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ABSTRACT: Large-scale neuronal remodeling through apoptosis occurs shortly after birth in all known
mammalian species. Apoptosis, in large part, depends upon critical interactions between mitochondrial
membranes and cytochrome c. Herein, we examined the hypothesis that the large-scale reorganization of
neuronal circuitry after birth is accompanied by profound alterations in cardiolipin (CL) content and
molecular species distribution. During embryonic development, over 100 CL molecular species were
identified and quantitated in murine neuronal tissues. The embryonic CL profile was notable for the presence
of abundant amounts of relatively short aliphatic chains (e.g., palmitoleic and oleic acids). In sharp contrast,
after birth, the CL profile contained a remarkably complex repertoire of CL molecular species, in which
the signaling fatty acids (i.e., arachidonic and docosahexaenoic acids) were markedly increased. These
results identify the rapid remodeling of CL in the perinatal period with resultant alterations in the physical
properties of the mitochondrial membrane. The complex distribution of aliphatic chains in the neuronal
CL pool is separate and distinct from that in other organs (e.g., heart, liver, etc.), where CL molecular
species contain predominantly only one major type of aliphatic chain (e.g., linoleic acid). Analyses of
mRNA levels by real-time quantitative polymerase chain reactions suggested that the alterations in CL
content were due to the combined effects of both attenuation of de noVo CL biosynthesis and decreased
remodeling of CL. Collectively, these results provide a new perspective on the complexity of CL in neuronal
signaling, mitochondrial bioenergetics, and apoptosis.

Cardiolipin (1,3-diphosphatidyl-sn-glycerol, CL)1is exclu-
sively present in the mitochondrial membrane of eukaryotic
cells (1), whose evolutionary origins can be traced back to
bacterial membranes. Each CL molecular species is uniquely
comprised of a dimer of two phosphatidyl moieties (contain-
ing a total of four fatty acyl chains) connected by a molecule
of glycerol. A chiral center is potentially present in each of
the three glycerol moieties. This special structure of CL
results in many unique physical and chemical properties,
including a high negatively charged density, a large ratio of
total fatty acyl chain/headgroup volume, an intricate con-
figurational regiospecificity, and a specific affinity for
cytochrome c. These unique properties, in turn, promote its

role as an effector of many highly specific biological
functions through specific interactions with multiple mito-
chondrial proteins (1–3). Several lines of evidence support
a direct relationship between CL loss (or changes in CL
molecular species) and cytochrome c release as an initial
step in the pathway to apoptosis (4–8).

Thousands of distinct molecular species (calculated as N4,
where N is the number of fatty acid species found in CL)
can theoretically be present in cellular membranes if all
naturally occurring fatty acids were randomly incorporated
into CL (9). Although this is true to some extent, biological
organisms contain predominantly only one fatty acyl species
(linoleic, 18:2 FA in most cases) with a minimal amount of
other fatty acids for CL in normal tissues to achieve a
maximal symmetric pattern of CL molecular species. For
example, approximately 80 mol % of the fatty acyl (FA)
moieties of CL molecular species in wild-type mouse heart,
liver, and muscle are predominantly comprised of 18:2 FA
(10). This selective incorporation of FA results in almost
equal amounts (40 mol %) of configurationally symmetric
(e.g., T18:2 CL) and quasi-symmetric CL molecular species
(i.e., those containing one other FA besides 18:2 FA, such
as 18:2-18:2-18:2-18:1 CL) in these organs (10). This
specificity is achieved through the coordinated biosynthetic
(e.g., phosphatidylglycerol phosphate synthase and CL
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synthase) and remodeling [e.g., phospholipases and transa-
cylation/acyltransferation enzymes (e.g., tafazzins)] pathways
(11–13).

