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Abstract

Mitochondria play a pivotal role in the cascade of events associated with cell death pathways that
are involved with several forms of neurodegeneration. Recent findings show that in the Bax/Bak-
dependent pathway of apoptosis, the release of cytochrome ¢ from mitochondria is a consequence
of two carefully coordinated events: opening of crista junctions triggered by OPA1 oligomer
disassembly and formation of outer-membrane pores. Both steps are necessary for the complete
release of proapoptotic proteins. The remodeling of mitochondrial structure accompanies this
pathway, including mitochondrial fission, and cristae and crista junction alterations. Yet, there is
controversy surrounding the timing of certain remodeling events and whether they are necessary
early events required for the release of pro-apoptotic factors or are simply a downstream after-effect.
Here, we analyze the current knowledge of mitochondrial remodeling during cell death and discuss
what structural alterations occur to this organelle during neurodegeneration, focusing on the higher
resolution structural correlates obtained by electron microscopy and electron tomography.
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Mitochondrial Structure and Apoptosis

Recent research is building a consensus that mitochondrial structure and dynamics are actively
and tightly controlled by cellular stimuli, signaling events, and perturbations inside this
organelle (reviewed by Chan, 2006; Mannella, 2008; Zick et al., 2009), including programmed
cell death and certain forms of neurodegeneration. Developmentally regulated programmed
cell death in the brain uses the Bak/Bax-dependent pathway with tBid acting as a pro-apoptotic
effector protein (Jemmerson et al., 2005). Apoptosis-like cell death is also involved in
neurodegenerative diseases and stroke. A key event in many forms of neuronal degeneration
and cell death is the release from mitochondria of proapoptotic effectors, such as cytochrome
¢, HtrA2/0Omi, smac/DIABLO, and AlF, that initiate the caspases involved in downstream
proteolytic processes for cellular digestion (Munoz-Pinedo et al., 2006). The release
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mechanism has not yet been elucidated completely but it is known to be regulated by the Bcl-2
protein family (Chipuk and Green, 2008).

A governing principle of mitochondrial architecture is that structure determines function. The
three distinct mitochondrial compartments that separate functionality are involved in the major
cell death pathways; these are the intermembrane space, intracristal space, and matrix, defined
by three membrane systems: outer, inner boundary, and cristae. Recent interest in
mitochondrial structure/function correlates has centered on cristae and crista junction shape,
size, and abundance (Mannella, 2006b; Zick et al., 2009). Because electron transport chain
molecules reside on the cristae membranes (Gilkerson et al., 2003; VVogel et al., 2006), the ratio
of cristae/ mitochondrion surface area can be viewed as the ATP synthesizing capacity of the
mitochondrion. When central nervous system (CNS) neurons are compared, this ratio does not
vary much (mean between 1.6 and 1.7; table 1), and is significantly greater than the ratios for
peripheral nervous system (PNS) mitochondria. The greatest ratio is found for the rod
photoreceptor terminal (spherule) consistent with the high metabolic rate of retina (Johnson et
al., 2007). Crista junctions are hypothesized to limit movement of signaling molecules,
enzymatic substrates, products, and metabolites into or out of the intracristal space or between
the inner boundary and cristae membranes (Frey et al., 2002; 2006; Mannella, 2006a; Mannella
et al., 2001; Perkins et al., 1997; Perkins et al., 2001). Whereas the crista junction diameter is
similar in neuronal mitochondria, the crista junction density varies substantially (table 1). The
role that the crista junction diameter plays in cell death is discussed below. However, the
significance of the variation in crista junction density has not been explored yet and may require
further investigations, but one can speculate that it may affect the heterogeneity of
mitochondrial components (Perkins and Ellisman, 2007).

In recent years scientists have unraveled the structural alterations to mitochondria linked to the
major apoptotic pathways. One such pathway is calcium-induced cytochrome c release,
prevalent in neurons during stroke and ischemia (Jemmerson et al., 2005). Distinctive to this
pathway is rupture of the mitochondrial outer membrane that can be blocked by inhibitors of
the mitochondrial permeability transition. Another pathway uses pro-apoptotic proteins, such
as Bax, Bak and tBid to initiate cytochrome c release independently of the permeability
transition and notably without rupturing the mitochondrial outer membrane and may have no
large-scale changes in mitochondrial ultrastructure (von Ahsen et al., 2000). Instead, it has
been proposed that in order to release cytochrome ¢ and other proteins during tBid-mediated
apoptosis, pores must form on the mitochondrial outer membrane (Reed and Green, 2002).
Pore formation is likely triggered by tBid-induced oligomerization of Bak or Bax (Lovell et
al., 2008) but VDAC channels are not involved (Galluzzi and Kroemer, 2007). Supporting this
model are the observations that in the absence of Bak or Bax oligomerization, there is no
cytochrome c release (Kuwana et al., 2002; Scorrano et al., 2003; Wei et al., 2001; Yamaguchi
et al., 2008). Once cytochrome c is released from mitochondria during apoptosis and activates
apoptosomes in the cytosol, death is the certain outcome for the cell (Green and Reed, 1998;
Lietal., 1997; Li et al., 2000; Liu et al., 1996). What happens to the cell's mitochondria, on
the other hand, is turning out to be a complicated story. Adding to the complexity is the timing
of structural perturbations to this organelle that may differ between apoptotic stimuli and the
death pathway taken. Publications in the last few years have provided new insight into the
timing and structural correlates of the tBid plus Bax/Bak pathway.

