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Abstract

Bipolar disorder (BPD) and schizophrenia (SZ) are severe psychiatric illnesses with a combined
prevalence of 4%. A disturbance of energy metabolism is frequently observed in these disorders.
Several pieces of evidence point to an underlying dysfunction of mitochondria: i) decreased
mitochondrial respiration; (ii) changes in mitochondrial morphology; iii) increases in
mitochondrial DNA (mtDNA) polymorphisms and in levels of mtDNA mutations; iv)
downregulation of nuclear mMRNA molecules and proteins involved in mitochondrial respiration;
v) decreased high-energy phosphates and decreased pH in the brain; and vi) psychotic and
affective symptoms, and cognitive decline in mitochondrial disorders. Furthermore, transgenic
mice with mutated mitochondrial DNA polymerase show mood disorder-like phenotypes. In this
review, we will discuss the genetic and physiological components of mitochondria and the
evidence for mitochondrial abnormalities in BPD and SZ. We will furthermore describe the role of
mitochondria during brain development and the effect of current drugs for mental iliness on
mitochondrial function. Understanding the role of mitochondria, both developmentally as well as
in the ailing brain, is of critical importance to elucidate pathophysiological mechanisms in
psychiatric disorders.

Introduction

Overlapping phenotypes between bipolar disorder and schizophrenia

Bipolar disorder (BPD) and schizophrenia (SZ), two disorders accompanied by psychosis,
affect approximately 4% of the world population. It is widely accepted that a combination of
genetic vulnerability and environmental factors lead to the manifestation of these illnesses
(Burmeister et al., 2008; Karlsgodt et al., 2008; Lewis and Levitt, 2002). Both diseases have
a neurodevelopmental component, with the onset of symptoms occurring most frequently
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during late adolescence or early adulthood (Maier et al., 2006). Because of the multi-
factorial pathogenesis of BPD and SZ, the disease severity and rate of progression can vary
greatly from patient to patient (Jablensky, 2006).

Schizophrenia and BPD-I share many overlapping phenotypes (Lin and Mitchell, 2008;
Thaker, 2008). Evidence for shared genetic factors derives from pharmacology, pathology,
family studies and DNA linkage analysis (Berrettini, 2003; Berrettini, 2000; Craddock et al.,
2006; Heckers et al., 2002; Post, 1999). Among the overlapping traits are disturbances in
energy metabolism and in mitochondrial function.

Evidence for disturbed mitochondrial function in bipolar disorder and schizophrenia

Abnormalities in energy metabolism were found in functional assays (Cavelier et al., 1995;
Maurer et al., 2001; Regenold et al., 2009) and in magnetic resonance spectroscopy studies
(Dager et al., 2004; Deicken et al., 1995b; Frey et al., 2007; Jensen et al., 2006; Kato et al.,
1993; Kato et al., 1995; Ongur et al., 2009; Stork and Renshaw, 2005; Yurgelun-Todd et al.,
1996). Gene and protein expression studies point to a decrease of factors and enzymes
involved in ATP generation and storage (Iwamoto et al., 2005; Karry et al., 2004; Klushnik
et al., 1991; Konradi et al., 2004; MacDonald et al., 2006; Middleton et al., 2002; Mill et al.,
2008; Pennington et al., 2008; Washizuka et al., 2005; Washizuka et al., 2009), and linkage
analysis showed an association of both disorders with genes involved in mitochondrial
function (Kirk et al., 1999; Washizuka et al., 2003b; Washizuka et al., 2006; Xu et al., 2008;
Zhang et al., 2009). Mitochondrial structural abnormalities have been reported in patients
with BPD (Cataldo et al.), and both diseases are associated with mitochondrial DNA
(mtDNA) mutations and polymorphisms (Amar et al., 2007; Kato et al., 1997; Kato et al.,
2000; Kato, 2001; Munakata et al., 2004; Munakata et al., 2005; Quiroz et al., 2008; Rollins
et al., 2009; Shao et al., 2008; Ueno et al., 2009). Conversely, bona fide mitochondrial
diseases are frequently comorbid with psychotic symptoms and misdiagnosed as SZ or BPD
(Campos et al., 2001; Fattal et al., 2006; Grover et al., 2006; Mancuso et al., 2008; Prayson
and Wang, 1998). The latter observation makes a particularly strong case for a role of
mitochondria in the clinical symptoms of psychosis, as the primary disease-causing event in
mitochondrial disorders is the mtDNA mutation.

Mood stabilizers provide partial protection against mitochondrial toxicity, whereas first-
generation antipsychotic drugs might have adverse effects on mitochondrial respiration
(Bachmann et al., 2009; King et al., 2001; Maurer and Moller, 1997; Maurer et al., 2009;
Pereira et al., 1992; Prince et al., 1997b; Sagara, 1998; Struewing et al., 2007; Valvassori et
al.; Washizuka et al., 2009).

Mitochondrial pathology could be the consequence of genetic susceptibility (Brandon et al.,
2005b; Ishizuka et al., 2006; James et al., 2004; Kvajo et al., 2008; Millar et al., 2005;
Stoffel et al., 1996), secondary to dysregulation of other neurotransmitter systems (Ben-
Shachar, 2002; Brenner-Lavie et al., 2009; Chen et al., 2008) or the results of environmental
impacts such as exposure to toxins, famine, infections and substance abuse (Brown and
Derkits; Brown and Yamamoto, 2003; Kroll, 2007; Kyle and Pichard, 2006), all of which
are known risk factors for BPD and SZ.

Mitochondrial genetics

Mitochondria are cell organelles surrounded by a double membrane, each of which is a
phospholipid bilayer. The intermembrane space separates both membranes (figure 1), and
the mitochondrial matrix is the innermost area, surrounded by the double membrane. The
matrix contains the enzymes for the citric acid cycle (tricarboxylic acid cycle, TCA), which
supply the proton/electron donors NADH+H* and FADH, for the electron transport chain.
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The inner mitochondrial membrane is folded into cristae to provide increased surface area
for the electron transport chain, a major component of the inner membrane. The electron
transport chain pumps protons from the matrix into the intermembrane space, and produces
energy in the form of ATP upon re-entry of protons into the matrix (figure 1).

