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Abstract
Mitochondria display considerable structural diversity, particularly in terms of the folding of the
energy-transducing inner membrane. The hypothesis is forwarded that the topology of the
mitochondrial inner membrane is not random but rather is a regulated cell parameter. Its effects on
internal diffusion of metabolites and soluble proteins can influence such mitochondrial processes
as ATP production and protein release during apoptosis. Progress towards understanding the
factors that control mitochondrial inner membrane curvature and dynamics (fusion and fission) is
summarized, with a focus on remodeling events associated with apoptosis and oxidative stress.
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Mitochondria are the organelles that are the primary site of energy transduction and ATP
generation in eukaryotes. These organelles are composed of two distinctly different
membranes, a limiting outer membrane and an inner membrane that encloses a protein-rich
matrix. The molecular machinery of chemiosmosis is associated with the inner membrane.
Although mitochondria serve fundamentally the same bioenergetic function in all cells, they
display striking interspecies and inter-tissue variations in shape, connectivity, and inner-
membrane morphology.1,2 The morphologic dexterity of isolated mitochondria in vitro is
equally impressive. In the late 1960s and early 1970s, respiratory-state-linked changes in
inner-membrane morphology were reported – first by Hackenbrock3 – leading to
speculation that they might reflect changes in the “energization” state of the membrane
integral to energy transduction.4 However, the consensus view was that observed transitions
in inner-membrane morphology represented random refolding of a flexible membrane in
response to osmotically driven changes in matrix volume.

In the last decade, advances in light and electron microscopy have led to a renewed interest
in the structural diversity and dynamics of mitochondria, as well as in their interactions with
other cellular components. These new imaging techniques are allowing systematic
monitoring of changes in mitochondrial shape and ultrastructure during particular biological
processes, and in so doing are revealing a coupling between structure and function not
previously appreciated. From the perspective of inner-membrane morphologic changes, the
old view of mitochondria as a passive “osmometer”,5 while still valid, is incomplete.
Studies involving electron tomography have revealed dramatic remodelings of the inner
membrane that correlate, in the case of apoptosis, with cytochrome c release6 and organelle
fragmentation.7 The emerging paradigm is that mitochondrial structure and dynamics are
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under active control of the cell at all times to effect optimal mitochondrial performance and
response to stimuli.8

This report provides an overview of the current understanding of mitochondrial inner
membrane topology and some recent findings related to its integration into two processes,
one that is already a topic of considerable interest and debate (apoptosis-linked changes),
and another that is just now coming to light (changes associated with oxidative stress).

INNER MEMBRANE TOPOLOGY AND INTERNAL DIFFUSION
The inner membranes of mitochondria contain invaginations called cristae (Latin for crests).
The cristae are not random folds in the membrane (as typically depicted) but rather micro-
compartments that open through narrow tubular membrane segments into the peripheral
region of the membrane (Figure 1).9–13 In tomograms of intact, frozen-hydrated rat liver
mitochondria,11 the inner diameter of the tubular “crista junctions” is 10–15 nm (Figure 1).
While this bore is wide enough to pass metabolites and many soluble proteins, the narrow
inner-membrane junctions might nonetheless restrict internal diffusion rates. For example,
computer simulations indicate that the steady-state level of ADP inside large cristae with
long narrow junctions can drop below the Km for the adenine nucleotide translocator,
leading to a local drop in ATP generation.11 Likewise, t-Bid-induced remodeling of the
inner membrane of isolated mouse liver mitochondria (Figure 1) correlates with
mobilization of a large fraction of the internal pool of cytochrome c, indicated by increased
rates of reduction by the NADH-cytochrome b5 redox system on the outer membrane of the
organelle.6 The inner-membrane remodeling involves, in part, five-fold widening of the
crista junctions, suggesting that diffusion of cytochrome c between intracristal and
peripheral (intermembrane) compartments is normally rate-limiting. These results indicate
that the topology of the mitochondrial inner membrane can have a profound effect on
mitochondrial activities, by influencing the kinetics of diffusion of metabolites and soluble
proteins between the internal compartments defined by this membrane.10,14

