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HISTORICAL PERSPECTIVE

Science’s fascination with mitochondria
spans more than 120 years, and whenever I
find time for a respite from grant deadlines
and other obligations, I enjoy following a
trail of references back through the ages. I
recall a few years ago finding a treasure after
a quick search of our library’s online catalog
—an 1890 edition of “Die elementarorganis-
men und ihre beziehungen zu den zellen”
by Richard Altmann (Altmann 1890). This
tome is recognized as a transformative
early histological description of mitochon-
dria, or in his terminology, “bioblasts” (life
germs), which he believed were autono-
mous elementary organisms responsible
for metabolic and genetic functions. Even
more surprisingly, I could simply request to
have the volume delivered to me from the
reserves as an ordinary loan. Paging through
the yellowed leaves, I was amazed by the
accuracy and beauty of the drawings (see
Figure 1), and [ was compelled to spend half
aday scanning the figures into my computer
(of course, I now find that a pdf is avail-
able on Google Books http://books.google.
com/books?id=hLhUAAAAMAA]&oe=U
TF-8). Characterizing them as the “living
beings” of the cell, Altmann was clearly
captivated by mitochondria, although
his enthusiastic spirit was dampened by
scathing criticism from his peers, includ-
ing Professor EP. Mall, who at one time
headed the Anatomy Department of Johns
Hopkins and was working in Leipzig at the
time (Cowdry, 1953). Apparently, Altmann
did not fare well under the onslaught and
became a recluse in his own office, earning
the nickname “the ghost” (Cowdry, 1953),
only to pass away in 1900. Nevertheless, his
notion that mitochondria resembled bac-
teria, and had metabolic and genetic func-
tions were, in the end, not far from the truth;
borne out by the theory of endosymbiosis
(Wallin, 1927; Margulis, 1970), the role of
mitochondria in genetic (albeit maternal)
inheritance (Payne, 1909; Schapira, 2006)
and energy metabolism (Kingsbury, 1912;

Chance and Williams, 1955; Mitchell, 1961;
Lehninger and Wadkins, 1962; Krebs, 1970;
Nicholls and Ferguson, 2002).

Theseedsof severalareas of interestimpor-
tant to modern mitochondrial biologists can
also be found in the literature of the early
20th century. For example, an interesting
review of the state-of-the-art of mitochon-
drial research in 1918 by Cowdry (Cowdry,
1918) (available at http://www.archive.org/
download/carnegieinstitut2711918carn/
carnegieinstitut2711918carn.pdf) discusses
fragmentation of mitochondria at the onset
of degenerative tissue injury, the fission and
fusion of mitochondria in living cells (see
also the elegant work of Lewis and Lewis,
1915), the role of mitochondria in tissue
regeneration, inheritance, metabolism, and
respiration, among other possible functions.
Also around this time, the close correlation
between oxygen consumption and muscle
work was being investigated (Evans and
Matsuoka, 1915). Somewhat later, the ability
of mitochondria to avidly take up Ca*" was
noted (see historical view in Carafoli, 2003)
and this important ability has emerged as a
crucial regulator of both intracellular Ca**
balance and energy supply and demand. Of
course, this process, taken to the extreme,
can also trigger a mitochondrial permeabil-
ity transition and cell death.

In launching a new journal called
“Frontiers in Mitochondrial Physiology”, it
is worth considering that each major new
idea involving mitochondria has at one
time or another been roundly criticized.
The preeminent case in point was the radi-
cal chemiosmotic hypothesis of Mitchell.
Anyone who reads the history of this period
(afascinating account s given in Prebble and
Weber, 2003) will recognize that new ideas
in mitochondrial biology (as in other dis-
ciplines) have a tough time breaking down
entrenched dogma. Who today would have
the wherewithal or persistence to establish
one’s own institute to prove a point? Indeed,
the limitations of the contemporary tech-
nology at the time made proof of the elegant

idea of chemiosmosis difficult to come by
initially. Nevertheless, as technology pro-
gressed, including membrane potential
measurements and improved ion detection
methods, the case was made stronger, but
it still took more than a decade to become
widely accepted. Indeed, new technolo-
gies are emerging at a rapid pace and are
providing new insights into the regulation
of mitochondrial function and the role
of mitochondria in cell physiology. Most
importantly, new approaches are helping
to resolve some longstanding questions.