Mitochondria are thought to have originated from a symbiotic relationship between an
anaerobic proto-eukaryotic cell that engulfed an aerobic bacterium. As such, mitochondria
retain bacterial characteristics, including a circular, polycistronic DNA that lacks both
introns and histones. The 16.6-kB mitochondrial genome (mtDNA) contains 37 genes: 22
transfer RNAs (tRNAs), two ribosomal RNAs (rRNAs), seven genes for proteins of the
electron transport chain complex I, one complex 111 gene, three complex IV genes, and two
complex V genes (Wallace, 2005). This leaves the majority of mitochondrial proteins
encoded in the nuclear DNA. The two strands of mtDNA are referred to as the heavy strand,
which contains the majority of mitochondrial genes, and the light strand, which contains the
NADH dehydrogenase 6 (mt-ND6) gene and eight tRNA genes. Since mitochondrial genes
contain no introns, the only noncoding region of mtDNA is the regulatory D-loop, which
contains promoters for both mtDNA strands and the origin of replication for the heavy
strand.

Mitochondrial DNA is organized into DNA-protein clusters called nucleoids, which are
tethered to the inner mitochondrial membrane (Clay Montier et al., 2009; Iborra et al.,
2004). By comparing the number of mtDNA-positive foci and the number of mtDNA copies
in a human cell line, it was estimated that each nucleoid contained an average of eight
mtDNA molecules (Iborra et al., 2004), though there is probably considerable variability. In
addition to mtDNA, nucleoids contain protein elements essential to replication and
transcription of the mitochondrial genome, such as mitochondrial transcription factors and
the helicase Twinkle (Iborra et al., 2004), both of which are encoded in the nuclear DNA.
The mechanism for mtDNA replication is not yet fully characterized, but it is thought that
mitochondrial transcription factor A (TFAM) and DNA polymerase y (POLG) bind in the D-
loop at the origin of replication on the heavy strand. The heavy strand is then replicated until
the origin of the light strand is reached, roughly 2/3 of the way through the DNA molecule.
At this point, light strand replication begins in the opposite direction. Transcription of
mitochondrial RNA is thought to occur in a similar manner as replication, and after
synthesis of a polycistronic transcript, tRNAs fold and are cleaved, producing individual
mRNAs for each gene, which are polyadenylated before translation by mitochondrial
ribosomes (Wallace, 2005).

All cells are polyploid for mtDNA, and mtDNA content varies greatly among tissues (Frahm
et al., 2005; Mclnerny et al., 2009; Pysh and Khan, 1972). Unlike nuclear DNA replication,
mtDNA replication does not coordinate with the cell cycle. At some point, however,
replication of the mitochondrial genome requires communication between mitochondria and
the nucleus because the transcription factors required by mtDNA for replication, DNA
polymerase and helicase, are nucleus-encoded. The complete mechanism by which mtDNA
copy number is regulated is not yet known, but TFAM is thought to play a role in this
process, as TFAM knockout mice show mtDNA depletion, resulting in deficient electron
transport and ATP synthesis, and the development of myopathy (Silva et al., 2000;
Wredenberg et al., 2002). TFAM overexpression, in contrast, results in increased expression
of some mitochondrial genes, but does not seem to increase mitochondrial function above
normal levels (Ekstrand et al., 2004).

Mitochondrial DNA copy number varies between brain regions: quantitative, real-time PCR
(gPCR) against the mtDNA-encoded genes NADH dehydrogenase 1 (mt-ND1), mt-ND4,
cytochrome B, and 12S rRNA revealed copy numbers between 2,000 and 5,000 per cell in
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the midbrain and striatum of rodents (Mclnerny et al., 2009). Copy number also varies
depending on the region assayed (Mclnerny et al., 2009). The spinal cord, striatum, and
cortex have mtDNA copy numbers of 10,000 or more per cell, the medulla possesses
roughly 8,000 copies per cell, and the midbrain and cerebellum each have 4,000 copies or
less per cell (Frahm et al., 2005; Mclnerny et al., 2009).

An ultrastructural analysis of mitochondria in neurons and glia across various regions of
adult rat brains showed variations among regions and cell types in mitochondrial size and
number, as well as density and length of cristae within mitochondria (Pysh and Khan, 1972).
Astrocytes tended to have less dense cristae, but higher mitochondrial numbers and
mitochondrial volume fraction than oligodendrocytes. Neurons had higher cristae packing
than glia, as well as less variation in mitochondrial size across brain regions. The volume
fraction of mitochondria in neurons was found to be lowest in cerebellar granule cells, which
correlates with the observed lower cerebellar mtDNA copy number (Frahm et al., 2005;
Mclnerny et al., 2009). Of all cell types, neurons had the highest mitochondrial volume
fraction, which correlates with their high energy demands. Astrocytes contained a
mitochondrial volume fraction that was just below that of neurons, which could be attributed
to the role of astrocytes in signaling and metabolic support of neurons.

Mitochondrial physiology: oxidative phosphorylation, calcium buffering and apoptosis

A central function of mitochondria is to convert the chemical energy stored in sugars to
high-energy phosphates, a usable form of cellular energy that is produced by the electron
transport chain in the process of oxidative phosphorylation (OXPHOS), also known as
mitochondrial respiration. Glycolysis in the cytoplasm breaks glucose down into pyruvate,
which is further metabolized to NADH+H" in the mitochondrial matrix by the TCA cycle
(figure 2). NADH+H™ then transfers its high-energy electrons to NADH dehydrogenase,
which is complex | of the electron transport chain (figure 2A, 3). The TCA cycle also
produces succinate, which carries electrons to complex 11 (succinate dehydrogenase). The
electrons are passed from complexes | or 1l to coenzyme Q, followed by complex Il and
cytochrome ¢ (coenzyme Q: cytochrome c reductase), and complex 1V (cytochrome c
oxidase). Electrons from complex IV combine with O, to produce H,O (figure 3). With each
transfer of an electron from one carrier to the next, the electron releases energy, which is
coupled to transport of hydrogen ions from the matrix to the intermembrane space, resulting
in an electrochemical gradient across the inner mitochondrial membrane. Hydrogen ions
pass back into the matrix through complex VV (ATP synthase), an energy-producing event
used to synthesize ATP from ADP and inorganic phosphate (Brandon et al., 2005a;Wallace,
1999;Wallace, 2005).

