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Abstract: This review focuses on recent discoveries in skeletal and cardiac muscles
indicating that mitochondria behave as an interactive cohort with inter-organelle
communication and specific reactions to stress signals. Our new finding is that inter-
mitochondrial communications in cardiac and skeletal muscles rely on two distinct
methods. In cardiac muscle, mitochondria are discrete entities and are fairly well
immobilized in a structural context. The organelles have developed a unique method of
communication, via nanotunnels, that allow temporary connection from one
mitochondrion to another over distance of up to several microns, without overall
movement of the individual organelles and loss of their identity. Skeletal muscle
mitochondria, on the other hand, are quite dynamic. Through fusion, fission and
elongation they form connections that include constrictions and connecting ducts (quite
distinct from nanotunnels) and loose individual identity in the formation of extensive
networks. Connecting elements in skeletal muscle are distinct from nanotunnels in
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cardiac muscle.

New Findings: This review summarizes recent discoveries in mitochondria
development and morphology studied with electron microscopy. Although mitochondria
are generally considered as isolated from each other, this review highlights recently
discovered evidence for the presence of inter-mitochondrial communication structures in
cardiac and skeletal muscle, in animal models and humans. Even within striated
muscles, means of inter-mitochondria exchanges and mitochondria reaction to external
stimuli are uniquely dependent on the tissue, and we clearly differentiate between
nanotunnels, the active protrusion of cardiac mitochondria, and the connecting ducts of
skeletal muscle derived from fusion-fission and elongation events.
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New Findings

This review summarizes recent discoveries in mitochondria development and morphology

studied with electron microscopy.

Although mitochondria are generally considered as isolated from each other, this review
highlights recently discovered evidence for the presence of inter-mitochondrial communication
structures in cardiac and skeletal muscle, in animal models and humans. Even within striated
muscles, means of inter-mitochondria exchanges and mitochondria reaction to external stimuli
are uniquely dependent on the tissue, and we clearly differentiate between nanotunnels, the
active protrusion of cardiac mitochondria, and the connecting ducts of skeletal muscle derived

from fusion-fission and elongation events.
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Abstract

This review focuses on recent discoveries in skeletal and cardiac muscles indicating that
mitochondria behave as an interactive cohort with inter-organelle communication and specific
reactions to stress signals. Our new finding is that inter-mitochondrial communications in
cardiac and skeletal muscles rely on two distinct methods. In cardiac muscle, mitochondria are
discrete entities and are fairly well immobilized in a structural context. The organelles have
developed a unique method of communication, via nanotunnels, that allow temporary connection
from one mitochondrion to another over distance of up to several microns, without overall
movement of the individual organelles and loss of their identity. Skeletal muscle mitochondria,
on the other hand, are quite dynamic. Through fusion, fission and elongation they form
connections that include constrictions and connecting ducts (quite distinct from nanotunnels) and
loose individual identity in the formation of extensive networks. Connecting elements in skeletal

muscle are distinct from nanotunnels in cardiac muscle.
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Inter-mitochondria communication: interesting variety of means and structures

The positioning, movements and overall behavior of mitochondria are dictated by
requirements of the host cell, but are also influenced by independent mitochondrial activity
(Zhang et al., 2016; Wang et al., 2018; Strzyz, 2019). The direct cell influence on mitochondria
IS most obvious in skeletal and cardiac muscles, where tethering to the sarcoplasmic reticulum
imposes an age-dependent stereotyped distribution of mitochondria relative to the sarcomeres
(Boncompagni et al., 2009; Franzini-Armstrong & Boncompagni, 2011). This disposition is of
course most obviously advantageous to the muscle cells because it provides well-distributed
sources of ATP production. However, recent evidence shows that mitochondria are not entirely
dependent on cell commands, but assert their independence as a group by organizing means of
communication between themselves that seem to by-pass the other cell organelles, serving as
mitochondria-related, rather than cell-dedicated functions. This intercommunication is essential
to mitochondria well-being and may be of importance to the overall cell function but perhaps
only indirectly, since in general good health of mitochondria is needed as a basis for cell
metabolism and other functions. Mitochondria intercommunication occurs by a variety of means
and via sets of structural features that are varied in their morphology and development, and thus
are functionally not equivalent. Here we present and discuss the differences between the
recently described nanotunnels and a variety of other inter-mitochondrial bridging structures that
form ducts or pathways with different origins. In order to emphasize the important distinction
between nanotunnels and other connecting structures, nanotunnels are first described separately.
Finally, we consider other proposed, more direct communications by means of fusion/fission
events and at specialized “kissing junctions”. Most of the evidence presented refers to skeletal

and cardiac muscle.
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Mitochondrial nanotunnels: definition, origin and positioning