A major goal of this journal should be to
keep the history of progress in mitochon-
drial research in mind so as not to prema-
turely discard novel ideas, and especially to
avoid ad hominem attacks while promoting
constructive criticism (no one should end
up like Altmann!). In describing the tension
between maintaining a healthy skepticism
and being open to new ideas, Carl Sagan
wrote that “at the heart of science is an essen-
tial balance between two seemingly contra-
dictory attitudes —an openness to new ideas,
no matter how bizarre or counterintuitive,
and the most ruthlessly skeptical scrutiny
of all ideas, old and new. This is how deep
truths are winnowed from deep nonsense.
The collective enterprise of creative think-
ing and skeptical thinking, working together,
keep the field on track.” I am sure we are all
familiar with the occasional “ruthlessly skep-
tical” reviewer (or have assumed the role at
one time or another), but let this quotation
serve as a reminder to never abandon our
sense of openness to new ideas.

WHERE DOES THE FUTURE LIE?

While it is presumptuous to try to predict
where mitochondrial research will go in the
future, one thing that appears to be constant
is that the multiple roles of mitochondria
in cell physiology will continue to expand.
There are certain important areas in which
progress has been stymied for some time, but
seem to be breaking free of the constraints
imposed by technology.
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FIGURE 1 | Mitochondrial network imaging in the 19th and 21st centuries. Left panels show histological
drawings of “bioblasts” in flight muscle (upper) and liver (lower) cells as described by Altmann (1890). Right
panel illustrates spatiotemporal changes in Ay, in the mitochondrial network following oxidative stress in a
canine ventricular myocyte (upper), and in an A549 lung carcinoma cell (lower), which was also transduced
with a cytochrome C-green fluorescent protein fusion construct. The fluorescent potentiometric dye
tetramethylrhodamine ethyl ester (TMRE) was used to image Ay, | in both cases (red images). Note the
spatial synchronization of depolarization in the cardiac cell. Overlay of the Ay, and cytochrome C images
(vellow) reveals that Ay loss and cytochrome C release occurred within a similar time frame (approximately
at 2 hours and 58 minutes as indicated on the image frames). Please see accompanying movies.

These include, but are certainly not
limited to:

Clapham and colleagues, using an

(1) Identification of ion transporters and

channels — Presumably because the
copy number of these proteins is small
in the mitochondrial inner membrane,
it has been very discouraging that
the molecular structures of key ion
transport proteins such as the mito-
chondrial Ca?* uniporter and the per-
meability transition pore have not been
resolved. Similarly, although new can-
didates mediating K* transport across
the inner membrane and conferring
resistance to cell injury continue to be
reported, definitive molecular evidence
is currently lacking. On the bright side,
it is very exciting that several recent
breakthroughs have been made regar-
ding the proteins mediating Ca** efflux
from the mitochondria. For example,

RNAi screen of the Drosophila genome
(Jiang et al., 2009), identified a protein
whose mammalian homolog, Letm1,
appears to underlie mitochondrial
Ca?*/H* antiport activity. Also recently
reported, a unique isoform of the Na*/
Ca? exchanger family, NCLX, appe-
ars to be responsible for mitochon-
drial Na*-dependent Ca** efflux (Palty
etal.,2010). These findings, along with
the application of transgenic appro-
aches to probe the structure of inner
(Kokoszka et al., 2004; Baines et al.,
2005; Nakagawa et al., 2005) and outer
(Anflous et al., 2001; Krauskopf et al.,
2006) membrane proteins promise
to provide new insights into some of
these old questions.

Proteomics — New proteomic methods
have opened the floodgates to the study
of potential regulatory posttranslational

modifications  affecting mitochon-
drial ~enzymes, transporters, and
complexes. These include phospho-
rylation, S-nitrosylation, acetylation,
SUMOylation and others. In most
cases, little is known about the functio-
nal effects of the observed modifica-
tions, which signaling pathways mediate
them, where the signaling enzymes are
localized, and how they are activated
by intra- or extramitochondrial events.
The scope of these questions should
occupy investigators in the field for
many decades.

(3) Mitochondria as signaling organelles

— In addition to being targets of signa-
ling pathways, mitochondria have
emerged as important signal genera-
tors. Indeed, a resurgent interest in
mitochondria was engendered by the
linkage between mitochondrial injury
and apoptosis (Green and Kroemer,
2004) and, more recently, an impor-
tant role for mitochondria as sources
of ROS that activate cytoplasmic
signaling pathways that influence gene
expression has emerged (Chandel
etal., 2000). Mitochondria also modu-
late other cellular signals, for example,
by influencing the kinetics and ampli-
tude of Ca*" signals, by controlling the
local redox potential of other proteins,
and by providing the energy to drive
most cellular functions, which will
critically depend on the spatial orga-
nization of the mitochondria with
respect to the structures requiring a
steady supply of ATP. Doubtless, many
more interactions between mitochon-
dria and other cell subsystems will be
elucidated in the future.