Cristae Remodeling During tBid-induced Apoptosis

Cristae remodeling is believed to be a necessary part of tBid-mediated cytochrome c release.
This remodeling includes a fivefold widening of crista junctions and a reversal of the membrane
curvature of cristae in certain regions, forming tubes that enclose the matrix instead of the

intracristal space, a feature seen in ultracondensed mitochondria (Frezza et al., 2006; Scorrano
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et al., 2002). A remodeling to the condensed state with dilated crista junctions occurs during
apoptosis induced by growth factor withdrawal and a subsequent decrease in the inner
membrane potential (Gottlieb et al., 2003). Genetic manipulation has generated mitochondria
with altered structure that are unable to release all of their cytochrome ¢ (Arnoult et al.,
2005; Cipolat et al., 2006; Frezza et al., 2006; Griparic et al., 2004; John et al., 2005; Lee et
al., 2004), showing that this molecule can be trapped inside cristae. Once in the intermembrane
space, cytochrome c can escape to the cytosol when pores are formed on the outer membrane.
However, now new work questions whether this remodeling indeed is required for rapid and
complete cytochrome c release or is simply a consequence of the released cytochrome c.

New data show that during tBid-induced apoptosis more subtle forms of structural changes
take place inside mitochondria. One change was rather the narrowing instead of the widening
of crista junction openings (Yamaguchi et al., 2008). The addition of the proteasome inhibitor
MG132 blocked tBid-induced cytochrome c release by blocking Bak oligomerization and pore
formation on the outer membrane. When these mitochondria and those treated with tBid alone
were analyzed by electron tomography, the average diameter of crista junctions was about 9
nm, half the diameter of crista junctions in untreated mitochondria (average 16 nm). No cristae
remodeling was observed, though. Remarkably, in the presence of MG132 plus tBid or tBid
alone, crista junctions narrowed while the accessibility of cytochrome c to the outer membrane
was increased. Thus, only a subtle modification to crista junctions occurred but was sufficient
for complete cytochrome ¢ mobilization and release. Other work did not note a change in crista
junction diameters associated with cytochrome c release in cells treated with etoposide and
zZVAD (Sun et al 2007). In sum, given these differing data, further investigations are needed
to investigate possible cristae remodeling during apoptosis induced by other mechanisms.

A New Role for OPA1--Maintaining Cristae Morphology

Optic atrophy 1 (OPAZ1) protein decrease by RNAI knockdown converts the tubular
mitochondrial network in cell lines into many small and fragmented organelles, underscoring
the role OPA1 plays in mitochondrial fusion (Olichon et al., 2003). Similarly, the yeast
homologue of OPA1, Mgm1, mediates yeast mitochondrial inner membrane fusion (Meeusen
et al., 2006). Of more recent interest is exactly how OPA1 maintains cristae structures and
whether this function is related to its mitochondrial fusion properties. OPA1 is localized to the
outer surface of the inner membrane throughout both inner boundary and cristae membranes
(Griparic et al., 2004; Olichon et al., 2002). Mitochondria lacking OPA1 have altered cristae
structures (Griparic et al., 2004). However, this finding is not unique as there are a number of
proteins that affect cristae structures (Zick et al., 2009), one gaining increasing interest being
mitofilin (John et al., 2005). OPAL is a nuclear encoded gene and in humans, there are 8 splice
variants of OPA1 (Griparic et al., 2004; Song et al., 2007). In most human and mouse cells,
six isoforms of OPAL are detectable by western blotting: two long membrane-bound isoforms
and four short membrane-free isoforms. Presence of at least one short isoform and one long
isoform is necessary for the generation of fusion competent mitochondria (Misaka et al.,
2006; Song et al., 2007). Loss of membrane-bound isoforms causes aberrant cristae
morphogenesis and impaired cellular proliferation (Merkwirth et al., 2008; Song et al., 2007).