Mitochondrial nanotunnels were first described in cardiac myocytes and named on the
basis of their structure as long thin extensions that are actively extruded from a single
mitochondrion and extend to others over relatively long distances of up to several microns
(Huang et al., 2013). Nanotunnels are narrow (90-210 nm in diameter), with matrix and cristae
included in their lumen. In general nanotunnels are larger than T tubules, have a relatively
straight orientation, are in direct continuity with the mitochondria at their origin and are clearly
not associated with dyads, making them a distinct anatomical structure. Nanotunnels are
responsible for active intermitochondrial share of matrix content and membrane components
over long distances (Huang et al., 2013; Eisner et al., 2017; Lavorato et al., 2017). The flow of
material along nanotunnels is relatively slow, requiring minutes for equilibrium, but sufficiently
robust to allow distribution of mitochondrial components to all mitochondria over the whole
length of cardiac myocytes, at distances of tens of millimeters within a period of time measured
in hours (Huang et al., 2013). Evidence for communication via nanotunnels is quite clear, direct
and compelling. Live confocal imaging of communicating mitochondria, shows matrix targeted
with photoactivatable green fluorescent protein (MtPAGFP) penetrating into narrow tunnels and
moving along them from one mitochondrion to another (Fig.1, see also Fig. 3 in Huang et al.
(2013) and Fig. 9B in Lavorato et al. (2017)). Figure 2 from thin section electron micrographs
illustrates the fine structure of nanotunnels similar to those illustrated in a 3-D reconstruction

from the same mouse myocardium (Lavorato et al., 2017).
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So far, nanotunnels have been directly imaged by electron microscopy and clearly detected
by functional probes exclusively in cardiac myocytes, but not in any other muscles. Indeed,
nanotunnels are quite frequent in cardiac muscle. The reason for nanotunnels’ presence seems
obvious in mammalian myocardium, where mitochondria are clearly discontinuous and have
extremely limited mobility, being confined between the myofibrils. In 3-D scanning electron
microscopy (SEM) images, cardiac mitochondria are well defined as short cylinders that extend
for the length of one to a few sarcomeres between the myofibrils with no direct continuities with
each other, except via the pathway provided by nanotunnels (Fig. 3). Movements of entire
mitochondria have not been directly observed and matrix protein exchanges between well-
separated mitochondria are very slow (Huang et al., 2013; Eisner et al., 2017; Lavorato et al.,
2017) confirming that the organelles are normally trapped in a fixed position. Essentially, in the
absence of nanotunnels, cardiac mitochondria would lead a life of royal isolation with few
interactions with each other. Thus, we hypothesize that nanotunnels are a feature essential to the

wellbeing of cardiac mitochondria as a population and of the heart as a whole.

Nanotunnels extend over distances of several microns, so they clearly can facilitate
exchanges over relatively long distances within the cell (Fig. 1). They originate as a funnel
shaped extension from a donating mitochondrion and they become narrower as they get farther
out, while maintaining the double external membrane and, in most cases, some cristae. They
rarely have a totally clear matrix. At the distal end, they taper into a rounded shape but, despite
considerable effort in this regard, we were not able to observe a direct continuity between the far
end of a nanotunnels and a receiving mitochondrion. The image in Figure 2 is suggestive but not

quite a proof of continuity. Since an electron microscopy (EM) image is a snapshot in time, this
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indicates that direct continuity between a nanotunnel and its receiving mitochondrion is either
quite rare, or of very short duration, or of very small size, or, most likely, a combination of all
factors. This leaves behind a currently unresolved lack of direct ultrastructural evidence for the

exact nature of the nanotunnel-to-mitochondrion continuity at the receiving end of the exchange.

Nanotunnels reach for some distances from their site of origin (Fig. 3). The frequent close
proximity between nanotunnels and microtubules (Fig. 2) suggests that nanotunnels move along

the microtubules as many membrane-limited cell organelles do.

