thus, a fine, grid-like network (Glancy et al., 2015) provides

a mechanism allowing a minimal mitochondrial volume to

rapidly and efficiently distribute potential energy. Conversely,

the constantly active heart prioritizes energy homeostasis over

mechanical power resulting in a much greater mitochondrial

content. However, even with ATP producing and utilizing en-

zymes in such close proximity, simple diffusion of metabolites

is inadequate tomatch ATPproduction and utilization in the heart

(Birkedal et al., 2014). Thus, the heart requires specialized energy

distribution systems to prevent potential energy gradients that

could compromise steady-state function. While creatine kinase

facilitates cytosolic energydistribution, an electrically conductive

mitochondrial reticulumwould provide a rapid summation of ATP

production capacity and ensure cellular energy homogeneity

across large regions of the cell.

While relatively greater DJm conductivity down the cardio-

myocyte longitudinal axis (Figure 3) was consistent with struc-

tural connectivity (Figures 1 and 2), it has also been shown that

cytosolic diffusion rates are faster longitudinally compared to

vertically in CM (Vendelin and Birkedal, 2008) and might channel

TMRM diffusion confounding our interpretation. However, the

increase in cytosolic TMRM remote from the irradiation region

was associated with a loss of mitochondrial TMRM from the

same region consistent the local release of TMRM and not

long range diffusion from the irradiated zone.

Although our irradiation scheme using 355 nm light to

photoactivate MPD only has a small photobleaching effect on

TMRM alone (Figure 3E), it is possible that the presence of
er (C) UV irradiation of muscle fiber with MPD.

oupling.

g.

S) into fiber parallel segments (FPS).

mitochondria, three experiments).

). Represents six fibers, three mice. *Significantly different from 4 s after UV.
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MPD increases the sensitivity of the SKM and cardiac cells

to light-induced damage. We tested this by irradiating MPD-

loaded MitoDendra2 CM simultaneously with 355 nm light in

one region of the cell and 405 nm light in another region of the

cell (Figure S2). Each light source resulted in similar red-to-green

photoconversion of MitoDendra2, however, only the 355 nm

light resulted the remodeling of mitochondria into more consoli-

dated structures. Because 405 nm light does not activate MPD

(Chalmers et al., 2012), these results suggest mitochondrial

depolarization, not photodamage, causes the consolidation of

mitochondrial structures in MitoDendra2 cardiac and SKM cells.

It is tempting to predict that irradiating a single MPD-loaded

mitochondrion within the mitochondrial reticulum would depo-

larize the connecting mitochondria and reveal the extent of

mitochondrial subnetworks. However, we do not observe any

measurable depolarization outside the irradiated region when us-

ing small irradiation schemes in both cell types (Figure S1). This is

likely due to several aspects of a coupled, high current capacity

network. The rate of oxidative phosphorylation (i.e., the current)

in mitochondria of non-contracting CM can be increased at least

10-fold (Monge et al., 2009) and higher in SKM. Thus, when only

one or two out of several hundred mitochondria in a network are

uncoupled, the remainder of the network is able to easily increase

itscurrent tomaintain thevoltage. This isalso likely asafety feature

of the network in the short term. Due to the coupling and reserve

capacity of the network, we found it necessary to photoactivate

regions large enough to overcome the current capacity of all con-

nectedmitochondria. Small regions of photoactivated uncoupling

cannot pull this high capacity network down.

Depolarization ofDJm is known to causemitochondrial fission

(Narendra et al., 2008), and fission has even been suggested to

play a role in preventing damage inmitochondrial networks (Sku-

lachev et al., 2004). However, the depolarization-induced mito-

chondrial dynamics shown in Movie S5 (Figure 5) are not consis-

tent with the simple division of one mitochondria in two (Nunnari

et al., 1997). In the SKMPVM, localized depolarization resulted in

fewer and larger mitochondria (Figures 5F–5H), whereas mito-

chondrial fission would produce many smaller mitochondria.

