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TRENDS IN MOLECULAR MEDICINE

Mitochondrial involvement in psychiatric disorders
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Abstract
Recent findings of mitochondrial abnormalities in brains from subjects with neurological disorders have led to a renewed
search for mitochondrial abnormalities in psychiatric disorders. A growing body of evidence suggests that there is
mitochondrial dysfunction in schizophrenia, bipolar disorder, and major depressive disorder, including evidence from
electron microscopy, imaging, gene expression, genotyping, and sequencing studies. Specific evidence of dysfunction such
as increased common deletion and decreased gene expression in mitochondria in psychiatric illnesses suggests that direct
examination of mitochondrial DNA from postmortem brain cells may provide further details of mitochondrial alterations in
psychiatric disorders.
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Introduction

The mitochondrion is a subcellular organelle located

in the cytoplasm of all cells and contains copies

of mitochondrial DNA (mtDNA). MtDNA encodes

two ribosomal RNAs, 22 transfer RNAs, and 13

protein subunits of the electron transport chain and

the displacement loop (D-loop), which is necessary

for replication and transcription of the mitochondrial

genome (1). In addition to the small number of genes

encoded within the mitochondrion, it is estimated

that at least 1000 nuclear-encoded proteins are also

translocated to the mitochondria. The interactions

between both mitochondrial proteins and translo-

cated proteins are required for normal cellular func-

tion. The purpose of this review is to describe the

current understanding of variations in mtDNA or

nuclear DNA that impact on mitochondrial-related

gene expression reported in schizophrenia (SZ),

bipolar disorder (BPD), and major depressive dis-

order (MDD).

MtDNA is 16,569 base pair circular DNA with a

guanine-rich heavy (H) strand and a cytosine-rich

light (L) strand. The remaining subunits of the

electron transport chain (see Figure 1) are encoded

in the nuclear genome, which is physically separate

from the cytoplasmically located mitochondrial

genome. Each cell contains multiple mitochondria,

and there are multiple copies of mtDNA in each

mitochondrion (2). Muscle, brain, and liver often

contain the highest number of mitochondria due to

high energy utilization. Mitochondria provide energy

for cellular processes by converting metabolites to

adenosine triphosphate (ATP) via oxidative phos-

phorylation (OXPHOS). Mitochondria contain a

highly permeable outer mitochondrial and a virtually

impermeable inner membrane (3). The electron

transport chain produces a pH gradient across the
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inner mitochondrial membrane that is important for

ATP production and metabolite transport (4).

OXPHOS is carried out by the five protein-lipid

enzyme complexes of the respiratory chain, which

are located in the inner membrane: complexes I

(NADH: ubiquinone oxidoreductase), II (succinate:

ubiquinone oxidoreductase), III (ubiquinol: ferrocy-

tochrome c oxidoreductase), IV (ferrocytochrome c:

oxygen oxidoreductase or cytochrome c oxidase),

and V (ATP synthase) (5�8) (See Figure 1).

Mitochondria play a role in amino acid, lipid,

and steroid metabolism, apoptosis, and act as

calcium buffers and sources of free radicals (5�
7,9,10), which can damage mtDNA resulting in

production of more free radicals (11). Thus, com-

plementary functions of mitochondria are cell death,

cell bioenergetics, and production of amino acids.

Related to psychiatry, monoamine oxidase A and B

enzymes have been shown to be localized in the

outer membrane of mitochondria (12,13), and

peripheral benzodiazepine receptors have also

been shown to localize to the mitochondrial mem-

brane (14).

MtDNA is inherited maternally and mtDNA

is present at a much lower concentration in sperma-

tozoa (approximately 1200 copies in a single sper-

matozoon), compared to oocytes (approximately

100,000 copies in a single oocyte). Species-specific

sperm mitochondria are believed to be eliminated

via ubiquination, which tags them for breakdown

through proteolysis (15). Interestingly, there is

some evidence for high maternal transmission of

SZ (16�19), as well as BPD (20), which supports

the hypothesis that increased risk for these disorders

is related to mitochondrial dysfunction. However,

it is also possible that this relationship may be due

to environmental factors (21). Failure to find a

pattern of maternal inheritance as well as evidence

of paternal inheritance have also been reported in SZ

and BPD (22,23).