(4) Interactions between the cytoskeleton

and mitochondria — In recent years,
investigation into the role of the cyto-
skeleton as not just a passive scaffold
for mitochondria, but as an active
participant in the motility, trafficking,
and localization of mitochondria has
blossomed (Anesti and Scorrano,
2006; Spat et al., 2008; Liu et al., 2009).
These studies have provided a fasci-
nating picture of how mitochondrial
dynamics appears to involve directed
movement of mitochondria along
the microtubular network to localize
them close to structures with a high
energy demand, which depends in
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part on cytoplasmic Ca** signals. In
addition to the question of how spa-
tial organization influences mitochon-
drial function, there is also still much
to learn about how the cytoskeleton
directly modulates mitochondrial
bioenergetics. Reports have indica-
ted specific effects of cytoskeletal ele-
ments on transport through the outer
membrane (Xu et al., 2001) or oxida-
tive phosphorylation (Schroder et al.,
2003) and there is longstanding evi-
dence that mitochondria in isolation
behave differently than those incor-
porated into the cytoskeletal scaffold
(Appaix et al., 2003).

(5) MtDNA mutations and heteropla-
smy — A burgeoning transdisciplinary
interest in the role of mitochondrial
mutations in disease has emerged since
the identification of maternally inhe-
rited disorders (reviewed in Wallace,
2005). This area is ripe for further
discovery as transgenic technologies
are being applied (Fan et al., 2008). In
terms of acquired mtDNA mutations,
there is clearly a correlation between
disease, aging, and accumulation of
mtDNA mutations; however, due to
the heteroplasmy of the mitochondrial
population and differences from tissue-
to-tissue, what determines the point of
functional collapse is still largely unk-
nown in most pathologies. Another
very interesting area is the contribution
of natural variations in mitochondrial
haplotypes to disease risk. Even single
amino acid polymorphisms in mtDNA
have been correlated with statistically
significant differences in risk, begging
the question of where and when a
potential defect may be manifested in
the lifetime of the subject.

(6) Regulation of the transcription, transla-
tion, and targeting of nuclear-encoded
mitochondrial proteins. While the
most fundamental aspects of tran-
scriptional regulation of mtDNA- and
nuclear-encoded mitochondrial pro-
teins have been elucidated (for review
see Scarpulla, 2008), there is still
much to learn about how changes in
energy demand, substrate supply and
other factors bring about a coordina-
ted response to increase or decrease
oxidative phosphorylation capacity.
A combination of factors including

phosphorylation state, redox potential,
Ca** signals, and nucleotide balance all
play a role in modulating the master
regulators of metabolic adaptation
(such as PGC-1a), and it will likely
take a systems biology approach to
fully understand how mitochondrial
biogenesis is coordinated and, more
importantly, how this process is impai-
red during the progression of disease.
Another area of increasing interest is
the regulation of protein trafficking
to the mitochondria. Fascinating new
roles for endopeptidases are being
uncovered, which indicate that protein
redirection to (Boopathi et al., 2008)
and from the mitochondria (Sik et al.,
2004) may be a dynamically regulated
process.

(7) Epigenetics — The ability of mitochon-
dria to sense and adapt to environmen-
tal changes, often resulting in altered
nuclear transcription through cytoso-
lic signaling pathways, has recently led
to the proposal that mitochondria play
a major role in epigenetic modification
of gene expression (Wallace, 2009).
The high mutation rate of mtDNA and
the fact that such changes are heritable
(most evident in the case of mitochon-
drial diseases) also supports the idea
that mitochondria can provide a signi-
ficant evolutionary force.

Given the myriad roles of mitochondria in
the life and death of the cell, it is quite aston-
ishing what the simple act of endosymbiosis
has led to. Of course the beneficial effects of
maintaining the mitochondrial parasite have
far outweighed the bother. In return for the
cell providing a convenient shelter for sur-
vival — in essence a controlled environment
with free food delivery, waste removal, help
with reproduction, and defense mechanisms
to fight intruders — the capacity of the mito-
chondrion for mass-energy transformation
has enabled enormous feats of locomotion,
the evolution of specialized organs to main-
tain food and oxygen delivery to the cells far
away from the primary sources, the power to
synthesize macromolecules on a large scale
and eliminate toxic waste material, and, per-
haps most importantly, the ability coordi-
nate everything with an energy hungry brain
and nervous system. Indeed, without mito-
chondria, it is quite possible that we may
never have become self aware. If that’s not

an argument for upward causality, I don’t
know what is! For that we can be grateful
to the mitochondria and return the favor by
advancing our understanding of their func-
tion as far as is humanly possible. Hopefully,
this journal will help us along the way.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this
article can be found online at http://
www.frontiersin.org/physiology/mito-
chondrialphysiology/paper/10.3389/
fphys.2010.00007/
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