Moreover, several consolidation events between mitochondria

were observed in the depolarized PVM as opposed to the split-

ting events mitochondrial fission would cause. In the intrafibrillar

regions, localized depolarization induced MitoDendra2 mito-

chondria to retract such that all perpendicular IBSwere no longer

present and FPS becamemore condensed andwith larger diam-

eters (Figures 5K–5M) that is not consistent with fission. The rate

of mitochondrial fission in adult SKM is much lower than the

already low fusion rate (Eisner et al., 2014). Moreover, depolari-

zation-induced fission is oftenmeasured over hours or even days

(Narendra et al., 2008; Skulachev et al., 2004). Thus, retracting

mitochondria into consolidated structures may be a more effi-

cient protection mechanism to quickly prevent the spread of

localized dysfunction throughout themuscle mitochondrial retic-

ulum. These data also suggest that the complex mitochondrial

structures observed in both muscles are under tension by cyto-

skeletal tethering that once released results in the condensed

structures observed after uncoupling.

It is important to note that the physical sequestration mecha-

nism could not be detected until �30 s after the depolarization
494 Cell Reports 19, 487–496, April 18, 2017
event (Figure 5D), whereas electrical separation begins within

5 s after depolarization (Figure 4). Thus, electrical and physical

separation appear to be sequential steps in the mitochondrial

network protection system. While the structural sequestration

and consolidation step is not likely to be reversible and would

appear to facilitate the lysosomal removal of these damaged

elements via mitophagy (Gomes et al., 2011; Lemasters, 2005),

electrical network separation may be reversible if the IMJs are

the conductive elements between adjacent mitochondria as

the data here suggests. Indeed, the capacity to rapidly modulate

electrical network connectivity may also explain why transient

‘‘flickers’’ (Duchen et al., 1998) or ‘‘flashes’’ (Wang et al., 2008)

of the DJm of individual mitochondria can occur without depola-

rizing the entire network. In fact, we can induce localized DJm

flickering, after a short delay, by increasing our UV irradiation

power to cause photodamage (Movie S3). We propose that the

electrical separation mechanism is designed to quickly prevent

the spread of transient local dysfunction while the physical

separation mechanism targets unrecoverable mitochondria for

repair or replacement (Lemasters, 2005).

Currently, IMJs are the only structural element that would

permit rapid coupling of DJm across adjacent mitochondria

within themuscle mitochondrial reticulum. However, the specific

molecular composition of IMJs remains unknown thereby pre-

cluding targetedmanipulation and direct observation of changes

to the connectivity and protection system of the muscle mito-

chondrial reticulum to test this hypothesis. Although the decades

long search and eventual discovery of the mitochondrial calcium

uniporter protein(s) (Baughman et al., 2011; De Stefani et al.,

2011; Deluca and Engstrom, 1961) can provide some guidance

in the search for IMJ proteins, development of IMJ abundant

cell systems amenable to rapid screening will be critical in this

pursuit. However, regardless of the degree to which IMJs are

involved (or not), we demonstrate here that a multi-tiered

network security scheme is in place to protect the electrically

connected muscle mitochondrial reticulum. This mitochondrial

network protection system limits the propagation of local failures

and allows for the quick recovery of undamaged mitochondria in

order to sustain cellular function.

EXPERIMENTAL PROCEDURES

Mice

We used 2- to 4-month-old male C57BL/6N (Taconic) and male MitoDendra2

(JAX # 018397) mice. Procedures were approved by the NHLBI Animal Care

and Use Committee and performed in accordance with the Animal Care and

Welfare Act (7 USC 2142 x 13).

FIB-SEM

Mice prepared as described previously (Glancy et al., 2014). Mouse hearts

were perfusion fixed, stained, and embedded as in Sun et al. (2012). Five left

ventricular myocyte datasets from three mice were collected were imaged

on a Zeiss Nvision 40 as described previously (Glancy et al., 2015). A raw,

2.5 GB TIFF stack for the dataset shown in Movie S1 can be downloaded

at https://data.mendeley.com/datasets/w8wzfgr8dp/draft?a=4341bcfc-1896-

4bc7-9c01-97a0d8c87e7e.