In addition to providing cellular energy, mitochondria form microdomains with calcium
(Ca?*) influx sites to buffer cytosolic Ca* (Rizzuto and Pozzan, 2006). CaZ* released into
the cytosol from either external sources such as NMDA receptors or from the endoplasmic
reticulum is taken up by mitochondria and released slowly, preventing high levels of
cytosolic CaZ* from inducing stress and excitotoxicity (Baron et al., 2003; Rizzuto and
Pozzan, 2006). Ca2* uptake into mitochondria stimulates enzymes of the TCA cycle and
facilitates increased ATP synthesis through increased production of NADH+H" (Orrenius et
al., 2003). This is important since Ca* activates many cellular processes with high energy
demands, and the clearance and storage of Ca2* requires ATP-dependent pumps.
Mitochondrial Ca?* overload, however, can have detrimental effects on mitochondrial
viability and ultimately causes cell death (Orrenius et al., 2003). Glucose deprivation, for
example, can cause mitochondrial membrane depolarization and rises in intracellular Ca2*,
increasing the cell’s susceptibility to excitotoxicity (Isaev et al., 2008; Stelmashook et al.,
2009).
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Mitochondria are pivotal for cellular resilience and the management of stress. Mitochondria
contain proteins that prevent and facilitate apoptosis. Insults such as excess Ca?* influx,
decreased mitochondrial membrane potential, or DNA damage from oxidative stress can
result in mitochondrial membrane permeabilization. Often, this event occurs through the
opening of the mitochondrial permeability transition pore (mPTP), a protein complex
spanning the inner and outer mitochondrial membranes. Though the identity of all mPTP
components has not yet been fully determined, the complex is likely composed of the
voltage-dependent anion channel (VDAC), cyclophilin D, and the adenine nucleotide
translocase (Galluzzi et al., 2009). Opening of the mPTP results in release of
intramitochondrial proteins such as cytochrome c and pro-caspases. In the cytosol,
cytochrome c activates apoptotic protease activating factor 1 (Apafl), which assembles into
the apoptosome structure (figure 4). The apoptosome activates procaspase-9, an initiator
caspase that is cleaved into caspase-9. Caspase-9 then activates executioner caspases such as
caspase-3, which facilitate nuclear DNA cleavage and breakdown of the cytoskeleton and
nuclear lamina, causing cells to assume an apoptotic, rounded morphology (Hotchkiss et al.,
2009).

On the mitochondrial membrane are proteins of the Bcl-2 family, which promote or prevent
apoptosis through protein-protein interactions. Pro-apoptotic members of the family, such as
Bax and Bad, facilitate the opening of the mPTP (Galluzzi et al., 2009; Ouyang and Giffard,
2004). Anti-apoptotic proteins, such as Bcl-2 and Bcl-xL, prevent apoptosis by binding and
inhibiting pro-apoptotic proteins (Chipuk and Green, 2008; Ouyang and Giffard, 2004),
(figure 4). Overexpression of these anti-apoptotic proteins in mice enhances cell viability
and resilience after insult, whereas knockout results in premature death (Einat et al., 2005;
Murphy et al., 1996).

Apoptosis serves important developmental functions. During mammalian central nervous
system development, an abundance of neurons is produced in proliferative zones
surrounding the ventricles. These ventricular zones are the site of neurogenesis and supply
neurons to the cortex, striatum, and hippocampus. Neurons are produced in excess and
nearly half must be eliminated during early adolescence through mitochondria-mediated
apoptotic mechanisms. Interestingly, many survival factors and growth cues that determine
whether a neuron will survive or die are affected by lithium, a mood stabilizer used to treat
BPD. These factors include BDNF, the Wnt pathway, the ERK/MAPK pathway, and the
PLC/PIP2 pathway (Machado-Vieira et al., 2009).

The role of mitochondria in oxidative stress and DNA damage

Reactive oxygen species (ROS) are oxygen-containing free radicals created as byproducts of
both physiological and abnormal electron transport. At baseline, roughly 1-5% of all oxygen
consumed by the cell is converted to ROS (Lee and Wei, 2005), but ROS are produced in
larger quantities after a mitochondrial insult, such as excess Ca2* or exposure to
mitochondrial toxins. ROS arise when electrons are prematurely released from complexes
near the beginning of the electron transport chain. This results in the production of
superoxide anions (O, ™). Excess ROS production can also occur during nutrient overload,
when electron transport chain complexes are oversaturated with electrons and release
electrons promiscuously (Russell et al., 2002; Wallace, 2005). Superoxide anions can be
converted to H,O, by superoxide dismutases, and to water by glutathione peroxidases or
catalase (Wallace, 2005). When ROS are not neutralized, they damage proteins, lipids, and
nucleic acids. Within the electron transport chain, the iron-sulfur (Fe-S) clusters that mediate
electron transport in complexes | and 111 are most susceptible to oxidative damage (Wallace,
2005). Mitochondrial DNA is also particularly vulnerable to oxidative stress since it is
located at the main site of ROS production and lacks protective histones (Wallace, 2005).
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In addition to mtDNA damage due to ROS exposure, the lack of histones and the limited
proofreading ability of POLG causes a higher mutation rate in mtDNA relative to nuclear
DNA. Mitochondrial DNA mutations accumulate throughout a lifetime, while mtDNA
levels and mitochondrial function tend to decline with age (Wallace, 2005). Although
mtDNA levels increase with cell size, cells from older donors contained less mtDNA per
picogram of protein than that of younger probands (Shmookler Reis and Goldstein, 1983).

Oxidative damage induces point mutations but can also result in large deletions of mtDNA.
A 5 kB mtDNA deletion, termed the “common deletion”, spans the mt-ND3, mt-ND4, mt-
NDD5, cytochrome ¢ oxidase 11 (mt-COlIl), mt-ATPase6, and mt-ATPase8 genes, as well as
several tRNA genes (Brandon et al., 2005a). This deletion is one of the more prevalent
mtDNA alterations, but occurs at low rates in non-diseased tissues and tends to increase in
prevalence with age (Brandon et al., 2005a; Fuke et al., 2008; Mclnerny et al., 2009). In
some mitochondrial disorders, such as chronic progressive external opthalmoplegia and
Kearns-Sayre Syndrome, this deletion reaches high levels. As a result, the cells with high
levels of this common deletion produce more reactive oxygen species when stimulated with
an HyO» insult, resulting in reduced cell viability (Jou et al., 2005; Liu et al., 2007; Wang
and Lu, 2009).