Although mtDNA mutations may be maternally

transmitted, they are often sporadic. MtDNA is

more susceptible to somatic deletions than nuclear

DNA because mtDNA is not protected by histones

and also has a poor DNA repair system. Thus

mtDNA has been suggested as a potential ‘weak

Abbreviations

31P-MRS phosphorus-31 magnetic resonance

spectroscopy

ASR agonal stress rating

ATP adenosine triphosphate

BPD bipolar disorder

C controls

CGLN cerebellar granular cell layer

CoQ coenzyme Q

CPZ chlorpromazine

Ct cycle threshold

MT-CO1 cytochrome c oxidase I

MT-CO2 cytochrome c oxidase II

MT-CO3 cytochrome c oxidase III

CPEO chronic progressive external

ophthalmoplegia

MT-CYB cytochrome b

MT-CYC cytochrome c

DISC1 disrupted in schizophrenia 1

D-loop displacement loop

DLPFC dorsolateral prefrontal cortex

FDG fluoro-deoxy-glucose

LHON Leber hereditary optic neuropathy

MDD major depressive disorder

MELAS mitochondrial myopathy,

encephalopathy, lactic acidosis,

and stroke-like episodes

MNGIE mitochondrial neurogastrointestinal

encephalomyopathy

[1H]-MRS 1H-magnetic resonance spectroscopic

imaging

MtDNA mitochondrial DNA

MT-ATP6 ATP synthase 6

MT-ATP8 ATP synthase 8

MT-ND1 nicotinamide adenine dinucleotide

dehydrogenase 1

MT-ND2 nicotinamide adenine dinucleotide

dehydrogenase 2

MT-ND3 nicotinamide adenine dinucleotide

dehydrogenase 3

MT-ND4 nicotinamide adenine dinucleotide

dehydrogenase 4

MT-ND4L nicotinamide adenine dinucleotide

dehydrogenase 4L

MT-ND5 nicotinamide adenine dinucleotide

dehydrogenase 5

MT-ND6 nicotinamide adenine dinucleotide

dehydrogenase 6

NAA N-acetylaspartate

NADH nicotinamide adenine dinucleotide

OXPHOS oxidative phosphorylation

PMI post�mortem interval

POLG polymerase DNA-directed gamma

Q�PCR quantitative polymerase chain reaction

SNP single nucleotide polymorphism

SZ schizophrenia

Key message

. There is accumulating evidence of

mitochondrial involvement in the patho-

physiology of psychiatric disorders such as

schizophrenia, bipolar disorder, and major

depressive disorder.
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point’ of the genome (2,24). Examples of clinical

syndromes related to mtDNA mutations include

Leber hereditary optic neuropathy (LHON), which

is associated with a number of ND1 (see list of

abbreviations) gene mutations (25), and myopathy

and diabetes mellitus which are associated with point

mutations in mitochondrial tRNA (26). Nuclear

DNA mutations, such as the polymerase DNA-

directed gamma (POLG) mutation (27), can some-

times predispose mtDNA deletions, as in the case of

the mitochondrial chronic progressive external

ophthalmoplegia (CPEO) disease which is asso-

ciated with mutations of mitochondrial tRNA muta-

tions as well as a ND5 T-C polymorphism. Another

example of nuclear DNA mutations that affect

mtDNA is the mitochondrial neurogastrointestinal

encephalomyopathy (MNGIE) (28), which is related

to a heteroplasmic tRNA mutation. The leucine-rich

pentatricopeptide repeat cassette (LRPPRC) nu-

clear gene interacts with the mitochondrial genome,

and a LRPPRC mutation results in reduced transla-

tion of mitochondrial genes cytochrome c oxidase

1 (MT-CO1) and possibly MT-CO3 (29). Although

any organ can be affected by mitochondrial defects,

the brain, skeletal muscle, and cardiac muscle are

most commonly affected due to their high aerobic

activity and higher mitochondrial content (7).

The evidence for involvement of mitochondria

in neurodegenerative disorders such as Alzheimer’s,

Parkinson’s, multiple sclerosis, and amyotrophic

lateral sclerosis has been recently reviewed (30,31)

and is not the focus of this review. We survey the

evidence for mitochondrial dysfunction in neurop-

sychiatric disorders including mitochondrial gene

expression and mtDNA common deletion that are

associated with SZ, BPD, and MDD.

Evidence for mitochondrial dysfunction in

psychiatric disorders

Psychiatric symptoms of mitochondrial disease

Psychiatric symptoms have been documented in

subjects with mitochondrial disease. In a review by

Fattal et al. 2006 (10), the authors identified 19

confirmed case reports of mitochondrial disease with

comorbid psychiatric problems, including MDD,

psychosis, BPD, anxiety disorders, and personality

change. Depression is a common symptom of the

mitochondrial disease CPEO (32). A high comorbid-

ity of mitochondrial myopathy, encephalopathy, lactic

acidosis, and stroke-like episodes (MELAS) in SZ

and bipolar affective disorder has also been docu-

mented (33�35). In addition, Grover et al. 2006 (36)

reported a case of MELAS that was preceded by

mania prior to diagnosis, further supporting the role

of mtDNA mutations in the etiology of psychiatric

disorders. Transgenic mice with mitochondrial DNA

deletions related to a mutation in the nuclear-encoded

POLG gene also displayed abnormal behaviors in-

cluding decreased cued and contextual fear condi-

tioning, increased startle response, and decreased and

distorted day-night rhythm of wheel-running activity

compared to normal mice (37) reminiscent of manic-

like behaviors.

Ultrastructure studies of mitochondrial abnormalities in

psychiatric illness

Electron microscopy studies have revealed mitochon-

drial abnormalities in SZ. Uranova et al. (2001)

studied mitochondrial volume density in oligoden-

drocytes in the prefrontal cortex and caudate nucleus

in postmortem brains of subjects with SZ and

Figure 1. Diagram adapted from Lee et al. (106) showing five complexes involved in oxidative phosphorylation. We found decreased

expression in brain for key mitochondrial DNA-encoded transcripts in neuropsychiatric disorders as shown in Table II.

Mitochondria in psychiatric disorders 283

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
C
a
l
i
f
o
r
n
i
a
 
I
r
v
i
n
e
]
 
A
t
:
 
2
2
:
2
2
 
5
 
A
u
g
u
s
t
 
2
0
0
8



observed a significant decrease in mitochondria

number and density in both regions in subjects with

SZ compared to controls (38). Morphological

changes in mitochondria have been noted as well.