FIB-SEM Analysis

Whole image segmentation was performed with a 3D, two-pixel median

filter. The intensity threshold was manually adjusted to create binary images

https://data.mendeley.com/datasets/w8wzfgr8dp/draft?a=4341bcfc-1896-4bc7-9c01-97a0d8c87e7e
https://data.mendeley.com/datasets/w8wzfgr8dp/draft?a=4341bcfc-1896-4bc7-9c01-97a0d8c87e7e


including primarily mitochondria and followed by the Remove Outliers tool.

Manual tracing was done by three different observers using TrakEM (ImageJ).

Electron Tomography

Resin-embedded heart was cut into 200–230 nm sections, placed on carbon-

coated formvar grids with gold fiducial markers, stained with uranyl acetate

and lead citrate, and imaged on a FEI Tecnai T12 microscope at a tilt interval

of 2� over a ±60� range, using a pixel size of 0.56 nm. Reconstructions

were generated in IMOD using the weighted backprojection method (Kremer

et al., 1996).

Heart Immunostaining

Excised hearts were frozen and embedded in optimal cutting temperature

compound then cryosectioned and air-dried for 5 min prior to fixation in

10% formalin for 7 min at 25�C. Sections were washed 33 in PBS for 5 min,

permeabilized for 5 min with 0.01% Triton X-100 in PBS, blocked for 20 min

with 10% goat serum, and incubated with primary antibodies. Complex IV

and V distribution was imaged and assessed by the mean complex IV/V ratio

as described previously (Glancy et al., 2015) in 11 heart cells from three mice.

Myocyte Isolation

Adult mouse CM were isolated as described previously (Sun and Murphy,

2010) and suspended in an incubation medium (IM) composed of: NaHEPES

(10mM), NaCl (137mM), KCl (5.4mM), CaCl2 (1.8mM), MgCl2 (0.5mM), NaH2-

PO4 (0.5 mM), glucose (10 mM), NaPyruvate (1 mM), and butanedione monox-

omine (BDM, 20mM), pH 7.4. CMwere incubated in IM containing 5 nMTMRM

and/or 20 mM MPD for >20 min. Mouse soleus fibers were prepared as

described previously (Glancy et al., 2015).

Light Microscopy

Confocal microscopy and MPD photoactivation of isolated CM was con-

ducted as described previously (Glancy et al., 2015). MitoDendra2 muscle

cells were excited with a 488 nm laser at 0.15% power and emission collected

from 490 nm to 553 nm (green) and excited with a 561 nm laser at 2% power

and emission collected from 570 nm to 695 nm (red). Green to red photocon-

version was performed with the same 355 nm laser pulse used to photoacti-

vate MPD.

Confocal Image Analysis

Mitochondrial functional connectivity was analyzed from averages of five

images taken before (pre) and immediately after UV exposure (post). Mito-

chondrial and cytosolic/nuclei TMRM signals were separated for analysis

by intensity thresholding each image. Ratiometric images were created by

dividing the post images by the pre image.

Fast Fourier transform (FFT) analysis of IBS-specific TMRM fluorescence

was performed as described in Glancy et al. (2015). The IBS recovery time con-

stant (t) was fit using a linear least-squares approach according to IBSt = IBSi +

DIBS(1-e�t/t) where IBSt is the IBS amplitude at any time point, t, IBSi is the

initial IBS amplitude, and DIBS is the difference in IBS amplitude between

the first point after UV irradiation and the initial state.

Cardiomyocyte TMRM response to uncoupling was assessed using

regions of interest (ROIs) in irradiated and adjacent regions. The cardiomyo-

cyte TMRM recovery time constant (t) was fit using a linear least-squares

TMRMt = TMRMi + DTMRM(1-e�(t-TD)/t) where TMRMt is the TMRM fluores-

cence at any time point, t, TMRMi is the initial TMRM fluorescence, DTMRM

is the difference in TMRM fluorescence between the first point after UV irradi-

ation and the initial state, and TD is the time delay between UV irradiation and

the recovery response.

Mitochondrial network connectivity was assessed with MitoDendra2 as the

number of discrete mitochondria segments within an image frame over time.

Dendra2 fluorescence was amplitude thresholded to remove background

pixels and the Find Connected Regions plugin in ImageJ was used to count

the number of regions containing at least ten pixels.