MITOCHONDRIAL INNER MEMBRANE DYNAMICS
Isolated mitochondria are often described as occurring in one of two morphologic states,
condensed, characterized by a contracted, very dense matrix compartment and wide cristae,
and orthodox, having an expanded, less-dense matrix and more compact crista
compartments.3 Changes between these membrane morphologies, detectable in real time by
light scattering, can be induced by simply adjusting the osmotic pressure of the external
medium, causing water to flow into or out of the matrix. A reversible condensed-to-orthodox
transition also occurs during respiration when ADP, added in excess, has been fully
phosphorylated.3 The corresponding changes in inner membrane profiles observed in
electron micrographs were interpreted initially as passive unfoldings and refoldings of the
inner membrane. However, 3D images of rat liver mitochondria provided by electron
tomography indicate that something more interesting is going on.8,15 Condensed rat liver
mitochondria have large pleiomorphic cristae that can have multiple junctions to each other
and to the peripheral region of the inner membrane, i.e, the region apposed to the outer
membrane. Orthodox rat liver mitochondria have cristae that are either tubular or flattened
lamellae, both types usually having only one junction to the periphery of the inner
membrane. To account for the observed topological transition, the inner membranes must
undergo fusion and fission, with tubular forms merging into the larger cisternae during
matrix condensation. That large lamellar compartments are formed via crista fusion is
strongly suggested by their appearance in tomograms of frozen-hydrated mitochondria
(Figure 1). Thus, the structural adjustments that mitochondria undergo in response to
osmotic and metabolic changes involve not only reciprocal contraction and dilation of the
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matrix and intracristal spaces defined by the inner membrane, but also remodeling of the
inner membrane itself. A review of mitochondrial morphologies associated with a variety of
osmotic, metabolic and disease states suggests that inner membrane topology represents a
balance between fusion and fission, with defects (such as crista vesiculation) corresponding
to an imbalance in this process.8

PROTEINS THAT AFFECT INNER MEMBRANE MORPHOLOGY
It is likely that some of the proteins responsible for maintenance of normal crista
morphology and dynamics are the same as those that mediate inter-mitochondrial fusion and
organelle division, since these processes involve fusion and fission of the inner as well as
the outer membranes. For example, the dynamin-like GTPase called Mgm1p in yeast and
OPA1 in mammalian cells is required for the fusion of mitochondria that gives rise to their
typical elongated form in most cell types.16,17 Mutations in this protein cause a
progressive, autosomal dominant retinopathy, Dominant Optic Atrophy,18,19 underscoring
the physiological importance of mitochondrial dynamics. Mutation or down-regulation of
Mgm1/OPA1 in yeast,16,17,20,21 C. elegans,22 and HeLa cells23 results in mitochondria
with structural phenotypes consistent with defective membrane fusion, i.e., spherical
mitochondria with morphologically simple inner membranes. In some cases, such as a C.
elegans OPA1 mutant (Figure 2), the inner membranes form unattached vesicles indicative
of unbalanced membrane fission. These vesicular inner membrane compartments can have
extended regions of close apposition, suggesting that any failure of the inner membranes to
fuse is not simply due to lack of proximity. In fact, there is growing evidence that Mgm1/
OPA1 plays multiple roles in mitochondrial fusion and maintenance of normal inner
membrane morphology, associated in part with its considerable structural polymorphism
(splicing variants, proteolytic processing, complex formation).21,24–26

A second protein postulated to directly influence inner membrane topology is F1F0 ATP
synthase. Mutations in subunits e or g of the F0 domain interrupt lateral dimerization and
subsequent oligomerization of these inner membrane complexes, and are associated with
unusual concentrically wrapped cristae lacking tubular junctions.27 The same structural
phenotype occurs with down-regulation of the protein mitofilin, suggesting that it might
somehow regulate interactions of the ATP synthase.28 A mechanism for inner-membrane
tubularization has been suggested by single-particle electron microscopic analyses of
detergent-isolated complexes.29,30 In synthase dimers, close packing of the bulky extra-
membrane F1 domains causes the smaller, intra-membrane F0 domains to adopt an angle of
40–70°, which could induce local bending of the inner membrane. Interestingly, Mgm1/
OPA1 has been reported to have a chaperone-like function for subunit e of the ATP
synthase.20 The loss of this protective function in Mgm1/OPA1 mutants inhibits ATP
synthase dimer formation,20 which could explain the deficiency of normal tubular crista
junctions in these mitochondria, noted above.

MEMBRANE REMODELING ASSOCIATED WITH APOPTOSIS
Mitochondria play a pivotal role in the cascade of events associated with the intrinsic
apoptotic pathway.31 The key event is the release from mitochondria of soluble proteins like
cytochrome c that participate in the downstream proteolytic processes following induction of
apoptosis. The release mechanism is not yet completely described but it is known to be
regulated by members of the Bcl-2 protein family, including the pro-apoptotic proteins Bid,
Bax and Bak. Truncation of Bid by a caspase (apoptosis-associated protease) causes Bax
oligomerization and relocation from the cytoplasm to the mitochondrial surface, where it
and Bak (resident on the outer membrane) create large pores that have been characterized
electrophysiologically.32 The first evidence for mitochondrial inner-membrane remodeling
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associated with these events came from the experiments of Scorrano and colleagues
(mentioned above) that correlated the 3D ultrastructure of mouse-liver mitochondria with
changes in internal diffusion of cytochrome c following incubation with t-Bid.6 These
experiments indicated that a large internal pool of cytochrome c was mobilized in
conjunction with a dramatic transition in the topology of the inner membrane (Figure 1). The
crista junctions were wider and slot-like, and the curvature of the membrane was reversed in
many regions, forming tubes that enclosed matrix. (The invaginations of the inner
membrane normally curve away from the matrix and define the intracristal space.)