Kung et al. (1999) observed a significant reduction in

mitochondrial cross-sectional profiles in caudate and

putamen sections from subjects with SZ compared to

controls (39). They observed a lower number of

mitochondria in patients who were not taking anti-

psychotic medications compared to those taking

antipsychotics or controls, suggesting drug treatment

normalized mitochondria number. Subjects with SZ

were also observed to have monocyte and lymphocyte

mitochondria that appeared swollen compared to

those of controls (40). The same authors observed a

significant increase in mitochondria density in lym-

phocytes and monocytes of neuroleptic-treated sub-

jects with SZ compared to controls (40), which might

be related to cellular shrinking or mitochondria

swelling. There have been no studies to date examin-

ing morphological or morphometric abnormalities in

BPD or MDD lymphocytes. Interestingly, two strong

schizophrenia candidate genes, Disrupted in Schizo-

phrenia 1 (DISC1) and G72, have splicing isoforms

that are targeted to mitochondria although the exact

functions of these proteins in the mitochondria

remain unknown (41,42).

Research suggests antipsychotic treatment

may be related to increased antiapoptotic effects

mediated by mitochondrial signals (43). Expression

of antiapoptosis genes Bcl-2 and Bcl-xL is increased

by haloperidol treatment (44�46), and both prevent

the release of proapoptotic substances such as

cytochrome c (44). It is possible that these anti-

apoptotic effects may be compensatory to the effects

of antipsychotics on mitochondrial respiratory chain

complex expression (47).

Altered metabolic activity

Adenosine triphosphate (ATP) is produced via

mitochondrial respiratory chain complexes I�IV.

Brain energy metabolism in psychiatric disorders

has been studied using 31phosphorus magnetic

resonance spectroscopy (31P-MRS) for measure-

ment of cerebral membrane phospholipids and

high-energy phosphates. Using 31P-MRS, Volz

et al. (1997) found a significant decrease in phos-

phodiester percent values in the frontal cortex of

subjects with SZ compared to controls and an

increased ratio of phosphomonoesters/phosphodie-

sters (48). These authors also observed increased

levels of phosphocreatine percent and phosphocrea-

tine/ATP in the dorsolateral prefrontal cortex of

subjects with SZ compared to controls, and a

correlation of b-adenosine triphosphate and phos-

phocreatine/ATP with the CPZ-equivalent dose

(48). Decreased levels of ATP in basal ganglia and

temporal lobes of subjects with SZ were also

observed by 31P-MRS (49).

Decreased intracellular pH and intracellular

phosphocreatine in the frontal lobes as well as an

altered response of phosphocreatine response to

photic stimulation have been observed in patients

with BPD (50,51). Also, mRNA of two isoforms of

creatine kinase, the enzyme that is involved in

synthesis and metabolism of phosphocreatine, has

been shown to be downregulated in the dorsolateral

prefrontal cortex in subjects with BPD, although

significant downregulation of these isoforms was

not seen between subjects with SZ and controls

(52).

Positron emission tomography (PET) scans with

[18F]-fluoro-deoxy-glucose (FDG) have revealed

altered metabolic decreases in SZ, BPD, and

MDD. Hypofrontality, increased left and decreased

right lentiform nucleus metabolic rate, and de-

creased temporal lobe metabolic rate have been

reported in subjects with SZ compared to controls

(for review, see (54)). In major depressive disorder,

reduced metabolic rate has been observed in the

prefrontal cortex, anterior cingulate cortex, and

caudate nucleus in depressed patients (for review,

see (55)). Similarly, depressed subjects with BPD

display reduced whole-brain metabolism compared

to manic subjects with BPD. Depressed subjects

with BPD have also been shown to exhibit decreased

total frontal lobe metabolism and medial temporal

lobe metabolism. Increases in metabolism in the

frontal lobe and medial temporal lobe have been

reported during mania in BPD. Thalamus and

occipital lobe metabolism has also been shown to

be altered in subjects with BPD, although again

these findings are also state-specific (for review,

see (56)).

N-acetylaspartate (NAA) is synthesized and ex-

ported from mitochondria (57). NAA synthesis

correlated with mitochondrial metabolism, and

NAA concentration has been used as an indicator

of neuronal density and mitochondrial function

(58). [1H]-MRS studies of NAA have shown deficits

in SZ (for meta-analysis, see (59)) and BPD (60).

In sum, the literature suggests energy metabo-

lism abnormalities are widespread in the brains of

subjects with SZ, BPD, and MDD. A better under-

standing of the origins of this dysfunction may give

us insight into the disease processes in these psy-

chiatric disorders.

284 L. Shao et al.
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Altered mitochondrial gene expression in psychiatric

disorders

A broad mitochondrial dysfunction has been re-

ported in neuropsychiatric disorders using micro-

array technology to survey nuclear-encoded gene

expression (61�66). One study of BPD found

mitochondrial gene expression was predominantly

decreased in BPD compared to controls in the

dorsolateral prefrontal cortex (DLPFC) when

using Stanley samples with pH above 6.5 (62). In a

select subgroup of medication-free BPD patients

there were mitochondrial genes that showed in-

creased expression (62). The authors suggested that

medication may influence the direction of gene

expression change and the precise genes altered in

BPD patients; however, this subgroup of medica-

tion-free patients showed an increased brain pH as

compared to controls. Since the contrast was not

balanced between groups for pH, the interpretation

that medications were driving the gene expression

in the opposite direction can be explained equally by

the strong effect of pH. Another microarray and

proteomic study using a set of 105 DLPFC samples

from the Stanley Array Collection found mitochon-

drial dysfunction in SZ (64). Subsets of genes in the

oxidative phosphorylation pathway and proteasome

family were found to be decreased in the hippocam-

pus by microarray and also in the prefrontal cortex

by Q-PCR in BPD but not SZ (63).