There are two conditions under which the complete conversion of all long isoforms of OPA1
to short isoforms takes place: one, during tBid-induced apoptosis and two, during the treatment
of cells with the mitochondrial uncoupler, CCCP. When isolated mitochondria are incubated
with tBid, all the long isoforms of OPA1 are quickly converted to short isoforms and it is only
the short isoforms that are released from mitochondria when OPA1 oligomers are disassembled
(YYamaguchi etal., 2008). However, it is worth mentioning that the release of the short isoforms
is not completed during the 30 minutes in which 100% of cytochrome ¢ and Htra2/Omi
molecules are released. This might be because the membrane-free short isoforms are still
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attached to a processing protease. In tissue culture cells, the transmembrane potential is lost
within a few minutes of cytochrome c release in the absence of zVAD (Goldstein et al.,
2005). CCCP-treatment of cells causes the long isoforms of OPAL to disappear from
mitochondria in 10-30 minutes (Griparic et al., 2007; Song et al., 2007) and the mitochondrial
network in these cultured cells becomes fragmented. This treatment does not cause the
immediate disassembly of OPAL oligomers, nor does it cause the loss of cristae structures,
arguing that the fusion function of OPAL is separate from its maintenance of cristae structure.
However, the long-term absence of OPAL long isoforms seems to destabilize OPAL complexes
that eventually leads to the loss of cristae structures (Merkwirth et al., 2008). Thus, the changes
to OPAL brought on by two different treatments differ qualitatively — tBid-treatment causes
immediate disassembly of OPAL oligomers, whereas CCCP-treatment only destabilizes OPA1
complexes. Because the loss of transmembrane potential precedes (CCCP treatment) or is
perhaps concurrent (tBid treatment) with the loss of the long isoforms of OPAL, further work
is needed to determine what role the transmembrane potential plays in the stability of OPA1
oligomers.

What is the protease that cleaves OPA1? The current candidates are PARL (presenilin
associated rhomboid like protein), the m-AAA protease, and Ymel (Frezza et al., 2006;
Griparic et al., 2007; Song et al., 2007). Cells with PARL knocked out display normal
mitochondrial morphology, show no defects in mitochondrial fusion/fission, have no primary
respiratory defects, and show only minor alterations in OPAL processing (Cipolat et al.,
2006). Likewise, cells with paraplegin (an m-AAA protease subunit) knocked out show minor
changes in OPA1 processing (Ishihara, 2006; Griparic et al., 2007). Ymel is the only protease
that when knocked down affects OPAL processing significantly (Griparic et al., 2007). It seems
that PARL and paraplegin are not involved, or only involved peripherally, in OPA1 processing.
Nevertheless, PARL™ cells are more sensitive to certain apoptotic stimuli: etoposide,
staurosporine, or hydrogen peroxide. This sensitivity is reversed by over-expression of OPA1
(Frezzaetal., 2006). OPA1 and PARL can co-precipitate and it may be that cristae remodeling
involves PARL (Pellegrini and Scorrano, 2007). More work is needed to determine how PARL
is involved in cristae morphology. Loss of PARL may indeed alter cristae membranes, but the
mechanism seems unlikely to be through OPAL.

Another piece to the puzzle is prohibitin. Prohibitins 1 and 2 are inner membrane proteins that
form a large ring structure embedded in the inner membrane facing the intermembrane space,
yet able to influence the matrix side Merkwirth and Langer (2008). In prohibitin-depleted cells,
mitochondria are largely devoid of cristae and both membrane-bound long isoforms of OPA1
are missing, similar to OPA1-depleted cells. The expression of a long isoform of OPA1
suppresses these defects suggesting that prohibitins regulate the one or more serine proteases
that cleave membrane-bound OPA1 isoforms.

How Might OPA1 Sequester Cytochrome c Inside Cristae?

A new structural alteration observed by independent groups during apoptosis is the disassembly
of OPAL protein complexes causing changes in the crista junction opening (Arnoult et al.,
2005; Frezza et al., 2006; Yamaguchi et al., 2008). In isolated mitochondria, about 50% of
OPAU1 proteins are found in an oligomeric complex (Frezza et al., 2006; Yamaguchi et al.,
2008). During tBid-treatment, oligomerized OPA1 complexes disappear rapidly, leaving only
the monomeric form. A follow-on study of the Scorrano group to their 2002 report showed a
correlation between disassembly of OPA1 oligomers and remodeling of cristae (Frezza et al.,
2006). Yamaguchi and coworkers also observed that tBid and BH3 peptides caused the
disassembly of OPA1 complexes. However, unlike the report from Frezza and colleagues, it
was found that this disassembly required the presence of either Bak or Bax. As with cytochrome
¢, when isolated mitochondria were treated with MG132 and tBid, OPAL was retained inside
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the organelle, but in the monomeric form. Further, mutant Bid with an inactive BH3 domain
did not initiate OPA1 disassembly. Remarkably, the Bax/Bak dependent events at the inner
membrane (OPAL complex disassembly and crista remodeling) could be uncoupled from Bax/
Bak-dependent events at the outer membrane (Bak oligomerization and outer membrane
permeabilization).

Expression of a disassembly-resistant mutant OPAL1 blocked both the full release of
cytochrome ¢ and apoptosis. Thus, it appears that OPAL complex assembly and disassembly
regulate cytochrome ¢ sequestration inside cristae, perhaps like a dam. Under normal
conditions, this dam would block the crista junction opening. It is envisioned that the dam
would block soluble proteins, but not membrane proteins because of evidence that no physical
barrier blocks the lateral movement of small inner membrane proteins across crista junctions
(Vogel et al., 2006). Crista junctions in normal central and peripheral nervous systems
mitochondria vary in length but have mean diameters typically between 10-20 nm (table 1).
Oligomerized OPA1 complexes formed at this junction may exceed several hundred kDalton
and so may be large enough to act as a dam, net, or scaffold. During apoptosis, though, the
OPA1 dam is demolished by a process independent of caspases, leaving holes about 8 nm
across, large enough to let pass 60-100 kDa proteins (Kinnally and Antonsson, 2007); hence
it could allow passage of cytochrome ¢ molecules.