One essential question about nanotunnels has not been solved: does the active transport of
proteins between two separate mitochondria make use of preexisting nanotunnels or does a new
tunnel develop when transport is needed, leaving behind the structural framework to be
visualized by EM? In other words, how dynamic are nanotunnels and what is their life span?
Static EM snapshot of myocardial structures (such as in Fig. 2 and 3) reveal the presence of
numerous nanotunnels in all stages of deployment at any given time, and video recordings of
active matrix transfer (Fig. 1) illustrate the movement of components along nanotunnel structure.
However, it is not known whether nanotunnels may increase in density and dimensions when

exchanges are required.

Mitochondrial constrictions, mitochondrial fission, intermitochondrial nanotubes, ducts or
pathways.

In contrast to cardiac muscle, skeletal muscle inter-myofibrillar mitochondria do not show
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any tendency towards “nanotunneling”: no long thin mitochondrial extensions have been
observed to freely extend from the organelle surface, although the main shape of the individual
mitochondrion is quite elongated. Additionally, skeletal muscle mitochondria in mammalian
muscle differ from those in cardiac myocytes because they are part of extensive networks with
branching in the transverse direction and longitudinal extensions (Amchenkova et al., 1988;
Picard et al., 2013). The extraordinary extent of continuous mitochondria networks in
mammalian muscles has been frequently noted (Franzini-Armstrong, 2007; Wei et al., 2011,
Patel et al., 2016) and it is likely that exchanges over long distances can easily occur over the
length of preexisting continuous mitochondria pathways. Additionally, although mitochondria
are physically anchored to the sarcoplasmic reticulum (SR) by tethers connecting them to the SR
at triads (Boncompagni et al., 2009) and is constrained by the cytoskeleton, the entire network is
quite variable in shape. This arrangement suggests a dynamic structure with the occurrence of
fission and temporary fusion events, which allow extension of one mitochondrion domain into

that of its adjacent neighbour, and provide for physiological exchanges.

Extensive mitochondrial networks are not a rule, if muscles other than mammalian muscle
are considered (Franzini-Armstrong & Boncompagni, 2011). In lower vertebrates mitochondria
are mostly present in small groups, where they are either separate from each other, or only partly
connected. It isimportant to note that nanotunnels, as defined in this review, are not deployed
in skeletal muscle, even where few mitochondria are present, indicating that exchanges are more
likely to occur by other means, e.g. fusion events (Eisner et al., 2014), or via short connecting
tunnels of the type described in free bacteria (Dubey & Ben-Yehuda, 2011) as well as in higher

cells (Rustom et al., 2004) and detailed below.
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3-D reconstructions of mitochondria in human muscles have revealed the presence of
numerous connections between mitochondria via narrow ducts or pathways that directly join one
mitochondrion to another (Vincent et al., 2019). We propose that the origin of these connecting
structures and their ultrastructural details are quite different from those of nanotunnels, so for
clarity we propose to restrict the term nanotunnels to the structures specific to cardiac
mitochondria and to use alternative names for other intermitochondrial connections, e.g.
nanotubes, connecting ducts. Some instances of connecting ducts have been detected in skeletal
muscle, often associated with evidence of severe structural alterations. The direct role of such
structures in the physiology and pathology of muscle are not well defined, because they occur
under a variety of pathological conditions (Vincent et al., 2016; Vincent et al., 2017), and may

also be present as part of the normal network of mitochondria (Vincent et al., 2019).

Differently from nanotunnels, the connecting ducts do not arise as active projections from
the borders of mitochondria, but may be the result of slow and/or partly arrested fission. The
most striking demonstration of this effect is in the work by Zhang et al (2016), who illustrated
the process in a brain model of Alzheimer’s disease. In this brain model, elongated mitochondria
show multiple constrictions sites, the likely initial stages of multiple fission processes that would
break the elongated mitochondria into many fragments. However, the process is not completed
and the connections between the fragments remain in situ for some time and become thinner and

elongated thus forming ducts.