In a convincing microarray study of nuclear-

encoded mitochondrial-related gene expression,

Altar et al. (2005) (61) reported decreased expres-

sion of mitochondrial gene expression in hippocam-

pal dentate granule neurons sampled with laser

capture microscopy in SZ. Vawter et al. (2006)

(67) found that after correction for pH, the nu-

clear-encoded mitochondrial-related dysregulation

was not above a chance level of significance in the

anterior cingulate cortex, dorsolateral prefrontal

cortex (DLPFC), and cerebellum for BPD or MDD.

Two independent groups of researchers demon-

strated in controls there were mitochondrial gene

expression differences based upon mean group pH

differences (62,67). Iwamoto et al. (2005) reported

a control group analysis, in which there were 144

mitochondrial genes (219 probe sets) dysregulated

between low-pH control and high-pH control

groups. The ratio of downregulated:upregulated

was 3:1 comparing low-pH to high-pH controls.

Agreement in fold change consistency between

Vawter et al. (2006) (67) analysis of agonal-pH state

in controls and the Iwamoto et al. (2005) (62)

analysis was high (95.8%, 138/144 genes agreed in

direction). Iwamoto et al. (2005) (62) reported 31%

of genes (45) were altered in the control pH analysis

and were codirectional with significantly dysregu-

lated genes in either BPD or SZ. In a third study,

Mexal et al. (2006) showed that hippocampal gene

expression was highly dependent upon pH, espe-

cially for functional groups related to mitochondrial

energy metabolism (68). Taken together, at least

three independent microarray studies from different

brain banks strongly support that pH differences in

postmortem brain affects microarray gene expres-

sion for nuclear-encoded transcripts related to

mitochondrial functions. pH is a surrogate for

agonal hypoxia due to lactic acid accumulation in

brain that commences with oxygen deprivation. A

more difficult question to address technically is

whether differences in mitochondria physiology

associated with agonal-pH differences influence the

same genes implicated with psychiatric disorders.

Recently, Weis et al. (2007) (69) demonstrated

that pH was decreased in BPD (n�113) and SZ

(n�120) postmortem brain tissue compared to

controls (n�120). This interesting study also com-

pared control subjects with obvious histopathologi-

cal abnormalities and cerebellar granular cell layer

necrosis (CGLN) to controls subjects without

CGLN and found decreased pH of 0.4 in CGLN�
group. However, when comparing CGLN� to

CGLN- SZ groups the pH was reduced only

0.04 pH units, which was not significant. This

diagnosis group�CGLN interaction for pH is one

example of how the field is grappling with how to

control for strong associations with postmortem

gene expression overall. The Weis et al. 2007 (69)

study did not rule out a relationship of agonal factors

to pH which could have influenced the group

differences. Linear regression models would be

useful to predict pH using the data available at the

Stanley Foundation-557 collection (69) to deter-

mine the strongest predictors of pH. Beyond the

usual predictors of age, PMI, agonal factors and

tissue necrosis, it would be interesting to see if the

lifetime fluphenazine daily equivalents, smoking,

and other variables such as mtDNA SNPs (see

below) were strongly predictive.

Since lowered intracellular pH has been demon-

strated in BPD using whole-head 31P-MRS spectra

(70), this seems to indicate that the mitochondrial

pathophysiology preexists terminal conditions sur-

rounding death and produce differences in physio-

logical responses relevant to cellular bioenergetics.

However, the reduced pH in vivo in BPD has not yet

been replicated.

The evidence for nuclear-encoded mitochondrial

gene expression alterations as part of the pathophy-

siology of SZ and BPD is not unequivocal, notwith-

standing some evidence that has been found for

Mitochondria in psychiatric disorders 285
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psychiatric comorbidity in classical mitochondrial

disorders and for brain imaging relevant to mito-

chondrial function such as hydrogen ion alterations

in BPD (71). Some microarray studies have not

reported a broad mitochondrial gene expression

pattern in BPD (72,73) or SZ (62,74,75). A few

microarray studies in MDD have not reported that

mitochondrial genes were differentially expressed in

cortex (76�78). Further it was demonstrated that

alcohol disorders and drug abuse comorbidity may

play a factor in alterations involving mitochondrial-

related genes (66). Taken together, a broad picture

emerges from the nuclear gene expression studies,

which suggests that mitochondrial dysfunction is

modest when examined in view of strong agonal-pH

background effects on nuclear-encoded transcripts

and mtDNA copy number. The dilemma is caused

by the agonal-pH effects that are almost always

codirectional with the mitochondrial gene expression

change in psychiatric disorder when the groups are

unbalanced for agonal-pH factors. After parcellation

of this strong effect of agonal-pH state on gene

expression, the differential diagnostic effects on gene

expression are significantly reduced (67). One caveat

in performing human postmortem brain experi-

ments at one time point prevents ruling out genes

that have strong agonal-pH effects on gene expres-

sion as being part of the pathophysiology of the

disorder. One method is to develop animal and

cellular models that have profiles similar to BPD and

SZ gene expression profiles and to show that the

pathophysiology involves mitochondrial-related gene

expression. The other method is to perform rigor-

ously controlled studies of covariates and gene

expression (62,69,79�81) which we further com-

ment upon below.

Common and novel mitochondrial DNA SNPs

associated with psychiatric disorders

A small body of literature has implicated sequence

variations in the mitochondrial genome in the

etiology of psychiatric disorders. Several studies

have approached this question by resequencing the

entire mitochondrial genomes of subjects with psy-

chiatric disorders. These initial studies have been

performed with small numbers of subjects and have

not been validated with brain tissue. It has been

shown that heteroplasmic mutations can increase

with aging and neurodegeneration, thus more sensi-

tive adjunct approaches to traditional sequence-

based approaches will be needed to screen for

variations in mitochondrial DNA. Traditional

PCR-based approaches such as high-resolution

thermal melt analysis and electrophoresis techniques

will allow screening for private sequence variations.