When is Cytochrome c Released?

Green and colleagues observed that when HelL a cells stably expressing green fluorescent
protein conjugated to cytochrome ¢ (GFP-Cyt C) were stimulated with STS, Act D or UV to
induce apoptosis, the entire content of GFP-Cyt C was released from all the mitochondria
within 10 minutes (Goldstein et al., 2000; 2005). Several years later, Frey and colleagues used
correlated light microscopy and electron tomography at key time points to examine the 3D
structure of mitochondria in cells that released GFP-Cyt C and found that in the presence of
the pan-caspase inhibitor z-VVAD, HeLa cells released the content of GFP-Cyt C from
mitochondria with the same kinetics as in the absence of z-VAD (Sun et al., 2007). Consistent
with this report, more recent work showed that isolated mouse liver mitochondria released the
entire content of cytochrome ¢ in 10-15 minutes in the presence of 10-20 nM tBid or BimS
(Yamaguchi et al., 2008). Remarkably, the narrowing of crista junctions still allowed for
essentially all cytochrome c to exit the cristae and cross the outer membrane in as short as 10
minutes without large-scale structural alterations. There was an accumulation of vesicular inner
membranes in the apoptotic mitochondria reported by Frey and coworkers, but no large-scale
alterations of mitochondria took place in the presence of z-VAD. The vesiculated inner
membrane appeared to have been caused by a widening of crista junctions into progressively
longer slits that eventually circumscribed the mitochondrial interior, which was hypothesized
to be a precursor to mitochondrial fragmentation. These new results suggest that large-scale
mitochondrial structural alterations are secondary caspase-dependent events unnecessary for
the efficient release of cytochrome c. However, caspase activation was not required for cristae
remodeling of liver mitochondria (Scorrano et al., 2002), raising the possibility that the
elongation of crista junctions might be triggered by loss of OPA1 (Arnoult et al., 2005; Frezza
etal., 2006; Kanazawa et al., 2008; Olichon et al., 2007) or by alterations to cardiolipin initiated
by tBid (discussed below).

Breaking the Cardiolipin-Cytochrome c Association: The Last Step in the
Release of Cytochrome c

BH3-only proteins such as tBid induce outer membrane pore formation and open crista
junctions by disassembling OPAL oligomers, but does this suffice for the rapid release of
cytochrome c? They are enough to release intermembrane space proteins, such as short
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membrane-free OPAL and HtrA2/Omi (Yamaguchi et al., 2008), but there is an electrostatic
force between cytochrome ¢ and cardiolipin and unless this weak interaction is broken,
cytochrome ¢ remains inside mitochondria (Rytomaa and Kinnunen, 1995; Rytomaa et al.,
1992; Tuominen et al., 2002). Cardiolipin is a charged lipid found almost exclusively in the
mitochondrial inner membrane where it constitutes about 20% of the total lipid content (de
Kroon et al., 1997). Several reports show that tBid associates with cardiolipin (Gonzalvez et
al., 2005; Kim et al., 2004b; Kuwana et al., 2002; Lutter et al., 2000). It has been suggested
that cardiolipin even draws tBid to the mitochondrial inner membrane (Epand et al., 2002; Kim
etal., 2004b). Interestingly, tBid produced ultracondensed mitochondria showing a reversal of
the curvature of cristae membranes (Frezza et al., 2006; Scorrano et al., 2002). Consistent with
this report, a cardiolipin deficiency disease also produces reversed curvature of the cristae
membranes (Acehan et al., 2007). It has even been proposed that cardiolipin anchors the
apoptosis-initiating caspase, caspase-8, at contact sites between inner and outer mitochondrial
membranes, where this caspase oligomerizes facilitating its self-activation (Gonzalvez et al.,
2008). Renewed interest in contact sites and cardiolipin should better define transduction of
signals across this structural site that bridges milieu outside the mitochondrion with the matrix.

Might calcium influx change the ionic strength of the intracristal space and thus disrupt the
cardiolipin-cytochrome c association during tBid-induced apoptosis? Apoptotic agents such
as STS and etoposide that generate tBid also trigger influx of calcium from the endoplasmic
reticulum (ER) into mitochondria (Csordas et al., 1999). Bax deficient DU145 cells have very
little store of calcium in either the ER or in mitochondria. STS-treatment induced almost no
change in the amount of stored calcium in either organelle, but these cells released cytochrome
c and died by apoptosis (Nutt et al., 2002; Rehm et al., 2003). Thus, the influx of calcium
observed in STS and etoposide-treated normal cells does not appear to be required for tBid-
induced disruption of the cardiolipin-cytochrome c association. Yet, calcium has been shown
to play a critical role in one apoptotic pathway.