Novel discoveries in skeletal muscle show that mitochondria in this tissue may behave
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similarly to those in neuronal tissue under conditions of some stress and provide direct evidence
for the derivation of intermitochondrial ducts from events involving the evolution of elongated
zones that may or may not evolve into actual fission. Fatigue in fast fibers of mouse is
associated with greater frequency of elongated constrictions within the body of individual
mitochondria, and the subsequent development into short connecting ducts (Fig. 4) (Lavorato et
al., 2018). Moreover, in a novel, human genetic condition (Perrotta et al., under review)
unusually thin and elongated mitochondrial tubes have been discovered (Fig. 5). Levels of the
von Hippel-Lindau protein are reduced in this condition, leading to a largely hypoxic phenotype
at multiple levels and exposing the mitochondria to metabolic stress. These findings suggest that
the development of intermitochondrial connecting ducts may be a common response, worth
investigating in other circumstances where the functioning of the hypoxia-inducible factor
pathway is altered (Perrotta et al., 2006; Formenti et al., 2010; Formenti et al., 2011; Petousi et

al., 2014; Thompson et al., 2014; Lenglet et al., 2018).

The ducts and elongated constrictions significantly differ from nanotunnels in two major
details. First, they are located between two parts of an individual mitochondrion that have
apparently moved apart extending a portion of the organelle into thinner elongated structures that
remain associated with the two sides. Second, the connections on the two sides are always
clearly patent, indicating an opening that is present over a period of time. By contrast, the
nanotunnels evolve as projections from the edge of a mitochondrion and although are clearly
connected on the side of the mitochondrion of origin, they are not visibly so on the side of the

receiving mitochondrion.
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Other mechanisms of intermitochondrial communication

In the case of the mostly immobile mitochondria in cardiac muscle, it has been proposed
that a means of exchange may be present at sites where two adjacent organelles closely abut
against each other, in addition to the exchange that occurs via nanotunnels. Structural
specializations at these proximity sites were first described and very well illustrated by Bakeeva
et al. (1983). They were later confirmed multiple times and named “kissing junctions” (Huang et
al., 2013; Picard et al., 2015; Glancy et al., 2017; Lavorato et al., 2017). Despite the fact that the
membranes of the two adjacent mitochondria seem to form very close punctate contacts, no
direct evidence is so far available for the presence of connecting channels at these sites. These
are necessary to provide a path for direct communication between adjacent mitochondria. The
coordinated arrangement of cristae of two mitochondria at sites of kissing junctions (Picard et
al., 2015) is certainly suggestive of some exchange of information, but there is no direct

evidence to indicate that intermitochondrial exchanges do take place at kissing junctions.

Finally, it has been proposed that mitochondria exchange matrix content in both skeletal
and cardiac muscles by means of short-lived fusion events without loss of the organelles identity
(Eisner et al., 2014; Eisner et al., 2017). This hypothesis is in keeping with the normal,
continuous dynamic behaviour of mitochondria, as detected in cultured cells, that involves fusion
and fission events and play a major role in maintenance of the organelles’ integrity
(Westermann, 2010; Youle & van der Bliek, 2012). However, differently from mitochondria
involved in these events in cultured cells, muscle mitochondria do not move out of position

during presumed fusions, offering a more physiological perspective on their development and

11
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function. All exchange events involving mitochondria at short distances have been proposed to
depend on either kissing junctions (in cardiac muscle), or fusion events (in both skeletal and
cardiac muscles). However, it cannot be excluded that in cardiac muscle such exchanges at short
distances may be carried out by short nanotubes that are not visualized in the fluorescent images.
In skeletal muscle, exchanges may be simply a function of the network continuities, without need

to assume an ad-hoc fusion.

Additionally, presumed fusion events in skeletal and cardiac muscle leave one unsolved
mystery: the exchange of organelles content at presumed sites of fusion is considerably slower
than it is expected from free diffusion between two compartments that are presumably in open
direct connection. Thus some regulation of the exchange rate must be present, either as a
physical barrier (e.g. restricted sites for diffusion) or some direct regulation of diffusion, such as

binding protein(s). This challenging question has not been explored in detail yet.

Acknowledgements: We are grateful to the patients for their time and availability, to Professor
Roland Fleck and Mrs Leanne Allison at the Centre for Ultrastructural Imaging, King’s College
London, for assistance with human skeletal muscle imaging. Work in Federico Formenti’s
laboratory is supported by a Medical Research Council Confidence in Concept grant

(MC_PC_17164) and by The Physiological Society Research Grant.