Mitochondrial diseases

Mutations in mtDNA result in debilitating diseases if they affect a large percentage of the
mitochondrial population. Since nearly all mitochondria are inherited from the mother,
diseases caused by mtDNA mutations exhibit a matrilineal inheritance pattern (Shao et al.,
2008). Multiple mtDNA genotypes can exist within the same cell, a state termed
heteroplasmy (figure 5). A one-celled embryo with both wild-type and mutant mtDNA
copies can pass on an uneven proportion of mutant mtDNAs to either daughter cell, resulting
in tissue-specific variations in the proportion of mutated mtDNA (figure 5). This condition
is termed ‘mosaicism’ (Youssoufian and Pyeritz, 2002). When the proportion of mutated
mtDNA passes a particular threshold, symptoms of mitochondrial pathology become
evident. The symptoms are dependent on which tissue has the highest amount of mutated
mitochondria as well as which tissue has the highest energy demand. Mutations of any gene
in the mitochondrial genome could affect expression or function of electron transport chain
proteins. Detrimental mitochondrial mutations impair the effectiveness of OXPHOS, and
highly OXPHOS-reliant tissues such as the brain, pancreas, and muscle are more commonly
affected (Wallace, 2005). Common symptoms of mitochondrial disease include seizure,
blindness, diabetes, muscle weakness, and cardiomyopathy (DiMauro and Schon, 2008).
While many of the mitochondrial disorder symptoms are physical deficiencies, psychiatric
symptoms are frequently comorbid (Campos et al., 2001; Fattal et al., 2006; Grover et al.,
2006; Mancuso et al., 2008; Prayson and Wang, 1998).

Morphological and physiological changes in mitochondria in psychiatric diseases

Unlike most other tissues, the brain depends exclusively on glycolysis and OXPHOS to
create ATP. Thus, any mitochondrial pathology will have the most pronounced effect on the
brain.

Morphological changes of mitochondria have been observed in BPD and SZ in brain tissue
as well as peripheral tissue. Mitochondria were significantly smaller in the prefrontal cortex
(PFC) of BPD patients compared to normal controls. (Cataldo et al.). In the PFC of SZ
patients, oligodendrocytes showed drastic reductions in mitochondrial numbers and volume
(Uranova et al., 2001). SZ patients had also fewer mitochondria in the striatum than controls
or individuals with other psychiatric diagnoses (Kung and Roberts, 1999).
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In peripheral cells and cell lines, a number of pathological changes were observed. The
cellular location of mitochondria was altered in lymphoblastoid and fibroblast cell lines of
BPD patients (Cataldo et al.). Lymphocytes of BPD patients failed to respond to glucose
deprivation while lymphocytes of normal controls responded with an upregulation of the
elements of the electron transport chain (Naydenov et al., 2007). Mononuclear cells of SZ
patients had enlarged mitochondria with fragmented cristae, which was independent of
antipsychotic drug type used (Inuwa et al., 2005). In a similar study, activated lymphocytes
in individuals with SZ had a lower mitochondrial density than controls (Uranova et al.,
2007).

Abnormalities in mitochondrial function have been observed in both BPD and SZ. For
example, SZ patients showed large reductions in cytochrome-c oxidase activity in the
caudate nucleus, the frontal cortex and the temporal cortex (Cavelier et al., 1995; Maurer et
al., 2001). Rodent studies suggest that this reduction is not caused by treatment (Prince et
al., 1997a; Prince et al., 1997b). In the PFC of BPD patients, complex | activity was
impaired and associated with increased protein oxidation and nitration (Andreazza et al.,
2010). Impairment of OXPHOS activity causes accumulation of lactate and unprocessed
glucose (figure 2A). In cerebrospinal fluid from BPD patients, lactate and glucose levels
were increased, indicating a shift from mitochondrial respiration to glycolysis (Regenold et
al., 2009). These changes were not observed in SZ patients in the same study, although
peripheral blood mononuclear cells from first-onset, antipsychotic-naive SZ patients showed
an increased expression of proteins associated with the glycolysis pathway after stimulation
with staphylococcal enterotoxin (Herberth et al.). Dysregulation of the glycolysis pathway is
in line with the increased prevalence of metabolic syndrome and insulin resistance observed
in psychotic patients (Regenold et al., 2002). Although antipsychotic drugs can contribute to
abnormal glucose metabolism (Newcomer, 2004), increased insulin resistance is a hallmark
of psychotic disorders (Regenold et al., 2002).

The response to metabolic stress is impaired in BPD, and this impairment is closely linked
to mitochondria (Naydenov et al., 2007). Peripheral blood mononuclear cells of BPD
patients lacked the molecular response to glucose deprivation shown by cells of normal
controls (Naydenov et al., 2007). Microarray analysis of the peripheral blood mononuclear
cells revealed that controls upregulated expression of electron transport genes in response to
glucose deprivation, while cells from BPD patients failed to show any changes in
mitochondrial gene expression. Increased number of electron transport chain units can
potentially improve ATP output by increasing the chance of contact with NADH+H" and
reducing the chance of NADH+H™ diffusion. BPD mitochondria fail to maintain ATP
output, which could heighten their sensitivity to mild insults. (Plant et al., 2002)

Ca?* homeostasis is impaired in both BPD and SZ. Since mitochondria buffer cytosolic
Ca?*, impaired Ca?* homeostasis has detrimental effects on mitochondrial function and
viability (Orrenius et al., 2003). Elevated Ca?* levels have been detected in peripheral cells
from BPD and SZ patients (Dubovsky et al., 1992; Kusumi et al., 1992; Ripova et al., 1997).
Lymphoblastoid cell lines derived from BPD patients show higher Ca2* peaks after
thapsigargin, thrombin- or lysophosphatidic acid-mediated stimulation (Dubovsky et al.,
1992; Kato et al., 2003; Ripova et al., 1997; Wasserman et al., 2004).

Taken together, the data provide ample evidence for abnormalities in mitochondrial
structure and function in BPD and SZ. The combination of elevated Ca2* levels and
decreased ATP production will cause continuous cellular stress and reduce the ability to
appropriately respond to temporary peaks in stressful stimuli such as increased glutamate
release during emotional situations and drug use, or decreased glucose levels during times of
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famine or deliberate starvation. These factors are known risk factors for psychotic episodes
(Brown and Derkits; Brown and Yamamoto, 2003; Kroll, 2007; Kyle and Pichard, 2006)

Genetic evidence for abnormal mitochondrial function in BPD and SZ: Mutations and
polymorphisms in mtDNA and nuclear DNA.

Large family studies have revealed increased rates of BPD and SZ within families,
suggesting a genetic vulnerability (Gershon et al., 1982). While diseases caused by mtDNA
mutations display maternal inheritance, evidence for an increase in maternal parent-of-origin
effect in psychiatric disorders is at best weak (Kato et al., 1996; Lan et al., 2007; McMahon
etal., 1995). In a group of 439 families affected by SZ, rates of maternal and paternal
inheritance patterns were roughly equal, and 52% of the families investigated had ill
relatives on both sides of the family (DeLisi et al., 2000). The prevalence of mental illness-
associated mtDNA single nucleotide polymorphisms (SNPs) has also been investigated.
Several groups have assessed the prevalence of particular mtDNA SNPs in disease
populations relative to controls (Amar et al., 2007; Kato et al., 2000; Kato, 2001; Kazuno et
al., 2009; Marchbanks et al., 2003; McMahon et al., 2000; Munakata et al., 2004; Munakata
et al., 2005; Shao et al., 2008; Ueno et al., 2009). Most groups identified different SNPs
across the mitochondrial genome as having disease associations, and no particular gene or
region of mtDNA appears to be targeted. Participants’ ancestry may contribute to the
variability, as sites with disease-associated SNPs in one haplogroup may fail to be
polymorphic in another (Kato, 2001; Shao et al., 2008). The data suggest that mtDNA
mutations in BPD and SZ might be somatic rather than inherited, indicating either an overall
increased vulnerability of mtDNA, or a higher exposure to DNA-damaging factors.