Microarray resequencing of the entire human mito-

chondrial genome is now possible using the Affyme-

trix platform (Santa Clara, CA).

Martorell et al. (2006) (82) resequenced the

entire mitochondrial genome in leukocytes from six

subjects with SZ with apparent maternal transmis-

sion and their schizophrenic mothers. Because

multiple copies of mtDNA exist per cell, it is

possible for a cell to contain mutant mtDNA and

normal mtDNA in the same cell. This is known as

heteroplasmy (28). The six subjects with SZ had

50 variants compared to the revised Cambridge

reference sequence (82). The variants did not

accumulate in a specific region of the mtDNA

genome. Of the 50 variants, 6 were novel, and 3 of

these were missense mutations. The heteroplasmic

missense variant MT-ND4 12096T�A was found in

5 of the 6 mother/offspring schizophrenic pairs;

however, none of the 3 missense variants were

present in the 95 controls individuals. Two missense

variants associated with SZ in complex I (MT-ND5

C12403T and MT-ND5 Asn105Thr) (82) were

previously described variants associated with BPD

(28).

Similarly, Munakata et al. (2007) (83) rese-

quenced the entire mitochondrial genome from

leukocytes in one proband from a family with

suspected maternal inheritance of BPD, MDD,

suicide, or other psychotic disorders. The proband

was diagnosed with MDD and epilepsy. The authors

compared the sequence of the probands to the

human standard sequence of mtDNA and observed

34 base substitutions: 11 in the region of the D-loop,

which is necessary for replication and transcription

of the mitochondrial genome, 3 in rRNA, 13

synonymous substitutions, and 7 non-synonymous

substitutions. All were registered polymorphisms in

the mitochondrial database MITOMAP, except for

two SNPs*a non-synonymous SNP in complex I

(MT-ND1 T3394C) that has been previously im-

plicated in two mitochondrial diseases, and a

non-synonymous SNP in complex V (MT-ATP6

A9115G).

Kazuno et al. (2005) resequenced mitochondrial

DNA from leukocytes of seven patients with atypical

psychosis. A total of 67 SNPs were found in

comparison to the revised Cambridge reference

sequence (84). Two subjects shared 25 polymorph-

isms and these subjects belonged to the sub-haplo-

group F1ba of the macro-haplogroup N, leading the

authors to speculate that this haplotype may be a risk

factor for atypical psychosis. However, Kirk et al.

(1999) resequenced the mitochondrial genome from

25 subjects with bipolar affective disorder who had
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family histories suggestive of inheritance from the

maternal side, but they did not find a relationship

between haplotype frequency in subjects with bipo-

lar affective disorder compared to controls (85).

In addition to whole mitochondrial genome

resequencing studies, another approach has been to

examine the relationship between specific poly-

morphisms and risk for psychiatric disorders.

Marchbanks et al. (2003) examined the ratio of

the heteroplasmic variant 12027T�C to the total

12027T, a non-synonymous SNP in the ND4

subunit of complex I (86). There was a significant

increase in the variant-rich fraction in leukocytes

from subjects with SZ (n�181) compared to con-

trols (n�184); moreover, although there was not a

significant difference in the variant-rich fraction

between males and females, there was a significant

increase in the variant-rich fraction in control

females (36%) compared to control males (18%),

raising the possibility that the variant increased risk

for SZ more in males than females (86).

Munakata et al. (2005) (87) examined the

mtDNA tRNALeu(UUR) 3243A�G mutation in the

prefrontal cortex and liver in subjects with MDD,

BPD, SZ, and controls. This mutation is associated

with the mitochondrial diseases MELAS, diabetes

mellitus, CPEO and mitochondrial myopathy. In a

total of 57 subjects, with roughly equal numbers of

subjects per group, the authors identified 2 subjects

with BPD and 1 subject with SZ carrying this

heteroplasmic mutation, while no subjects with

MDD or controls were observed to carry this

mutation. A mtDNA 3644T�C homoplasmic mu-

tation in the NADH-ubiquinone dehydrogenase

subunit 1 (MT-ND1) gene was observed in subjects

with BPD (88).

Mitochondrial function may affect personality

traits, as well as risk for psychiatric disorders. Kato

et al. (2004) (89) examined two mtDNA poly-

morphisms, C5178A and A10398G, which are

located in coding regions of complex I NADH

dehydrogenase subunit 2 (MT-ND2) and NADH

dehydrogenase subunit 3 (MT-ND3) genes. They

reported a significant association between the

C5178A polymorphism and extraversion in healthy

controls (n�238). A separate study suggested

the mtDNA A10398G polymorphism of the MT-

ND3 genes may be related to lithium response in

BPD (90).

The majority of the studies to date have failed to

implicate any particular variant in association with

psychiatric disorders, although these studies in-

volved resequencing or genotyping of leukocyte

DNA. It is possible that heteroplasmic mutations

that accumulate with age in the brain may be

involved in psychiatric disorders and will go unde-

tected when DNA from peripheral blood, rather

than brain tissue, is sequenced. Another reason for

this failure to replicate the many mitochondrial

findings may be the relatively small sample sizes

generally seen in these studies. It is also possible that

the differences in results are due to haplogroup

variation, as well as private mutations occurring

within families and individuals. It is possible that

dysfunction of the electron transport chain can be

caused by combinations of mtDNA genotypes de-

rived from haplogroup, which could increase risk for

SZ or BPD, in conjunction with nuclear DNA

variations in mitochondrial-related genes.