Statistical Analyses

Differences in mitochondrial morphology were assessed by ANOVA with a

Tukey’s HSD post hoc test and a p value of 0.05. Differences in the relative
distribution of complex IV and complex V between the peripheral and inte-

rior mitochondrial pools were determined using paired t tests and a p value

of 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes three figures, one table, and five movies

and can be found with this article online at http://dx.doi.org/10.1016/j.
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Table S1, Related to Figure 2: Mitochondrial Morphology and Connectivity.  

 

 

 

 

Morphology 
Volume 

(µm3) 

Surface Area 

(µm2) 

SA/V 

(µm-1) 

Mitochondrial Junction  

Surface Area (%)a 
Sphericity nb 

Lipid Droplets 0.15 ± 0.01 1.33 ± 0.08 9.44 ± 0.30 28.67 ± 3.09 (3.96-60.94) 1.01 ± 0.00 26 

Paranuclear Mitochondria 
      

Elongated 1.00 ± 0.16 6.56 ± 0.96 6.78 ± 0.30 11.86 ± 1.71 (1.99-17.52) *0.75 ± 0.03 10 

Compact 0.42 ± 0.10 2.56 ± 0.39 6.58 ± 0.51 12.32 ± 1.67 (5.61-21.25) 1.03 ± 0.03 10 

Paravascular Mitochondria 
      

Elongated 1.76 ± 0.28 8.65 ± 1.11 5.37 ± 0.36 13.5 ± 1.82 (3.55-21.56) *0.81 ± 0.03 13 

Compact 1.07 ± 0.17 5.03 ± 0.60 5.21 ± 0.34 15.81 ± 1.87 (7.83-27.97) 0.98 ± 0.02 13 

w/Nanotube 2.23 ± 0.47 *11.64 ± 2.12 5.62 ± 0.29 12.45 ± 1.34 (7.1-21.05) *0.72 ± 0.03 11 

Fiber Parallel Mitochondria 
      

Elongated *^2.51 ± 0.66 *^11.20 ± 2.80 ^4.67 ± 0.19 *3.68 ± 0.65 (0.38-9.41) ^0.84 ± 0.03 14 

Compact 0.93 ± 0.17 4.53 ± 0.57 ^5.47 ± 0.34 ^13.25 ± 1.79 (4.41-27.79) 0.98 ± 0.01 12 

Connector *^2.40 ± 0.31 *^12.57 ± 1.88 ^5.24 ± 0.27 *^5.34 ± 0.64 (1.63-8.56) *^0.73 ± 0.04 12 

Non-connected *0.32 ± 0.06 *2.28 ± 0.32 *8.69 ± 0.40 *0 ± 0 (0) 0.99 ± 0.02 42 

Values are mean ± SE. aMax and min values are listed in parentheses. bn values include structures from three separate animals. 

SA/V - surface area to volume ratio. *Significantly different (p<0.05) from Compact. ^Significantly different (p<0.05) from Non-

connected. Sphericity is equivalent to 3D form factor. 



 

Figure S1, Related to Figure 3: MitoPhotoDNP depolarization. A) Confocal image of a 

TMRM and MitoPhotoDNP loaded cardiomyocyte prior to UV irradiation to assess Vertical 

coupling. Dashed lines represent the UV irradiation zone. B) Confocal image of a TMRM and 

MitoPhotoDNP loaded cardiomyocyte immediately after UV irradiation. C) Confocal image of a 

TMRM loaded cardiomyocyte without MitoPhotoDNP prior to UV irradiation. D) Confocal 

image of a TMRM loaded cardiomyocyte without MitoPhotoDNP immediately after UV 

irradiation. E) Post/pre mitochondrial TMRM signal as a function of distance outside UV 

irradiation zone. F) Post/pre cytosolic TMRM signal as a function of distance outside UV 

irradiation zone. G) Confocal image of TMRM fluorescence in a MitoPhotoDNP-loaded isolated 

mouse soleus fiber before UV irradiation. H) TMRM fluorescence immediately after UV 

activation of MitoPhotoDNP in a small “single mitochondria-sized” region (yellow dotted lines). 