Conflict of interest: none declared.

12



269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

References
Amchenkova AA, Bakeeva LE, Chentsov YS, Skulachev VP & Zorov DB (1988). Coupling
membranes as energy-transmitting cables. 1. Filamentous mitochondria in fibroblasts and

mitochondrial clusters in cardiomyocytes. J Cell Biol 107, 481-495.

Bakeeva LE, Chentsov Yu S & Skulachev VP (1983). Intermitochondrial contacts in

myocardiocytes. J Mol Cell Cardiol 15, 413-420.

Boncompagni S, Rossi AE, Micaroni M, Beznoussenko GV, Polishchuk RS, Dirksen RT &
Protasi F (2009). Mitochondria are linked to calcium stores in striated muscle by

developmentally regulated tethering structures. Mol Biol Cell 20, 1058-1067.

Dubey GP & Ben-Yehuda S (2011). Intercellular nanotubes mediate bacterial communication.

Cell 144, 590-600.

Eisner V, Cupo RR, Gao E, Csordas G, Slovinsky WS, Paillard M, Cheng L, Ibetti J, Chen SW
& Chuprun JK (2017). Mitochondrial fusion dynamics is robust in the heart and depends
on calcium oscillations and contractile activity. Proceedings of the National Academy of

Sciences 114, ES859-E868.

Eisner V, Lenaers G & Hajndczky G (2014). Mitochondrial fusion is frequent in skeletal muscle

and supports excitation—contraction coupling. J Cell Biol, jcb. 201312066.

13



292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

Formenti F, Beer PA, Croft QP, Dorrington KL, Gale DP, Lappin TR, Lucas GS, Maher ER,
Maxwell PH, McMullin MF, O'Connor DF, Percy MJ, Pugh CW, Ratcliffe PJ, Smith TG,
Talbot NP & Robbins PA (2011). Cardiopulmonary function in two human disorders of
the hypoxia-inducible factor (HIF) pathway: von Hippel-Lindau disease and HIF-2alpha

gain-of-function mutation. Faseb J 25, 2001-2011.

Formenti F, Constantin-Teodosiu D, Emmanuel Y, Cheeseman J, Dorrington KL, Edwards LM,
Humphreys SM, Lappin TR, McMullin MF, McNamara CJ, Mills W, Murphy JA,
O'Connor DF, Percy MJ, Ratcliffe PJ, Smith TG, Treacy M, Frayn KN, Greenhaff PL,
Karpe F, Clarke K & Robbins PA (2010). Regulation of human metabolism by hypoxia-

inducible factor. Proc Natl Acad Sci U S A 107, 12722-12727.

Franzini-Armstrong C (2007). ER-mitochondria communication. How privileged? Physiology

(Bethesda) 22, 261-268.

Franzini-Armstrong C & Boncompagni S (2011). The evolution of the mitochondria-to-calcium
release units relationship in vertebrate skeletal muscles. J Biomed Biotechnol 2011,

830573.

Glancy B, Hartnell LM, Combs CA, Femnou A, Sun J, Murphy E, Subramaniam S & Balaban

RS (2017). Power Grid Protection of the Muscle Mitochondrial Reticulum. Cell Rep 19,

487-496.

14



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

Huang X, Sun L, Ji S, Zhao T, Zhang W, Xu J, Zhang J, Wang Y, Wang X, Franzini-Armstrong
C, Zheng M & Cheng H (2013). Kissing and nanotunneling mediate intermitochondrial

communication in the heart. Proc Natl Acad Sci U S A 110, 2846-2851.

Lavorato M, lyer VR, Dewight W, Cupo RR, Debattisti V, Gomez L, De la Fuente S, Zhao YT,
Valdivia HH, Hajnoczky G & Franzini-Armstrong C (2017). Increased mitochondrial
nanotunneling activity, induced by calcium imbalance, affects intermitochondrial matrix

exchanges. Proc Natl Acad Sci U S A 114, E849-E858.

Lavorato M, Loro E, Debattisti V, Khurana TS & Franzini-Armstrong C (2018). Elongated

mitochondrial constrictions and fission in muscle fatigue. J Cell Sci 131, jcs221028.