Copy number variations or deletions/insertions

associated with psychiatric disorders

The most frequent mitochondrial deletion is a large

4977 base pair ‘common deletion’, and several

groups have investigated this deletion in psychiatric

disorders. As the original observation of an age-

related increase in the common deletion, Wallace

et al. (1987) showed that the common deletion

increased between ages 45 and 55 (91). Depending

on the sensitivity of the method to detect the

common deletion, it might be missed entirely in

younger subjects. Kato et al. (1997) (92) reported an

increased ratio of the common deletion in the

cerebral cortex of subjects with BPD (n�7) com-

pared to age-matched control subjects (n�8).

However, no abnormalities were reported in a study

(93) of prefrontal cortex common deletion levels

from subjects with SZ (n�30) or BPD (n�25)

compared to controls (n�29). Cavalier et al. (1995)

(94) found significantly reduced cytochrome c

oxidase enzyme activity in the frontal cortex and

the caudate nucleus in subjects with SZ compared to

controls, but, again, no change in common deletion

levels was seen in subjects with SZ compared to

controls. However, these authors also failed to

observe age-related accumulation of the common

deletion in SZ (94), which is a feature of normal

control brains (95). Kakiuchi et al. (2005) (96) also

failed to see an increase in the common deletion in

subjects with BPD or SZ, or age-related increases in

levels of the deletion. However, the lack of an

increase in age-related deletions may be related to

the overall younger age of the subjects, as age-

matched controls apparently did not display age-

related increases in deletion (96), or perhaps the

methodology. Sabunciyan et al. (2007) (93) re-

ported that antidepressant and alcohol use in bipolar

patients and first-generation typical antipsychotics in

SZ were correlated to the level of common deletion.
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Several groups have examined mtDNA copy

number in psychiatric disorders. Vawter et al.

(2006) (67) reported a strong association of pro-

longed death (presumably longer intervals of hy-

poxia) with increased mtDNA copy number in

DLPFC. After controlling for the strong effects of

agonal duration, there was a trend towards de-

creased mtDNA copy number in BPD compared

to controls (67).The copy number of mtDNA can be

induced in hypoxic states (97) resulting in mito-

chondrial replication and/or mtDNA replication. As

mentioned earlier, multiple copies of mtDNA are

found within single mitochondria. Vawter et al.

(2006) (67) reported about 50�500 copies of

mtDNA per copy of nuclear DNA in DLPFC

homogenate depending on agonal-pH state of in-

dividual subjects. Others have reported a 10-fold

higher range of mtDNA copy number of 1259�4617

varying widely among brain regions, agonal factors,

and methodology (98).

Investigation of the relationship between

mitochondrial gene expression and common

deletion in psychiatry disorders

The reviewed studies provided the motivation to

investigate both mitochondrial gene expression and

common deletion in DLPFC in a cohort of subjects

with SZ, MDD, and BPD compared to matched

controls.

Materials and methods

Subjects. The DLPFC (area 9, plus 46) was collected

at the University of California, Irvine Brain Reposi-

tory (67). A total of 78 subjects (12 with BPD, 14

with SZ, 15 with MDD, and 37 controls) were

studied. Age, gender and pH of each subject/sample

are summarized in Table I. The subjects all had

rapid deaths, as a prolonged death was previously

shown to increase the mtDNA copy number (67).

RNA and DNA extraction. RNA and DNA were

extracted using Trizol Reagent (Invitrogen). RNA

was cleaned with RNeasy Plus Mini Kits and treated

with RNase Free-DNase Set (Qiagen, Valencia, CA,

USA). The protocol included passage through a

membrane-based Qiagen column (QIAamp DNA

Mini Kit, Qiagen Sciences, MD). Total RNA

quality, indicated by the ratio of 28S/18S ribosomal

peaks, was analyzed on an Agilent Bioanalyzer 2100

(Agilent, Palo Alto, CA, USA). The cleaned RNA

was reverse-transcribed with Taqman Reverse Tran-

script Reagent (N808-0234, Applied Biosystems).

Real-time PCR. Real-time PCR with both SybrGreen

and Taqman was performed on a 7900HT Fast

Real-Time PCR System (Applied Biosystems, Fos-

ter City, CA) with SybrGreen PCR Master Mix

(Applied Biosystems, Foster City, CA) or Taqman

Universal PCR Master Mix (Applied Biosystems,

Foster City, CA), respectively. For quantitative real-

time PCR, the relative quantization method was

used. A serial dilution of a control sample from the

same brain region was used for a standard curve in

every assay, and Ct was converted to a relative

concentration from the standard curve on each plate.

Primers. Expression of the 13 mitochondrial-en-

coded genes and D-loop were chosen to compare

expression between diagnosis groups and controls.

The primers for targeting conservative or deletion

regions were based on MITOMAP (A Human

Mitochondrial Genome Database: http://www.mito-

map.org, 2006) using the revised Cambridge Re-

ference sequence. All primers were designed with

Primer Express (Applied Biosystems) and synthe-

sized at ABI (sequences available upon request from

authors). The average of three nuclear genes

(GAPDH, BEXL1, and CFL1) was used as a

reference for normalization. D-loop primers and

probes were designed in a non-variable region.

Table I. Demographics of four groups of subjects from which DLPFC was obtained. All subjects had a rapid death and absence of

prolonged hypoxia prior to death.

pH Age (yrs) agonal stress rating Gender

n Ave SD Ave SD Ave SD Male/female

BPD 12 6.87 0.16 50 17 �0.2 0.92 9/3

MDD 15 6.96a 0.19 51 15 0.3a 0.81 10/4

SZ 14 6.87 0.24 45a 9 �0.3 0.82 11/2

C 37 6.81 0.19 53 13 �0.3 1.05 29/6

aPB0.05 compared to controls.