Unlike developmentally regulated programmed cell death that uses Bak/Bax-dependent
apoptosis, external injuries to the brain that activate glutamate receptors, such as NMDAR,
increase intracellular calcium levels by opening plasma membrane or ER ion channels. To
distinguish the Bax/Bak-dependent intrinsic pathway of apoptosis from the ER-calcium-
dependent cell death pathway, Scorrano and coworkers (2003) used Bak/Bax double knockout
cells. Their experiments showed that there exist two independent pathways of programmed
cell death yet STS and etoposide activate both pathways. Ceramide, arachidonic acid, and
H,0, stimulate an ER-calcium-dependent programmed cell death whereas the expression of
tBid triggers an ER-calcium-independent, Bax/Bak-dependent apoptosis. There is one well-
studied consequence of massive calcium influx into mitochondria: activation of the
mitochondrial permeability transition (MPT), which opens a pore on the outer membrane. It
is noteworthy that the MPT is dispensable for tBid-induced cytochrome c release (Rostovtseva
etal., 2005). Recent work with ER-stress-induced apoptosis demonstrated that an MPT caused
co-release of OPA1 and cytochrome ¢ from both isolated mitochondria and mitochondria in
situ, offering another mechanism for the remodeling of the crista junction (Zhang et al.,
2008). There was also a loss of cristae with the MPT, which might be related to the release of
OPAZ1, and an increase in the number of contact sites (He et al., 2003). These provide separate
phenotypes to the cristae remodeling observed previously (Frezza et al., 2006).

Might loss or modification of cardiolipin disrupt cardiolipin-cytochrome c association during
tBid-induced apoptosis? Cardiolipin can induce hexagonal structures on liposomes and for this
reason, one can speculate that hexagonal structures are formed at mitochondrial contact sites,
exposing cardiolipins to the cytosol and thus to tBid (Gonzalvez and Gottlieb, 2007). In support,
Lutter and coworkers found that tBid was localized to contact sites (Lutter et al., 2000;

2001). Interrupting the binding of tBid to cardiolipin inhibits cytochrome c release (Kim et al.,
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2004b). 1t was reported using mass spectrometry that these mitochondria lost more than 50%
of their cardiolipin content. Composition of other lipids remained largely unchanged. A 50%
reduction in cardiolipin content was also observed in mitochondria treated with tBid-G94E as
well as mitochondria treated with tBid plus Bcl-XL (Yamaguchi et al., 2008), which eliminate
mitochondrial outer membrane pore formation and crista junction remodeling. Kim and
colleagues interpreted the reduction in the amount of cardiolipin in their lipid scan as an
indication of tight binding of tBid to this lipid (Kim et al., 2004b), perhaps facilitating the
translocation of tBid to mitochondria, and providing further impetus for continued studies of
cardiolipin and mitochondrial contact sites.

It may be that cardiolipin modification by reactive oxygen species (ROS) affects its binding
to cytochrome c (Iverson and Orrenius, 2004). In STS-induced apoptosis, cardiolipin
underwent oxidation as measured by mass spectroscopy (Tyurin et al., 2008). Furthermore, in
actinomycin-D-induced apoptosis, oxidation of cardiolipin (6h) preceded cytochrome c release
(8h), caspase3 and 7 activation (8h), annexin V positivity (9h) and decrease in the
transmembrane potential (12-14h) (Kagan et al., 2006), suggesting that peroxidation of this
lipid is not the consequence of cytochrome c release nor a drop in the transmembrane potential.
Interestingly, OPA1 mutation showed enhanced sensitivity to elevated ROS (Kanazawa et al.,
2007), consistent with the possibility that vesiculated cristae may have limited ability to clear
ROS.

Structural Correlates in Mitochondrial Fission and Cell Death

New reviews of structural correlates to disease, osmotic perturbations, and metabolic states
suggest that mitochondrial inner-membrane topology is influenced by a balance between fusion
and fission (Knott and Bossy-Wetzel, 2008; Knott et al., 2008; Mannella, 2006a; 2008). The
term “remodeling” when applied to mitochondria is used in the literature to describe both
fission/fusion and cristae/crista junction alterations with references to fission/fusion greatly
predominating over the latter. Upon apoptotic stimulation in many situations, mitochondria
undergo fission, and this is often an early event (Lee et al., 2004). Since the first studies to
describe the relationship between mitochondrial fission and cell death (Frank et al., 2001;
Karbowski et al., 2002), the precise role of fission in cell death has not been fully elucidated.
What is known is that Bax and Bak colocalize with mitochondrial fission and fusion GTPases
(Karbowski et al., 2002). Bak appears to be the facilitator (Brooks and Dong, 2007). Through
interaction with mitofusins, Bak blocks mitochondrial fusion and so induces fragmentation. In
this process, Bak may collaborate with Bax. For example, neurons challenged with toxic levels
of nitric oxide display Bax foci on mitochondria undergoing fission. Inhibiting Drp1 delays
fission, Bax foci formation, and the loss of neurons (Barsoum et al., 2006; Goyal et al., 2007;
Yuan et al., 2007). Interestingly, loss of mitofusin 2 has profound effects on mitochondrial
structure and function, including increase in mitochondrial fragmentation and swelling, loss
of mitochondrial DNA nucleoids, and cristae vesiculation or disorganization (Chen et al.,
2007). Despite the correlation between mitochondrial fission and cell death, some studies have
questioned the importance of fragmentation as a causative agent for apoptosis (Alirol et al.,
2006; Estaquier and Arnoult, 2007; James et al., 2003; Lee et al., 2004; Parone et al., 2006;
Wasiak et al., 2007), because the pro-apoptotic and fission-promoting functions of Drpl or
hFIS1 might be distinct. Also, Bax- or Bak-induced mitochondrial fission can be uncoupled
from cytochrome C release (Barsoum et al., 2006; Sheridan et al., 2008; Yuan et al., 2007).
Thus, mitochondrial fragmentation per se might not cause apoptosis.