Lenglet M, Robriquet F, Schwarz K, Camps C, Couturier A, Hoogewijs D, Buffet A, Knight
SJL, Gad S, Couve S, Chesnel F, Pacault M, Lindenbaum P, Job S, Dumont S, Besnard
T, Cornec M, Dreau H, Pentony M, Kvikstad E, Deveaux S, Burnichon N, Ferlicot S,
Vilaine M, Mazzella JM, Airaud F, Garrec C, Heidet L, Irtan S, Mantadakis E, Bouchireb
K, Debatin KM, Redon R, Bezieau S, Bressac-de Paillerets B, Teh BT, Girodon F, Randi
ML, Putti MC, Bours V, Van Wijk R, Gothert JR, Kattamis A, Janin N, Bento C, Taylor
JC, Arlot-Bonnemains Y, Richard S, Gimenez-Roqueplo AP, Cario H & Gardie B
(2018). Identification of a new VHL exon and complex splicing alterations in familial

erythrocytosis or von Hippel-Lindau disease. Blood 132, 469-483.

15



337

338

339

340

341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

Patel KD, Glancy B & Balaban RS (2016). The electrochemical transmission in 1-Band segments

of the mitochondrial reticulum. Biochim Biophys Acta 1857, 1284-1289.

Perrotta S, Nobili B, Ferraro M, Migliaccio C, Borriello A, Cucciolla V, Martinelli V, Rossi F,
Punzo F, Cirillo P, Parisi G, Zappia V, Rotoli B & Ragione FD (2006). VVon Hippel-
Lindau-dependent polycythemia is endemic on the island of Ischia: identification of a

novel cluster. Blood 107, 514-519.

Petousi N, Croft QP, Cavalleri GL, Cheng HY, Formenti F, Ishida K, Lunn D, McCormack M,
Shianna KV, Talbot NP, Ratcliffe PJ & Robbins PA (2014). Tibetans living at sea level
have a hyporesponsive hypoxia-inducible factor system and blunted physiological

responses to hypoxia. J Appl Physiol (1985) 116, 893-904.

Picard M, McManus MJ, Csordas G, Varnai P, Dorn Il GW, Williams D, Hajn6czky G &
Wallace DC (2015). Trans-mitochondrial coordination of cristae at regulated membrane

junctions. Nat Commun 6, 6259.

Picard M, White K & Turnbull DM (2013). Mitochondrial morphology, topology, and membrane
interactions in skeletal muscle: a quantitative three-dimensional electron microscopy

study. J Appl Physiol (1985) 114, 161-171.

Rustom A, Saffrich R, Markovic I, Walther P & Gerdes HH (2004). Nanotubular highways for

intercellular organelle transport. Science 303, 1007-1010.

16



360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

Strzyz P (2019). Mitochondria unite. Nat Rev Mol Cell Biol 20, 65.

Thompson AA, Elks PM, Marriott HM, Eamsamarng S, Higgins KR, Lewis A, Williams L,
Parmar S, Shaw G, McGrath EE, Formenti F, Van Eeden FJ, Kinnula VL, Pugh CW,
Sabroe I, Dockrell DH, Chilvers ER, Robbins PA, Percy MJ, Simon MC, Johnson RS,
Renshaw SA, Whyte MK & Walmsley SR (2014). Hypoxia-inducible factor 2alpha

regulates key neutrophil functions in humans, mice, and zebrafish. Blood 123, 366-376.

Vincent AE, Ng YS, White K, Davey T, Mannella C, Falkous G, Feeney C, Schaefer AM,
McFarland R, Gorman GS, Taylor RW, Turnbull DM & Picard M (2016). The Spectrum

of Mitochondrial Ultrastructural Defects in Mitochondrial Myopathy. Sci Rep 6, 30610.

Vincent AE, Turnbull DM, Eisner V, Hajnoczky G & Picard M (2017). Mitochondrial

Nanotunnels. Trends in Cell Biology 27, 787-799.

Vincent AE, White K, Davey T, Philips J, Ogden RT, Lawless C, Warren C, Hall MG, Ng YS,
Falkous G, Holden T, Deehan D, Taylor RW, Turnbull DM & Picard M (2019).
Quantitative 3D Mapping of the Human Skeletal Muscle Mitochondrial Network. Cell

Rep 27, 321.