I) TMRM fluorescence 55 seconds after MitoPhotoDNP activation. 

 



 

Figure S2, Related to Figure 5: Cardiomyocyte Mitochondrial Network Disconnection. A) 

Murine left ventricular cardiomyocyte MitoDendra2 fluorescence prior to irradiation of isolated 

cardiomyocyte loaded with MitoPhotoDNP. B) Cardiomyocyte MitoDendra2 fluorescence 

immediately after photoconversion of MitoDendra2 (green to red) with 355 nm (upper) and 405 

nm (lower) light. Note that 355 nm light photoactivates MitoPhotoDNP and photoconverts 

MitoDendra2 while 405 nm light only photoconverts MitoDendra2. C) Cardiomyocyte 

MitoDendra2 fluorescence 240 seconds after photoconversion. Representative of 9 experiments 

from 3 mice. 

 

 



 

Figure S3, Related to Figure 3: Regional capacity for membrane potential generation and 

utilization. A) Confocal image of two fixed mouse heart cells immunostained for Complex IV. 

Nuclei: blue. B) Confocal image of the same mouse heart section immunostained for Complex 

V. C) Ratiometric image of the Complex IV/V immunofluorescene signals. Red signifies 

relatively higher Complex V and green signifies relatively higher Complex IV. D) Complex 

IV/V immunofluorescence ratio in the heart cell interior. E) Complex IV/V immunofluorescence 

ratio in the heart cell periphery. F) There are no regional differences in the Complex IV/V 

immunofluorescence ratio in the heart. Images are representative of and values are mean ± SE 

from 11 cells from 3 mice. 

 

 

 

 

 

 

 

 

 

 

 



Supplemental Movie and Dataset Legends 

Movie S1, Related to Figures 1 and 2: Upper: A 3D FIB-SEM image stack of a mouse left 

ventricle. Longitudinal images are shown and time represents sequential images moving deeper 

into the fiber. Data shown has been binned by 3 in x and y and by 10 in z to reduce file size.  A 

2.5 Gb raw image stack is available as Supplementary Dataset 1. Lower: 360° rotation of 

mitochondrial subnetworks within part of a single heart cell.  Each color represents a different 

subnetwork of tens to hundreds of mitochondria. White mitochondria are not network connected. 

Movie S2, Related to Figure 3: Top) Timecourse loop of confocal microscopy images of the 

TMRM signal in a live, isolated cardiomyocyte before and after UV light induced release of 

MitoPhotoDNP in the cell interior to assess Longitudinal coupling. Bottom) Timecourse loop of 

confocal microscopy images of the TMRM signal in a live, isolated cardiomyocyte before and 

after UV light induced release of MitoPhotoDNP in the cell interior to assess Vertical coupling. 

Movie S3, Related to Figure 4: Upper) TMRM fluorescence in an isolated mouse left 

ventricular cardiomyocyte before and after UV activation of MitoPhotoDNP. Middle) TMRM 

fluorescence in an isolated mouse soleus fiber before and after UV activation of MitoPhotoDNP. 

Lower: TMRM fluorescence in an isolated mouse soleus fiber before and two minutes after UV 

photodamage (~8-fold higher 355 nm laser power per µm2 than used to activate MitoPhotoDNP). 

Movie S4, Related to Figure 5: Upper three panels: MitoDendra2 fluorescence in an isolated 

mouse soleus fiber before and two minutes after green to red photoconversion of MitoDendra2. 

Lower panel: MitoDendra2 fluorescence in an isolated mouse soleus fiber before and two 

minutes after simultaneous green to red photoconversion of MitoDendra2 and photoactivation of 

MitoPhotoDNP. 

Movie S5, Related to Figure 5: Upper: MitoDendra2 fluorescence in the paravascular region of 

an isolated mouse soleus fiber before and two minutes after simultaneous green to red 

photoconversion of MitoDendra2 and photoactivation of MitoPhotoDNP. Lower: MitoDendra2 

fluorescence in the intrafibrillar region of an isolated mouse soleus fiber before and two minutes 

after simultaneous green to red photoconversion of MitoDendra2 and photoactivation of 

MitoPhotoDNP. 
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