In addition to fission, structural alterations to the internal compartments and membranes of
mitochondria can accompany cell death. Mitochondrial fission in a non-apoptotic, ‘necrosis-
like’ cell-death pathway that is caspase-independent produced slight mitochondrial swelling
and a transition to the condensed state (Bras et al., 2007). A more severe phenotype was
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revealed in neurons, where the cristae, which have normally tubular or lamellar components,
became rounded, fragmented, and degenerated in fissioned mitochondria). Blebbing of the
inner boundary membrane and extensive swelling of the matrix were occasionally observed
leading to cristae depletion and outer membrane rupture. Release of OPA1 during apoptosis
precipitates mitochondrial fragmentation (Arnoultetal., 2005). As noted above, different forms
of crista vesiculation, indicative of unbalanced membrane fission, are observed in an OPA1
mutant (Frezza et al., 2006) and after etoposide treatment (Sun et al., 2007). Further, OPA1
appears to be a chaperone for subunit e of ATP synthase and Mgm1/OPA1 mutation inhibits
the formation of ATP synthase dimers and abolishes normal tubular crista junctions (Amutha
etal., 2004). Thus, evidence is accumulating that OPA1 plays a role not only in mitochondrial
fusion, but also in the maintenance of normal inner membrane architecture (Ishihara et al.,
2006; Olichon et al., 2007).

Mitochondrial Structural Alterations during Neurodegeneration

A new and growing research effort in neurodegeneration is to determine at what stage can
mitochondrial structural alterations be detected because mitochondrial dysfunction is an early
event in many neurodegenerative diseases (Lin and Beal, 2006). Recent findings also suggest
that mitochondrial dysfunction plays a role in psychiatric disorders (Shao et al., 2008).
Mitochondrial structural alteration is a common characteristic of most neurodegenerative
diseases. However, there exists no systematic review or catalogue of the types of mitochondrial
structural alterations commonly observed in neurodegenerative diseases. In table 2, we present
this catalogue. The purpose of the catalogue is to provide a reference tool that correlates the
type of neurodegeneration with mitochondrial structural features provided by electron
microscopy. The catalogue does not include the growing body of evidence for mitochondrial
fission, motility changes, or aggregation in neurodegeneration—alterations usually adequately
studied with modern light microscopy techniques—but focuses on those alterations best studied
with the higher resolution afforded by electron microscopy. With this catalogue, researchers
working on a neurodegenerative disease will be able to compare the structural alterations
observed in their system with those alterations previously catalogued for possible clues as to
the mechanism causing the damage. For example, one of the best characterized mitochondrial
structural alterations, and known for a number of years, is the MPT occurring during ischemia/
reperfusion injury and stroke. The typical structural alterations accompanying the MPT are
swollen mitochondria, ruptured outer membrane, and disruption of the cristae. Unsurprisingly,
these alterations predominate table 2 for the ischemia entries. However, neuronal mitochondria
undergoing transient ischemia followed by reperfusion exhibit condensed mitochondria with
inclusion bodies, which is a pattern of injury significantly different from permanent ischemia,
exhibiting the typical MPT alterations (Solenski et al., 2002). Thus, there may be multiple
entries for the same neurodegeneration in table 2 to reflect the different mitochondrial structural
manifestations. It is noteworthy that swollen mitochondria have been observed in many
neurodegenerative diseases (table 2): Parkinson's, Alzheimer's, Huntington's, ischemia/stroke,
amyotrophic lateral sclerosis, epilepsy, and peripheral neuropathy diseases, suggesting that the
MPT might be more involved with neurodegeneration than previously anticipated. Another bit
of data mining from table 2 reveals that vacuolated cristae have been observed in Parkinson's,
Alzheimer's, spinal cord and peripheral neurodegeneration, and epilepsy. Some of the instances
of vacuolated cristae are likely a manifestation of condensed mitochondria, indicating a more
active functional state, as shown by biochemical findings demonstrating a high oxidative
capacity coupled with marked phosphorylation associated with the condensed organelle (De
Martino et al., 1979). It is anticipated that other researchers will use table 2 for additional data
mining.
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Conclusion