The common deletion can be inherited maternally or acquired such as in response to
oxidative stress. Significant increases in the prevalence of the common deletion were found
in the cortex of BPD probands and suicide victims (Kato et al., 1997). In contrast, a similar
study of frontal cortex brains from individuals with BPD or SZ failed to find an association
with common deletion levels (Kakiuchi et al., 2005). The percentage of mtDNA that
contains the common deletion is quite low, which might make it difficult to obtain consistent
results (Mclnerny et al., 2009). Low common deletion levels also bring into question the
impact of damaged DNA on brain function, since the prevailing intact mtDNA should be
able to overcome the deleterious effects of mutant mtDNA (Mclnerny et al., 2009).
However, due to mosaicism, deletion levels can vary even between adjacent tissues and the
results might not accurately reflect a potential pathology.

Several disease-associated mitochondrial SNPs have been found to have functional
implications. Patients with the 5178 A>C polymorphism, which is associated with BPD,
tended to have lower frontal lobe pH compared to patients with 5178A when assayed by
MRS (Kato and Kato, 2000; Kato et al., 2000). The SZ- and BPD-associated SNP
3243A>G, which lies in a leucine-tRNA gene, hampers the tRNA’s aminoacylation,
resulting in a compensatory upregulation of the leucyl-tRNA synthetase LARS2 that is seen
both in cybrids containing 3243A>G and patient brains (Munakata et al., 2005). A
polymorphism in the mt-ND1 gene which is associated with BPD, 3644T>C, causes
decreased mitochondrial membrane potential and complex | activity (Munakata et al., 2004).
The BPD-associated 10398A>G polymorphism has been linked to decreased mitochondrial
matrix pH, and higher baseline and post-stimulation mitochondrial Ca2* levels (Kato and
Kato, 2000; Kato et al., 2003; Kazuno et al., 2006; Kazuno et al., 2008; Washizuka et al.,
2003a). Interestingly, the latter two effects are tempered by the mood stabilizer valproic acid
(VPA) (Kato et al., 2003; Kazuno et al., 2008). In addition to VPA-related alterations in
Ca?* responses, the 10398A>G SNP was found to be more prevalent in BPD patients that
did not respond to lithium treatment (Washizuka et al., 2003a). An mtDNA variant observed

Int J Dev Neurosci. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Clay et al.

Page 9

in SZ, 12027T>C results in the change from isoleucine to threonine of the mt-ND4 subunit
of NADH-ubiquinone reductase (Marchbanks et al., 2003).

The vast majority of genes encoding mitochondrial proteins are products of nuclear DNA
and are subject to Mendelian inheritance patterns and epigenetic regulation. Nucleus-
encoded mitochondrial genes are involved in OXPHOS, the TCA cycle, shuttle systems that
control influx and efflux of molecules from mitochondria, and factors involved in mtDNA
replication such as TFAM and POLG. A number of genetic risk factor for SZ and BPD are
associated with mitochondria and mitochondrial function. Disease-associated mutations in
nuclear complex | genes have been identified, for example, and could contribute to observed
reductions in complex | mMRNA and protein expression levels (Andreazza et al., 2010; Ben-
Shachar and Karry, 2008; Karry et al., 2004; Washizuka et al., 2003b; Washizuka et al.,
2005; Washizuka et al., 2006; Washizuka et al., 2009; Xu et al., 2008). Reductions in
complex | protein expression have also been found to correlate with reduced complex |
function as well as increased protein oxidation and nitrosylation (Andreazza et al., 2010).

Some nuclear genes associated with BPD and SZ are connected to mitochondria. DISC-1,
which encodes disrupted in schizophrenia 1, was identified in a large Scottish pedigree as a
susceptibility gene for mental illness including SZ and BPD. While the function of DISC-1
is not entirely known, it has been shown to interact with structural proteins that organize the
cytoskeleton and synaptic areas of developing neurons (Ishizuka et al., 2006). Animal
models of mutant DISC-1 have revealed that the protein localizes predominantly to
mitochondria (James et al., 2004). Expression of truncated DISC-1 in cell lines was used to
mimic the human DISC-1 mutation. Compared to full-length DISC-1, truncated DISC-1
showed increased nuclear localization (Brandon et al., 2005b; Millar et al., 2005).
Overexpression of truncated DISC-1 isoforms induced abnormal mitochondrial
morphologies, indicating changes in mitochondrial dynamics such as fission and fusion
(Millar et al., 2005).

Another gene locus associated with SZ and BPD is G72/G30 (Bass et al., 2009; Boks et al.,
2007; Chumakov et al., 2002; Hattori et al., 2003; Prata et al., 2008; Williams et al., 2006).
While no gene product has yet been identified for G30, G72 (D-amino acid oxidase
activator) encodes a protein that is expressed in cerebellum, hippocampus, amygdala, and
cortex, including DLPFC (Boks et al., 2007; Kvajo et al., 2008; Lang et al., 2007; Otte et al.,
2009). The G72 protein localizes to mitochondria, and its overexpression can alter
mitochondrial morphology by enhancing mitochondrial fragmentation (Kvajo et al., 2008).
While these changes do not appear to affect cell survival, they may play a role in dendritic
arborization, as neurons overexpressing the G72 gene product exhibit increased dendritic
branching (Kvajo et al., 2008).