Several lines of evidence suggest that the observed t-Bid-induced effects on mitochondria
involve the prominent inner-membrane phospholipid cardiolipin. In particular, cardiolipin
has been shown to target to t-Bid in the mitochondrial inner membrane,33 and interrupting
this binding of t-Bid to cardiolipin inhibits cytochrome c release from mitochondria.34 From
a structural perspective, t-Bid causes reversal of the curvature of cardiolipin-containing
membranes,35 consistent with its effects on mouse-liver inner membranes. In a recent
electron tomographic study of mitochondria from patients with Barth syndrome, a
cardiolipin-deficiency disorder, inner membranes display reversed curvature (inverted,
matrix filled tubes) similar to that seen in t-Bid treated mitochondria.36 This lends further
support to the hypothesis that the morphologic change in the inner membrane caused by t-
Bid is related to alterations in cardiolipin organization or content. Finally, it is well known
that several respiratory chain complexes as well as the adenine nucleotide translocator
(ANT) have a specific dependency on cardiolipin. The action of t-Bid at cardiolipin is
supported by the finding that t-Bid inhibits ANT activity of yeast mitochondria in a
cardiolipin-dependent manner.37 Interestingly, an inhibitor of the adenine nucleotide
translocator was shown in the 1970s to cause a remodeling of the inner membrane of beef
heart mitochondria that is essentially identical to that induced by t-Bid in mouse liver
mitochondria.38

In an elegant correlative light-electron microscopic study, Frey and co-workers have
described structural changes in the mitochondria of Hela cells associated with apoptosis.7
They report accumulation of vesicular inner membranes in apoptotic mitochondria which,
they hypothesize, is a precursor to organellar fragmentation, a requirement for apoptosis to
proceed.39 The occurrence of the inner membrane vesicles is attributed to widening of crista
junctions into progressively longer slits that eventually circumscribe the organelle.
Interestingly, the formation of elongated slit-like membrane junctions had been shown to be
induced by t-Bid in the earlier liver mitochondria study6, suggesting that this structural
change in apoptotic HeLa mitochondria might result from alterations to cardiolipin
organization triggered by t-Bid. Likewise, the accumulation of independent inner membrane
vesicles inside apoptotic mitochondria is similar to that seen in mitochondria of Mgm1/
OPA1-defective mutants in a variety of cell-types (e.g., Figure 2). The apparent imbalance
of mitochondrial inner membrane fission (absence of fusion) in apoptotic HeLa cells could
be attributable to loss of OPA1 from HeLa mitochondria during apoptosis.40

A question raised in the HeLa study is whether remodeling of the mitochondrial inner
membrane is, in fact, a requirement for rapid and complete release of cytochrome c during
apoptosis. Mitochondrial cytochrome c release occurred in control HeLa cells at a stage
when a significant fraction of the mitochondria displayed vesicular cristae, suggesting crista
junction elongation had occurred, consistent with the result of the earlier study with t-Bid
treated liver mitochondria.6 However, HeLa cells pretreated with a caspase inhibitor fully
released cytochrome c in the absence of inner membrane vesiculation and, according to
tomograms of three mitochondria, without crista junction elongation. Issue can be taken
with the latter conclusion based on small sample size and concerns about possible
experimental artifacts associated with the modified cytochrome c expressed in these cells as
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a reporter molecule. Likewise, it is unclear why caspase activation would be needed for
inner membrane remodeling, since that is clearly not the case with liver mitochondria.
Suffice it to say that further investigations of cristae remodeling during apoptosis are
underway in several laboratories that should lead to eventual resolution of this lively
dispute. For example, recent results by Scorrano and colleagues, using mouse embryonic
fibroblasts, point to Mgm1/OPA1 playing a key role in the modulation of crista openings
and mitochondrial cytochrome c release during apoptosis.25,26