Here we focused on the new insights gained into the molecular mechanisms of tBid-induced
remodeling of mitochondria during cell death and on the structural alterations to mitochondria
manifested in neurodegenerative diseases. Accumulating evidence pointsto the intricate timing
and complex interplay of three events necessary for the complete release of cytochrome c: (1)
the opening of crista junctions triggered by disassembly of OPAL oligomers, (2) the dissolution
of the cardiolipin-cytochrome c association, and (3) the formation of mitochondrial outer
membrane pores. Progress has been made in identifying the proteins and lipids involved, yet
considerably more work is required to identify and characterize the signaling pathways and/or
feedback mechanisms by which remodeling is regulated. Unresolved issues are (1) how OPA1
oligomers are assembled and disassembled and (2) how the association between cardiolipin
and cytochrome c is broken. A larger issue still to be addressed is how mitochondrial cristae
are generated and maintained. These are important questions because defects in the protein and
lipid components found in cristae are known to be involved with premature aging and several
neurodegenerative diseases (Chan, 2006).
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Figure 1.

The crista junction architecture in neurons. A. A tomographic slice from the volume of a CNS
mitochondrion found near a synapse in the striatum. The arrowhead points to a crista junction
opening. Synaptic mitochondria in the CNS are typically small with mostly lamellar cristae.
Even with lamellar cristae, the narrow, tubular crista junction architecture prevails in brain
mitochondria and the opening is at the end and not on the side of the cristae. Scale = 100 nm.
B. A tomographic slice from the volume of a PNS mitochondrion found in the axon of a spinal
root. The crista junction is boxed and expanded 4x in the insert at left (arrowhead). PNS axonal
mitochondria are typically elongated with longitudinally oriented cristae and often show a
condensed matrix as seen here. Even with structural features different from CNS mitochondria,
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PNS axonal mitochondria nevertheless have the same crista junction architecture and again,
the opening is at the end and not on the side of the cristae. Scale = 400 nm. C. Cut-away model
of neuronal mitochondria. Tubular cristae (*) can be oriented in different directions and have
different diameters in CNS mitochondria, but are typically longitudinal in PNS mitochondria
and the crista junction is at the end of the tube (arrow). The crista junction is relatively uniform
in size, even for lamellar cristae (arrowheads). Mitochondria have 3 membrane systems, the
outer membrane (OM), inner boundary (IBM), and cristae, and 3 compartments, the matrix,
intermembrane space (IM), and intracristal space (IC). The outer membrane was made
translucent to better visualize the crista junctions.
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Figure 2.

Mitochondrial fragmentation, cristae degeneration and vesiculation can occur in
neurodegenerative diseases. When produced in excess, nitric oxide (NO) reacts with
superoxide anion to form highly neurotoxic peroxynitrite, thought to contribute to the
pathogenesis of several neurodegenerative disorders, including stroke, Parkinson's and
Alzheimer's diseases (Barsoum etal. 2006). A. A slice through an electron tomographic volume
showing four fragmented mitochondria in a neuronal process after exposure to a nitric oxide
donor. Cristae vesiculation is seen (arrowhead) with some cristae degradation (arrows).
Swollen endoplasmic reticulum is also observed (*). Scale = 400 nm. B. Top view of the
surface-rendered volume after segmentation. The outer membrane is shown in translucent pale
blue and the cristae are shown in various colors. Cristae fragmentation is evident from the
smaller and regionally confined cristae. In contrast, the vesiculated crista is enlarged
(arrowhead). C. Side view of the surface-rendered volume.

Exp Neurol. Author manuscript; available in PMC 2010 August 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Perkins et al. Page 21
Table 1
Cristae Surface Area and Crista Junction Measurements from Tomographic
Volumes
Cristae/Mitochondrion Crista Junction Density (per Crista Junction Diameter
Cell Type Surface Area Ratio pm?) (nm)
Neurons - CNS
Rod Spherule 52+ .17% 54+ 17 (6) 12+4% (102)
Cone Pedicle 20+.78 56 + 45 (6) 9+2(32)
Rod Inner Segment 1.2+ .47 72+29(5) 17 + 4 (148)
Cone Inner Segment 2.6+.50 52 +17 (12) 12 +3(215)
Retinal Ganglion 1.7+ .40 25+ 11(7) 14 + 4 (184)
Cerebellum 1.6 +.28 136 + 55 (3) 16 + 5 (85)
Hippocampus 1.7+.79 25+15(3) 14 £ 4 (38)
Striatum 1.6+1.0 65 + 27 (6) 14 + 4 (43)
Cortex 1.7+ .32 37+8(6) 14 +5 (26)
Spinal Cord 16+ .41 28 + 10 (6) 13+3(99)
Neurons and Astrocytes — PNS
Schwann Cell 0.70 +.18 80 + 29 (6) 13 + 4 (40)
Axon (spinal root) 0.41+ .13 19 + 10 (6) 13 + 4 (65)

# . . L .
Inner diameter that is only the opening, i.e., the membrane width was excluded.
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Catalogue of Mitochondrial Structural Alterations from Neurodegeneration

Type of Neurodegeneration

Mitochondrial Structural Alteration

Referencel

Charcot-Marie-Tooth

vesiculated mitochondria and swollen mitochondria
with disorganized cristae

Chen et al. (2007)