Velocardiofacial syndrome has a high incidence of psychotic symptoms (Arinami, 2006;
Hercher and Bruenner, 2008; Ousley et al., 2007). The disease is caused by a deletion of
22q11.2. A number of genes in the most commonly deleted area are important for
mitochondrial function, such as the mitochondrial citrate transporter, the mitochondrial
ribosomal protein MRPLA40, proline dehydrogenase, thioredoxin reductase 2, and the zinc
finger protein, ZDHHC8 (Maynard et al., 2008). Genetic studies of SZ have shown
associations with these genes (Chen et al., 2004; Li et al., 2004; Liu et al., 2002). The
research focus in the deletion region is mostly on the dopamine system (i.e. catechol-o-
methyltransferase) and on genes involved in synaptic connectivity (Karayiorgou et al.), and
detailed information on the contribution of mitochondria to the symptoms has not been
collected yet.
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While the evidence for a primary mitochondrial pathology in BPD and SZ is mixed, the
evidence for psychotic and mood disorder symptoms in bona fide mitochondrial disorders is
quite strong (Campos et al., 2001; Fattal et al., 2006; Grover et al., 2006; Mancuso et al.,
2008; Prayson and Wang, 1998). The data demonstrate that mitochondria are important
factors of consideration in psychiatric disorders, though they might not necessarily be the
primary cause for these disorders.

Molecular evidence for abnormal mitochondrial function in BPD and SZ: distorted gene
and protein levels

In studies of psychiatric patients, units of the electron transport chain have consistently
shown reduced expression profiles. For example, the 24-kDa and 51-kDa subunits of
complex I were significantly decreased in the PFC in SZ (Karry et al., 2004). In the same
study, complex | subunits were also decreased in the striatum. In the cerebellum, a similar
pattern of expression was observed, indicating that impairments in mitochondrial function
may be widespread in individuals with these disorders. In a gene expression study of the
hippocampus, an extensive downregulation of genes involved in the electron transport chain
was observed in BPD (Konradi et al., 2004). Similar observations were made in the
hippocampus in SZ (Altar et al., 2005), and a downregulation of TCA cycle genes was
observed in the PFC (Middleton et al., 2002).

Although the argument has been made that only brain samples with decreased pH show
decreased mitochondrial pathologies, and thus these samples should be removed (Vawter et
al., 2006), one needs to consider that a decrease in mitochondrial respiration will cause a
shift to glycolysis and thus a drop in pH (see figure 2A, 2C). Removing samples with lower
pH removes all samples with mitochondrial pathologies, as has been well demonstrated
(\VVawter et al., 2006). Magnetic resonance spectroscopy studies of living patients circumvent
the problem of low pH in postmortem samples, and further support the notion of a link
between brain pH and altered energy metabolism (Dager et al., 2004; Kato et al., 1993; Kato
et al., 1998). These studies are outlined further below.

Creatine kinase is an enzyme involved in the storage of high-energy phosphates produced by
mitochondria (figure 2B). A decreased output of ATP might lead to a reduction in creatine
kinase. It is thus not surprising that levels of creatine kinase mMRNA were downregulated in
the hippocampus and PFC in BPD and SZ (MacDonald et al., 2006), another indication of
altered energy metabolism.

In lymphoblastoid cell lines, a complex | gene (NDUFV2) was downregulated in BPDI but
not BPDII (Washizuka et al., 2009). Abnormalities were also found in peripheral blood
mononuclear cells of BPD patients, which failed to respond to glucose deprivation stress
(Naydenov et al., 2007).

Mitochondrial pathology may not be uniform across all brain regions and cell types. In
contrast to the various studies reporting a downregulation of mitochondrial genes in the
brain, complex | activity and expression of the 24- and 51-kDa iron-sulfur flavoprotein
subunits were increased in platelets of SZ patients, with no change in BPD patients (Ben-
Shachar et al., 1999; Dror et al., 2002). The degree of increase in complex | activity
correlated directly with the severity of positive symptoms (Dror et al., 2002). Moreover, the
parieto-occipital cortex showed increased mRNA levels of selected complex I genes in BPD
(Ben-Shachar and Karry, 2008) and SZ (Karry et al., 2004).

One should not assume that disturbances in mitochondrial function might have the same

behavioral cluster independent of tissue type or brain area. Firstly, mitochondrial mutations
need to be present in brain areas involved in psychoses. Secondly, bioenergetic demands
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vary across brain areas and are linked to stressors such as Ca2* and glutamate. Thus, the
percentage of mutated mitochondria needed to cause problems varies. Neurons in some
brain areas might be able to handle slight mitochondrial abnormalities while neurons in
other brain areas cease to function properly, particularly when under increased energy
demand. These differences might enable some behaviors to remain unaffected, while other
behaviors become affected.

In vivo evidence of mitochondrial dysfunction in psychiatric diseases: imaging techniques

In vivo evidence for mitochondrial involvement in psychiatric illnesses derives from
magnetic resonance spectroscopy (MRS), an imaging technique that allows visualization of
energy-related metabolite levels and pH in the brain. Inefficient OXPHQOS leads to
accumulation of lactic acid from glycolysis and acidification of the tissue (figure 2C), as
well as depletion of high-energy phosphates. The high-energy phosphates ATP and
phosphocreatine (PCr) are detectable by MRS (figure 2). MRS can also measure levels of
other metabolic markers such as phosphomonoesters (PMESs), which include the
phospholipid precursors phosphoethanolamine and phosphocholine. PMEs are often used as
markers of phospholipid synthesis levels in tissue (Kato et al., 1993); reductions in PMEs
indicate lipid breakdown.

MRS enables the measurement of brain metabolic activity in alive, awake patients. Kato et
al. found reduced frontal lobe pH in medicated and unmedicated BPD patients (Kato et al.,
1998). Although the sample size was small, comparison of medicated to unmedicated
patients revealed no significant difference in brain pH, suggesting that mood stabilizers do
not affect brain pH. MRS was furthermore performed during euthymic and manic states
(Kato et al., 1993). In the euthymic state, participants showed reduced frontal lobe pH and
PME levels as compared to the manic state. The intra-individual differences between
euthymia and mania point toward state-dependent mitochondrial abnormalities in BPD,
rather than a predetermined pathology. These data were further supported by two-
dimensional proton echo-planar spectroscopic imaging of medication-free BPD patients in a
depressed or mixed-mood state, which showed a shift from oxidative phosphorylation
toward glycolysis (Dager et al., 2004).

Reduced PME and increased phosphodiester (PDE) levels were observed in the frontal
cortex in BPD and SZ patients, indicating increased lipid breakdown in the brain (Deicken et
al., 1995b; Fujimoto et al., 1992; Klemm et al., 2001; Pettegrew et al., 1991; Stanley et al.,
1994). BPD patients also exhibited a reduction and a left-right asymmetry in PCr levels that
was not seen in controls, suggesting that BPD patients have abnormalities in either the
production or maintenance of high-energy phosphates (Deicken et al., 1995b; Kato et al.,
1994).