INNER MEMBRANE REMODELING IN RESPONSE TO OXIDATIVE STRESS
Mitochondria in the amoeba Chaos carolinensis undergo a remarkable structural transition
during fasting. Their normal tubular cristae transform within 1–2 days of fasting into a
membrane continuum with wide (over 100-nm diameter), interconnected compartments
related by cubic symmetry.41 This inner membrane remodeling was found to correlate with
increased production of reactive oxygen species (ROS) during fasting, probably associated
with a change in metabolism to oxidation of internal protein and lipid stores.42 It was
hypothesized at the time that this membrane reorganization might be a protective response
of the organism that expedites efflux (or catalytic deactivation) of ROS from mitochondria
and/or reduces damage to the inner membranes by decreasing membrane curvature. These
organisms survive for weeks in the fasting state, and the mitochondrial membranes revert to
their normal tubular morphology shortly after food organisms are made available,
suggesting that the drastic changes in membrane topology are physiological and reversible.

While this phenomenon of inner membrane remodeling in response to oxidative stress was
thought at the time to be limited to amoeba, recent findings suggest that it might be more
generally relevant. In particular, Walker and Benzer have described a structural change in
the mitochondria of Drosophila flight muscle during hyperoxic conditions that involves
formation of a “swirl” of expanded cristae.43 Preliminary analysis of these mitochondria by
electron tomography indicates that membranes comprising the swirls are closely packed,
dilated tubes (diameters 30–40 nm), interconnected to lamellar regions of the inner
membrane (Figure 3).44 The local membrane curvature and packing geometry (hexagonal)
of the fly “swirl” mitochondrial inner membranes are different from those of fasting
amoeba, but the effect of the two topological transitions is the same: creation of an
interconnected network of expanded crista compartments. In addition, very similar “swirl”-
like tubular inner membranes occur in mitochondria of steroidogenic tissue, 45,46 in which
the P450 system generates considerable ROS.47,48 Finally, numerous dilated cristae are
found in neuronal mitochondria of a transgenic mouse model for amyotrophic lateral
sclerosis with mutant mitochondrial superoxide dismutase (mSOD).49

While this survey is far from exhaustive, it suggests that cristae dilation and increased
interconnectivity is associated with oxidative stress, either caused by elevated ROS
production (e.g., fasting amoeba and steroidogenic tissue) or reduced ROS protective
mechanisms (e.g., mSOD-deficient mice or a hyperswirl fly mutant that develops “swirl”
cristae under normal oxygen tension43). There is no direct evidence that the widening of the
diffusion pathways inside mitochondria is a protective response, perhaps allowing faster
efflux of ROS, but it appears that the converse is true. One effect of mutation of OPA1 in
the nematode is enhanced sensitivity of the organism to elevated ROS.22 The aberrant,
vesiculated inner membranes of the mutant may have limited ability to clear the ROS
generated during normal respiration, leading to increased sensitivity of these mitochondria
to the damaging effects of ROS.
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CONCLUSIONS
There is growing evidence that changes in the topology of the mitochondrial inner
membrane are not merely random unfoldings and refoldings of a flexible membrane. Rather,
these morphologic changes are remodelings, associated with altered functional states of the
mitochondrion, that involve fusion and fission of this membrane and alter internal diffusion
pathways. The emerging hypothesis is that mitochondrial inner-membrane topology is a
parameter that is regulated by the cell to optimize mitochondrial performance and response
to stimuli. While some progress has been made in identifying the proteins and lipids
involved in mitochondrial inner membrane remodelings, considerably more work is needed
to identify the sensors and describe the feedback mechanisms by which inner membrane
topology is regulated.
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Figure 1.
Topology of mitochondrial inner membranes. Left and middle: cristae of isolated, intact,
frozen-hydrated rat-liver mitochondria.11 The large crista compartments appear to be
formed by fusion of tubular membranes. These cristae are approximately 600 nm in length.
Right: Inner membrane of a mouse liver mitochondrion pre-treated with the pro-apoptotic
protein t-Bid.6 Rather than forming discrete compartments, the intracristal space is
essentially one continuous compartment. The diameter of this mitochondrion is 860 nm
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Figure 2.
Internal mitochondrial membranes of an OPA1 deficient mutant of C. elegans.22 These
mitochondria are characterized by numerous vesicular compartments, characteristic of a
membrane fusion defect. The group of close-packed inner membrane vesicles at left is
similar to features seen in apoptotic mitochondria7. The diameter of this mitochondrion is
1.6 μm.
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Figure 3.
Slice from a tomogram of a “swirl” mitochondrion from Drosophila flight muscle.43,44
Tomographic analysis indicates that the swirl region is comprised of dilated, interconnected
tubular cristae. (Specimen provided by Drs. S. Benzer and D. Walker.) The diameter of the
mitochondrion is 900 nm.
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