ASR�agonal stress rating; BPD�bipolar disorder; C�Control; DLPFC�dorsolateral prefrontal cortex; MDD�major depressive

disorder; SD�standard deviation; SZ�schizophrenia.
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MtDNA common deletion. The amount of the

mtDNA common deletion was screened by two

methods. We tested coamplification in a linear range

and direct visualization of the common deletion

band on Agilent gel-based quantification (PCR

amplicon of deleted band is 350 bp compared to

5000 bp for non-deleted mtDNA band). We also

used a TaqMan PCR method to compare the

amplification of the relative level of deleted mtDNA

to wild-type DNA by amplifying a region of the

mitochondrial genome that is commonly deleted

(in the MT-ND4 gene) and a region that is not

commonly deleted (DLOOP). This allows for an

estimation of ratio of non-deleted mtDNA (MT-

ND4) to copy number (DLOOP). We hypothesized

that the ratio of non-deleted mtDNA to copy

number would be higher in controls than in experi-

mental groups. Both screening methods showed an

increase in BPD for indirect measures of the

common deletion.

Data analysis. Both t test and ANCOVA (Partek, St

Louis, MO) were used for significance test and

covariance corrections. The copy number of the

subjects was assessed in homogenized frontal cortex

tissue by measuring nuclear DNA, mtDNA, and

forming a ratio using a method previously reported

in dissected single neurons from the substantia nigra

(99).

MtDNA-encoded gene expression. After adjusting for

age, gender, pH, and ASR covariates (100), there

were significantly decreased expressions of 10/13

and 6/13 mitochondrial-encoded transcripts for

SZ and MDD, respectively, compared to controls

(Table II). Lithium treatment in BPD was associated

with a decrease in expression of all 13 transcripts

by 19%�37% compared to non-lithium-treated sub-

jects with BPD, although this decrease was not

significant for individual mtDNA transcripts. After

normalizing data using the D-loop as a reference

gene, two significantly increased mitochondrial-ex-

pressed genes were noted in BPD (MT-ND1 and

MT-ND5). Overall, the expression results suggest

decreased mitochondrial transcription in SZ and

MDD. However, when mtDNA transcripts were

internally normalized to D-loop, there were no

expression differences. This is likely because the

nascent message RNA is without introns. Further

examination of the D-loop region for variants is

required as well as the nuclear DNA genes that

impact mtDNA transcript expression.

The estimated ratio of deletion by PCR analysis

was detected at significantly higher levels in BPD

compared to controls (2.12-fold change, Table III)

after appropriate age and gender adjustment.

Further, MDD and SZ showed trends toward

increase (Table III). We verified that the ratio of

common deletion was highly correlated at two

different genomic DNA concentrations (r�0.98

after removing two outliers), and normalized directly

by the amount of mtDNA in the same reaction

tube to increase the measurement reliability. Con-

sistent with previous reports, there was a significant

positive relationship between age and the amount

of estimated common deletion in brain (Figure 2;

r�0.40). Overall, this study suggests mitochondrial

Table II. Gene expression results of 13 mitochondrial genes and D-loop. The t test and ANCOVA values are shown.

t test ANCOVA

P value Fold P value Fold

BPD MDD SZ BPD MDD SZ BPD MDD SZ BPD MD SZ

D-loop 0.50 0.051 0.002a 0.89 0.83 0.72 0.46 0.114 0.009a 0.92 0.81 0.71

MT-ATP6 0.88 0.013a 0.003a 0.97 0.76 0.72 0.81 0.027a 0.010a 1.03 0.74 0.72

MT-ATP8 0.79 0.034a 0.002a 0.96 0.72 0.73 0.99 0.015a 0.018a 1.00 0.70 0.72

MT-CO1 0.94 0.060 0.004a 1.01 0.77 0.75 0.66 0.039a 0.118 1.06 0.72 0.79

MT-CO2 0.84 0.078 0.004a 0.96 0.79 0.75 0.94 0.091 0.093 1.01 0.77 0.78

MT-CO3 0.64 0.150 0.006a 0.91 0.79 0.70 0.70 0.124 0.035a 0.94 0.76 0.70

MT-CYB 0.72 0.074 0.003a 0.94 0.82 0.70 0.74 0.197 0.016a 0.95 0.82 0.69

MT-ND1 0.96 0.003a 0.001a 1.01 0.74 0.72 0.55 0.014a 0.027a 1.07 0.73 0.77

MT-ND2 0.89 0.096 0.015a 0.98 0.84 0.74 0.98 0.174 0.011a 1.00 0.82 0.69

MT-ND3 0.70 0.220 0.016a 0.92 0.84 0.69 0.64 0.297 0.016a 0.92 0.82 0.64

MT-ND4 0.88 0.052 0.010a 0.97 0.85 0.75 0.89 0.194 0.012a 0.98 0.83 0.69

MT-ND4L 0.90 0.011a 0.009a 1.02 0.75 0.79 0.55 0.008a 0.137 1.07 0.70 0.83

MT-ND5 0.75 0.048a 0.006a 1.05 0.84 0.78 0.38 0.082 0.028a 1.10 0.81 0.78

MT-ND6 0.90 0.031a 0.002a 1.02 0.77 0.78 0.64 0.004a 0.031a 1.05 0.68 0.77

aP value (PB0.05) significant after matching controls and psychiatric subjects for pH, ASR, and age: Abbreviations: D-Loop �
displacement loop; BPD � bipolar disorder; MDD � major depressive disorder; SZ � schizophrenia; ASR � agonal stress rating.
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dysfunction and transcript alterations in the brain

(Table III, Figure 2) after age adjustment.