Likewise, SZ patients exhibit markers of increased lipid breakdown in frontal cortex, with
increased PDEs in both frontal hemispheres, and reduced PMEs in left frontal cortex. The
severity and degree of asymmetry of such abnormalities directly relates to performance on
the PFC-reliant Wisconsin Card Sorting Test (Deicken et al., 1995c). In addition, increased
PCr and decreased ATP levels in the right temporal lobe of SZ patients correlates with
positive symptom severity (Deicken et al., 1995a).

The use of advanced imaging techniques has revealed metabolic deficiencies in psychiatric
patients that are consistent with the mitochondrial pathology seen in postmortem studies.
Although these studies cannot differentiate primary pathologies from secondary
consequences, it is quite likely that mitochondrial pathologies are responsible for some of
the symptoms observed in BPD and SZ.
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Rodent studies provide evidence for a link of mitochondrial function with behavioral
endophenotypes of psychiatric disorders

Of the many animal models of SZ and BPD, few have examined mitochondrial pathologies.
Mice that have been genetically modified to express mutant POLG specifically in neurons
displayed increased startle response and altered circadian behavior (Kasahara et al., 2006).
These behaviors were ameliorated by lithium treatment as well as by electroconvulsive
shock treatment (Kasahara et al., 2008). The results support the notion that mutations in
mitochondria-related nuclear genes can reproduce behaviors seen in psychiatric illness. In
the ventral hippocampal rodent model of SZ, reduced PFC complex | protein levels were
observed after puberty, but not before—a time course consistent with that of the onset of SZ
(Ben-Shachar et al., 2009).

Effects of mood stabilizers and antipsychotics on mitochondria

The predominant treatments for BPD and SZ are mood stabilizers and antipsychotic drugs.
Most of these drugs were discovered serendipitously and, despite impressive efforts, their
mechanism of action if only partly understood. The mood stabilizer VPA is metabolized in
mitochondria, and many antipsychotic drugs or their metabolites are taken up into
mitochondria (Inuwa et al., 2005; Li et al., 1991). In the human neuroblastoma cell line, SH-
SY5Y, therapeutic doses of VPA and lithium induced increases in mitochondrial oxygen
consumption and mitochondrial membrane potential. The drugs also normalized complex IV
activity and caspase expression after a methamphetamine-induced insult (Bachmann et al.,
2009). Lithium increased the activity of electron transport chain complexes I, Il and Il in
homogenates of the human PFC, while a slight reduction was seen in complex IV activity at
very high drug doses (Maurer et al., 2009). This indicates that mood stabilizers may alleviate
some of the symptoms of BPD by improving mitochondrial function.

Lithium and VPA affect and stabilize intracellular Ca2* dynamics (Kazuno et al., 2008;
Quiroz et al.; Shalbuyeva et al., 2007; Wasserman et al., 2004). Rat brain mitochondria
incubated in lithium-containing media maintained their membrane potential better after a
Ca?*-mediated insult than mitochondria incubated in normal media (Shalbuyeva et al.,
2007). Both drugs also have antiapoptotic effects. They are known to inhibit cytochrome ¢
release from mitochondria and to increase expression of the anti-apoptotic gene Bcl-2
(Bachmann et al., 2009; Chen and Chuang, 1999; Michaelis et al., 2006; Shalbuyeva et al.,
2007). In lymphoblastoid cell lines, VPA enhanced expression of the ETC complex | subunit
NDUFV2 (Washizuka et al., 2009). In SH-SY5Y human neuroblastoma cell lines, lithium
treatment attenuated rotenone-induced elevations in caspase-3 activity, and prevented the
late stages of apoptosis (King et al., 2001; Shalbuyeva et al., 2007). Cerebellar granule cells
exhibited reduced expression of pro-apoptotic proteins Bax and p53 after lithium treatment,
and both lithium and VPA enhance cell viability and reduce apoptosis rates (Chen and
Chuang, 1999; Michaelis et al., 2006). In addition, lithium and VPA raise expression of
glutathione-S-transferase, which participates in reversal of oxidative damage (Bachmann et
al., 2009; Wang et al., 2004).

VPA is a histone deacetylase inhibitor and facilitates gene expression via this epigenetic
mechanism. Deacetylated histones inhibit transcription of the sequences to which they are
bound. VPA increases acetylation of histones H3 and H4, an event associated with enhanced
expression of brain-derived neurotrophic factor (BDNF) and glutamic acid decarboxylase 67
(GADG67) (Gavin et al., 2009; Sharma et al., 2006).

The first generation of antipsychotic drugs, “conventional antipsychotics”, are potent

inhibitors of the dopamine D5 receptor (Seeman, 1987). “Atypical antipsychotic drugs”
target other neurotransmitter systems, including serotonin, norepinephrine, and
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cannabinoids, and produce fewer extrapyramidal side effects (Carpenter and Koenig, 2008).
Antipsychotic drugs do not improve the mitochondrial pathology observed in SZ, and some
of these drugs inhibit complex I activity. The effects of typical and atypical antipsychotic
drugs on mitochondrial electron transport chain complexes were examined in acute or
chronic drug regimens of adult male rats (Prince et al., 1997a). Both haloperidol and
fluphenazine reduced complex | activity in striatum, frontal cortex, hippocampus, and
cerebellum. Similar results were observed when rats received chronic low doses of the
mitochondrial toxin MPTP. Treatments with the atypical antipsychotic clozapine, however,
did not alter complex I activity. Both typical and atypical antipsychotic drugs increased
complex IV activity in frontal cortex, but only atypical antipsychotic drugs increased
complex IV activity in the hippocampus. In rat liver, typical, but not atypical, antipsychotics
inhibited complex | activity and facilitated activity of complex IV (Modica-Napolitano et
al., 2003). Despite the increased complex IV activity seen with many antipsychotics, it
appears that their inhibition of complex I results in an overall inhibition of maximal oxygen
consumption rate after uncoupling and, more importantly, might reduce the ability to
produce ATP. This suggests that antipsychotics might contribute to mitochondrial
instability. Overall, studies that investigate the effects of antipsychotics and mood stabilizers
on mitochondria are very important and provide insight into how the drugs might alleviate
or contribute to the symptoms of BPD and SZ.

Concluding remarks

Neurons are uniquely dependent on mitochondria for energy production. However,
mitochondria are not just important for ATP synthesis, but they are also involved in Ca2*
homeostasis, apoptosis, brain development, and brain function. A large number of studies
have shown that the overall stability of mitochondria, the efficiency of OXPHOS, and the
ability to buffer Ca?* and neutralize ROS, are affected in BPD and SZ. While many of these
disturbances could be secondary to lifestyle and drug treatment, evidence from animal and
genetic studies indicates that in some cases mitochondrial pathology might be the primary
cause.