Parkinson's and Alzheimer's diseases

loss of mitochondrial cardiolipin affecting the inner
membrane

Pope et al. (2008)

Parkinson's and Alzheimer's diseases

enlarged mitochondria with vacuolated cristae

Hsu et al. (2000)

Parkinson's disease

swollen mitochondria and disruption of outer and inner
membranes

Arriagada et al. (2004); Song et al. (2004)

Parkinson's disease

enlarged mitochondria

Martin et al. (2006)

Parkinson's disease

swollen mitochondria with loss of outer membrane

Park et al. (2006)

Parkinson's disease

swollen mitochondria and loss of cristae

Sharma et al. (2003)

Parkinson's disease

enlarged and vacuolated mitochondria with dense
inclusion bodies

Yazdani et al. (2006)

Alzheimer's disease

mitochondrial dense bodies

Baloyannis et al. (2000)

Alzheimer's disease

swollen matrix

Moreira et al. (2002)

Huntington's disease

swollen mitochondria and degenerated cristae

Yu et al. (2003)

ischemia

loss of cristae

Tombol et al. (2002)

transient spinal cord ischemia

ruptured mitochondria

Lee et al. (2005)

cerebral ischemia

swollen mitochondria

Bossy-Wetzel et al. (2004); Rival et al. (2004);
Schwartz-Bloom et al. (2000); Solenski et al. (2002);
Yang et al. (2008)

cerebral ischemia

condensed mitochondria with inclusion bodies

Solenski et al. (2002)

brief cardiac arrest

swollen mitochondria

Hossmann et al. (2001)

hypoxia-ischemia

swollen and ruptured mitochondria

Northington et al. (2007)

hypoxia-ischemia

swollen ‘giant” mitochondria and outer membrane
rupture

Puka-Sundvall et al. (2000)

traumatic brain injury

swollen mitochondria, disrupted cristae, rupture of
outer membrane

Singh et al. (2006)

amyotrophic lateral sclerosis

loss of cristae

Pullen et al. (2004)

amyotrophic lateral sclerosis

ruptured mitochondria with damaged cristae

Gonzalez Deniselle et al. (2002b)

amyotrophic lateral sclerosis

swollen mitochondria

Guo et al. (2007), Damiano et al. (2006)

amyotrophic lateral sclerosis

inclusion bodies inside mitochondria, regularly spaced
transverse processes in the intermembrane space,
increased cristae and stubby mitochondria

Sasaki et al. (2007)

amyotrophic lateral sclerosis

vacuolated mitochondria

Jaarsma et al. (2000; 2001)

spinal cord neurodegeneration

vacuolated mitochondria

Gonzalez Deniselle et al. (2002a)

epilepsy rounded mitochondria with degenerated cristae Fujikawa et al. (2000)
epilepsy vacuolated mitochondria Jiang et al. (2007)
epilepsy swollen mitochondria and ruptured outer membrane | Chuang et al. (2004); Gao et al. (2007)

epilepsy (Leigh syndrome)

mitochondria altered in shape and size, widened and
disordered cristae

Leshinsky-Silver et al. (2003)

epilepsy (HEADD syndrome)

mitochondria with concentric cristae

Fillano et al. (2002)

epilepsy (MEHMO disorder)

enlarged mitochondria with concentric cristae and
inclusion bodies

Leshinsky-Silver et al. (2002)

hypoglycemic convulsion

vacuolated and “whorled” mitochondria

Gallyas et al. (2005)
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Type of Neurodegeneration

Mitochondrial Structural Alteration

Referencel

peripheral neuropathy from AIDS

enlarged mitochondria

Dalakas et al. (2001)

peripheral neuropathy from paclitaxel
chemotherapy

swollen and vacuolated mitochondria

Flatters & Bennett (2006); Jin etal. (2008)

progressive motor neuropathy

swollen and vacuolated mitochondria

Sagot et al. (2000)

glutamate and homocysteine neurotoxicity

swollen mitochondria

Zieminska et al. (2006)

gentamicin exposure

enlarged mitochondria

Hirose et al. (2004)

chronic toluene exposure

swollen mitochondria with degenerated cristae

Kanter (2008)

acoustic overstimulation

swollen mitochondria or electron dense mitochondria
with degenerated cristae

Kim et al. (2004a)

rhizotomy

enlarged mitochondria

Wroblewski et al. (2000)

late-onset motor neuron disease

vacuolated mitochondria

Marubuchi et al. (2005)

Creutzfeldt-Jakob disease

swollen mitochondria with degenerated cristae

Liberski et al. (2005)

aging human retina

mitochondria with cristae remnants and dense matrix

Nag et al. (2006)

kainate-induced oxidative stress and senility

swollen mitochondria and electron-dense inclusions

Shin et al. (2008)

neurodegeneration of postmenopausal
females

swollen mitochondria with loss of cristae

Xu et al. (2008)

With apologies to the many excellent older structural studies of mitochondria and neurodegeneration, we limited our references to those in this millennium,
consistent with the focus on “New Insights into Mitochondrial Structure”.
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