Conclusions

Multiple lines of evidence suggest mitochondrial

dysfunction may play a role in psychiatric disorders.

The small but growing body of evidence, including

morphological, genetic, comorbidity with mitochon-

drial disorders, and imaging data, supports the

role of mitochondrial dysfunction in SZ, BPD, and

MDD. A high comorbidity between mitochondrial

disease and psychiatric disorder has been noted

(10,32,101). Further, mitochondrial dysfunction as

evidenced by abnormal mitochondrial morphology

and morphometry has been noted (38�40), and

altered metabolic activity has been observed in

subjects with psychiatric disorders (48,49,53�56).

Altered mitochondrial genome expression has

also been suggested, particularly of genes encoding

complex I (102). Searching for candidate mtDNA

SNPs associated with SZ, BPD and MDD has

yielded a number of positive findings, although these

results tend not to be replicated, possibly due to low

sample sizes or an association of multiple nuclear

and mitochondrial genomic variants in combination

that lead to respiratory chain dysfunction and

predisposition to these disorders. Nevertheless, the

results of these studies suggest a role of mitochon-

drial dysfunction in the etiology of psychiatric

disorders.

Table III. Mitochondrial common deletion (ratio of 350 bp/5000

bp) is increased in BPD. PCR amplification around the deleted

fragment (350 bp) and the non-deleted fragment (5000 bp) was

measured in the same PCR reaction and Agilent gel lane (see

Figure 3). This assay was linear in the range of 10�20 ng of DNA

(r�0.98), and duplicate values were averaged for each sample.

Group na

Fold change compared

to controls P value

Controls 37

BPD 12 2.12 0.006

MDD 15 1.82 0.077

SZ 14 1.59 0.17

aThe ANCOVA factors included diagnosis, gender, pH, and age.

The common deletion ratio was increased significantly 1.84-fold

across all psychiatric disorders compared to controls.

Fold change was calculated as 2(AVERAGE (Control Group)�AVERAGE

(Experimental Group). Group abbreviations are shown in Table I.

Figure 2. The mitochondrial common deletion is increased in psychiatric disorders. The individual subjects are plotted by age and common

deletion (x-axis ratio of 350/5000 bp). Subjects with BPD died at a younger age in this study; there was a significant increase in common

deletion after age adjustment. The blue circle indicates the 95% confidence limits around the control subjects. The increase in the

common deletion for nine psychiatric subjects is shown outside of the blue circle. Group abbreviations are shown in Table I.

290 L. Shao et al.

D
o
w
n
l
o
a
d
e
d
 
B
y
:
 
[
U
n
i
v
e
r
s
i
t
y
 
o
f
 
C
a
l
i
f
o
r
n
i
a
 
I
r
v
i
n
e
]
 
A
t
:
 
2
2
:
2
2
 
5
 
A
u
g
u
s
t
 
2
0
0
8



This is the first examination of the 13 coding

transcripts and levels of common deletion in brain

tissue from three psychiatric disorders. There were

significant alterations in expression of 10/13 and

6/13 mitochondrial transcripts for SZ and MDD,

respectively. In BPD an increased mtDNA common

deletion was found and non-significant increases

were seen for SZ or MDD. It is important to note

that originally this method for quantification of the

common deletion was reported in single cells from

the substantia nigra (99) while the present study is

the first to adapt this method to quantify the deletion

in homogenized frontal cortex tissue. A shortcoming

of this method when used on DNA from homo-

genized brain tissue is that it approximates the ratio

of total deleted to non-deleted mtDNA and there-

fore may result in an underestimation of common

deletion when a relatively low proportion of cells

have the heteroplasmic common deletion. This may

explain the lack of a significant increase seen in SZ

and MDD. However, despite this limitation, we were

still able to detect an increase in mtDNA common

deletion in BPD.

The findings of alterations in mitochondrial

transcript expression appeared to be independent

of the common deletion as there were no significant

correlations between mitochondrial gene expressions

for the 13 transcripts with the levels of common

deletion. However, the direction in the data suggests

that an increased common deletion is associated

with decreased mitochondrial gene expression. This

observation requires confirmation with a larger

cohort and suggests that accumulation of the com-

mon deletion and decrease in transcription overall

may be susceptibility factors for neuropsychiatric

disorders (103,104). The effect of medications

cannot be excluded, especially as some medications,

such as haloperidol, have been suggested to have

mitochondrial effects (105).

Future directions

The further assessment of mtDNA variations

to correlate with transcript abnormalities and accu-

mulation of common deletions is warranted in

brain. Examination of the entire mitochondrial

DNA sequence is feasible to determine detailed

sub-haplogroupings, novel mutations, and common

SNPs previously reported. MtDNA resequencing

can determine private mutations, especially if homo-

plasmic, which accounts for a substantial proportion

of mtDNA variation between individuals.

Further, resequencing the D-loop coding region

may help elucidate whether variations in this region

may be associated with decreased transcription.

SNP variations in the hypervariable D-loop region

might account for differential mtDNA copy number,

transcript, and deletions (106). While information

from homogenized brain tissue does not yield

cellular specificity of the mtDNA alterations that

distinguishes controls from neuropsychiatric groups,

Figure 3. Genotyping for large common deletion. Subjects were genotyped in duplicate at two concentrations. Arrows indicate presence of

deletion relative to 5000 bp upper non-deleted band. Group abbreviations are shown in Table I.
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the use of single-cell expression quantification may

lead to a better understanding of the role of

mitochondrial pathology in psychiatric disorders.
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