Reduced mitochondrial viability and function causes decreased ATP production and
reserves. lon pumps need ATP to maintain the membrane potential in neurons. Proper
information processing depends on the ability of the neuron to maintain a solid membrane
potential with minimal leakage. One could imagine how a flaccid membrane potential could
lead to (a) diminished information processing, i.e. not all information gets adequately
propagated, or (b) chance depolarization leading to an erroneous signal. Furthermore, with
little ATP reserves (such a PCr) stressful situations or periods of decreased glucose
availability could cause severe malfunctions, explaining known risk factors for affective
disorders and SZ (Brown and Derkits, 2010; Brown and Yamamoto, 2003; Kroll, 2007;
Kyle and Pichard, 2006).

A question that arises is why are higher brain functions and behaviors predominantly
affected and why are other metabolic and neuronal systems seemingly functioning
normally? First, the energy demands of particular neuronal types might be responsible for
their vulnerability. For example, in the hippocampus certain populations of GABA
interneurons have higher activities of cytochrome C, indicating higher energy demands in
these cells (Gulyas et al., 2006). Interestingly, markers for GABA neurons are dramatically
reduced in the hippocampus in SZ and BPD (Benes et al., 1998; Heckers et al., 2002), and in
BPD are correlated with a reduction in nuclear genes coding for the mitochondrial electron
transport chain (Konradi et al., 2004). Thus, neurons with the highest energy demand are
abnormal in BPD and SZ. Other neurons might have lower energy demands and less
vulnerability to subtle mitochondrial abnormalities.
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Second, different neuronal populations might respond differently to stressors such as
glutamate. Populations with high sensitivity or high exposure to stressors would be
particularly vulnerable during episodes of low ATP availability. Thirdly, minor problems in
neuronal circuits might be more obvious in higher-level cognitive function and thought
processing compared to less complex functions. Fourthly, some neuronal circuits or
neurotransmitter systems might be able to compensate for cell stress and even cell loss. This
is well known for the nigrostriatal pathway in Parkinson’s disease, where 70-80% of
dopaminergic neurons are lost before the first motor symptoms emerge (Bernheimer et al.,
1973). This level of neuroplasticity might be protective during mitochondrial damage, but
does not seem to be available in cortical areas. Finally, in the case of mtDNA abnormalities,
mosaicism could cause some brain areas to be affected but not others.

Any combination of the factors above can explain how a universal cell organelle might
affect specific behaviors. Mitigating genetic and environmental factors might have some
influence on which microcircuits are more protected while facilitating factors might cause
cellular stress in other circuits. Thus, the genetic and external environments influence the
clinical presentation and diagnosis.

No matter where in the sequence of disease-causing events mitochondria might rank,
mitochondrial pathology could be an important factor in the manifestation of clinical
symptoms. Thus, therapeutic approaches to strengthen mitochondrial function could
significantly reduce symptoms and increase the quality of life of patients.
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Mitochondrial anatomy: Mitochondria are intracellular organelles that contain both outer
and inner membranes separated by an intermembrane space. The innermost mitochondrial
compartment, the matrix, contains the enzymes necessary for tricarboxylic acid (TCA)
cycle, while the inner membrane contains the components of the electron transport chain.
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Energy metabolism and metabolic consequences: A) Glycolysis, a cytosolic process, breaks
down glucose to pyruvate. The net yield of glycolysis is two molecules of ATP and two
molecules of the electron donor NADH, which are shuttled into the mitochondria. Likewise,
pyruvate crosses into the mitochondria and is converted acetyl-CoA, which enters the
tricarboxylic acid (TCA) cycle. The conversion to acetyl-CoA produces NADH. The TCA
cycle, then produces three molecules of NADH, one molecule of the electron donor FADH,,
as well as one molecule of ATP or GTP. NADH and FADH, donate electrons to the electron
transport chain of the inner mitochondrial membrane, where ATP is synthesized during
oxidative phosphorylation (OXPHOS). Each glucose molecule produces 36 ATP molecules
when metabolized by OXPHOS. B) Creatine kinase uses ATP to phosphorylate creatine and
produce phosphocreatine (P-creatine), a stable product for extended storage of ATP. During
periods of high energy demand, creatine kinase acts as a phosphatase to retrieve ATP from
P-creatine. C) metabolic shift from OXPHOS to glycolysis results in cellular acidification
through lactic acidosis, a metabolization from pyruvate to lactate. Conversely, OXPHOS
activity measured as reduction in O,.
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The electron transport chain: Electron transport chain complexes 1-V are part of the inner
mitochondrial membrane. NADH and FADH, from the tricarboxylic acid (TCA) cycle
donate electrons to complexes | and Il, respectively. These electrons are transferred to
complex Il and complex 1V, sequentially. With each transfer, the electrons release energy.
Energy release from electrons is coupled to the movement of protons from the matrix to the
intermembrane space, resulting in a proton gradient across the inner mitochondrial
membrane. Upon reaching complex 1V, electron pairs combine with % O, and 2H* to create
H,0. Complex V, or ATP synthase, releases energy stored in the proton gradient by
allowing proton flow into the matrix. Complex V couples this energy release to the synthesis
of ATP from ADP and P;. Each complex is assembled from a number of proteins. For
example, complex I, the largest complex, has 39 proteins encoded in the nuclear DNA and 7
proteins encoded in the mtDNA, while complex 11, the smallest complex, has 4 nuclear
encoded proteins.
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Mitochondria-mediated apoptosis: Pro-apoptotic proteins such as Bax promote opening of
the mitochondrial permeability transition pore (mPTP). Anti-apoptotic proteins such as
Bcl-2 bind and inhibit pro-apoptotic proteins. Once open, the mPTP causes release of
intramitochondrial proteins such as cytochrome c and procaspase-3. In the cytosol,
cytochrome c assembles with apoptotic protease activating factor 1 (Apafl) and
procaspase-9 into the apoptosome, where procaspase-9 is cleaved to yield active caspase-9.
Caspase-9, then, facilitates cleavage-mediated activation of procaspase-3 to caspase-3,
which in turn facilitates DNA fragmentation, cytoskeletal disassembly, and apoptotic cell
death.
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Figure 5.

Mitochondrial mutations are distributed in a mosaic pattern. During fission of mitochondria,
mutant and wild-type mtDNASs can be distributed unevenly, A. Heteroplasmic oocytes
contain a mixture of normal and mutated mitochondria, B. Mitochondria are randomly
partitioned to the daughter cells during mitosis. The presence of tissue-specific differences
in mutant mtDNAs is termed mosaicism.
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