17



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

Wang W, Fernandez-Sanz C & Sheu SS (2018). Regulation of mitochondrial bioenergetics by
the non-canonical roles of mitochondrial dynamics proteins in the heart. Biochim Biophys

Acta Mol Basis Dis 1864, 1991-2001.

Wei L, Salahura G, Boncompagni S, Kasischke KA, Protasi F, Sheu SS & Dirksen RT (2011).
Mitochondrial superoxide flashes: metabolic biomarkers of skeletal muscle activity and

disease. Faseb J 25, 3068-3078.

Westermann B (2010). Mitochondrial fusion and fission in cell life and death. Nat Rev Mol Cell

Biol 11, 872-884.

Youle RJ & van der Bliek AM (2012). Mitochondrial fission, fusion, and stress. Science 337,

1062-1065.

Zhang L, Trushin S, Christensen TA, Bachmeier BV, Gateno B, Schroeder A, Yao J, Itoh K,
Sesaki H, Poon WW, Gylys KH, Patterson ER, Parisi JE, Diaz Brinton R, Salisbury JL &
Trushina E (2016). Altered brain energetics induces mitochondrial fission arrest in

Alzheimer's Disease. Sci Rep 6, 18725.

18



402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

Figure legends

Figure 1. Cardiac myocyte. Previously unpublished image of a cardiac myocyte expressing
photoactivatable mtPA-GFP and photobleachable mtDsRed in the mitochondrion matrix (see
Lavorato et al., 2017 for details). The experiments involved activating the mtPA-GFP with a
laser flash in a delimited area (within the square) and detecting its movement in time. In this
image the activated green mtPA-GFP is seen to spread along narrow pathways (presumably
nanotunnels, small arrows). In published work it was shown that the activated protein eventually
diffuses into nearby mitochondria, again presumably via nanotunnels. Contributed by M.

Lavorato.

Figure 2. Ultrathin section through a rapid frozen freeze-substituted cardiac myocyte
showing nanotunnels that arise from the periphery of two donor mitochondria. Cristae and
a dense matrix fill the interior of nanotunnels. Note profiles of microtubules (arrows) that
probably act as guides for nanotunnel movements. (M. Lavorato, unpublished. See also Lavorato

et al., 2017). M: mitochondrion; Nt: nanotunnels.

Figure 3. Novel SEM image of mitochondria in a mouse cardiac myocyte, illustrating a
long nanotunnel (arrow). Cardiac myocytes are the only striated muscle in which nanotunnels
have been observed. They may be the main conduits for intermitochondrial communication in
myocardium. The tissue was prepared following the protocol devised by Ogata and Yamasaki,

1990. M. Lavorato, unpublished.
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Figure 4. Elongated constrictions separating sections of mitochondria in fast skeletal
muscle fibers of mouse. In both images (A and B) a mitochondrion shows a transition (at
arrows) into a narrow region that remains associated at either end with the normal mitochondrial
structure. These events were observed in fatigued mice muscle and are similar to the ones
detected as a response to stress and perhaps indicative of incipient fission in Fig. 5. Note that in
both cases SR elements are closely associated with the constricted section, perhaps contributing
to development of the constriction. M. Lavorato, unpublished observations in collaboration with

V. DeBattisti, from Jefferson University, Philadelphia, PA. (See also Lavorato et al. (2018)).

Figure 5. Intermitochondrial ducts in the muscle from a patient with a mutation leading to
reduced von Hippel-Lindau protein levels.

A) Mitochondria from a vastus lateralis biopsy of a patient with a mutation leading to reduced
von Hippel-Lindau protein levels, associated with an abnormal metabolic phenotype and
mitochondrial stress (Perrotta et al., under review). The mitochondrial response in this case is an
extension of the organelles (A, at arrows) so that the wider regions are connected by long
extended tunnels that follow the transversely oriented path occupied by mitochondria (Perrotta et
al., under review).

B) Elongated profiles are patently connected to mitochondria at either end, and so differ from the
asymmetric nanotunnels illustrated in Fig. 2. The profiles are appropriately classified as

“connecting ducts” rather than nanotunnels. They may have occurred as an extension in time and
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448  space of the constrictions illustrated in Figure 4. These images are quite similar to those observed

449  in the formation of connecting ducts in a model of Alzheimer’s disease (Zhang et al., 2016).
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