It has been proposed that maximal CL molecular symmetry
is necessary for tight interactions of CL with mitochondrial
proteins (9). Therefore, any physiological and pathological
perturbation in CL synthetic and/or catabolic pathways
affects mitochondrial structure and function and ultimately
cell survival. This essential role of CL in mitochondrial
function has been underscored through identification of a
genetic disorder, Barth syndrome, in which mutations in an
X-linked gene, tafazzin, induce an altered CL metabolism,
precipitate mitochondrial dysfunction and result in a striking
cardiomyopathy (14, 15). It has recently been demonstrated
that altered CL content or composition is present in hyper-
tensive rats undergoing heart failure (16, 17) and may be
related to Parkinson’s disease (18) as well as traumatic brain
injury (19). Substantially altered CL content and molecular
composition in the heart occur at the very early stages of
diabetes and are associated with mitochondrial dysfunction
(20). We have demonstrated that the altered CL profile in
diabetic myocardium results, in large part, from the activation
of phospholipases in diabetic myocardium (21).

Active neuronal remodeling accomplished in large part
through massive amounts of programmed cell death in the
cortex in the perinatal period has been previously
well-documented (22, 23). Central to the apoptotic process
is the release of cytochrome c from the inner mitochondrial
membrane to the cytosol, where it can activate cytosolic
caspases that initiate a “programmed” response, leading
to highly structured and temporally coordinated cell death
(23). Because cytochrome c binds to CL and its release
is a central part of apoptosis, it is logical to consider the
potential role of alterations in CL content and/or molecular
composition that occur during the transition from the
embryonic to the adult brain. In this study, employing a
newly developed, enhanced shotgun lipidomics approach
(10), we demonstrated the presence of changes in the CL
molecular species profile in the perinatal period that is
temporally correlated to the massive alterations in neuronal
remodeling and apoptosis that occur after birth. Through
exploiting the power of enhanced shotgun lipidomics, we
identified the marked CL remodeling and the unanticipated
diversity of brain CL molecular species in the perinatal
period that could potentially serve multiple signaling
functions.

MATERIALS AND METHODS

Materials. Synthetic 1,1′,2,2′-tetramyristoyl CL (T14:0
CL) was purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL) and quantitated by capillary gas chromatography prior
to being used as an internal standard. Solvents for sample
preparation and mass spectrometric analysis were obtained
from Burdick and Jackson (Honeywell International, Inc.,
Burdick and Jackson, Muskegon, MI). All cell culture
medium and reagents, unless mentioned specifically, were
purchased from Gibco-Invitrogen (Grand Island, NY). All
other chemical reagents were at least analytical-grade or the
best grade available and obtained from either Thermo-Fisher
Scientific (Pittsburgh, PA) or Sigma-Aldrich Chemical Co.
(St. Louis, MO) or as indicated.

Preparation of Lipid Extracts from Biological Samples.
Human postmortem brain samples from cognitively normal
individuals at 80 ( 4 years of age were obtained from the
brain bank of the Washington University ADRC Neuropa-
thology/Tissue Resource Core. Male New Zealand white
rabbits (2-3 lbs. body weight) were purchased from Myrtles
Rabbitry, Inc. (ThompsonStation,TN).MaleSprague-Dawley
rats (226-250 g body weight, approximately 2 months of
age) were purchased from Charles River Laboratories, Inc.
(Wilmington, MA). Mice with mixed gender on a C57BL/6
background at the indicated ages, as well as pregnant mice
were purchased from The Jackson Laboratory (Bar Harbor,
ME). Aged C57BL/6 mice were obtained from supplementa-
tion of the National Institute on Aging. When necessary, mice
were housed in a full barrier facility with a 12 h light/dark
cycle and maintained on standard chow (Diet 5053; Purina,
Inc., St. Louis, MO).

Animals were sacrificed by asphyxiation with carbon
dioxide. All animal procedures were performed in accordance
with the “Guide for the Care and Use of Laboratory Animals”
(National Academy of Science, 1996) and were approved
by the “Animals Studies Committee” at Washington Uni-
versity. Brain tissues were dissected and immediately freeze-
clamped at the temperature of liquid nitrogen. Wafers were
pulverized into a fine powder with a stainless-steel mortar
and pestle. Protein assays on the fine powders were per-
formed using a bicinchoninic acid-protein assay kit (Pierce,
Rockford, IL) with bovine serum albumin as a standard.

Fine powders of individual tissue sample (approximately
10 mg) were weighed in a disposable glass culture test tube.
An internal standard, i.e., T14:0 CL (1.33 nmol/mg of
protein), was added to each brain tissue homogenate based
on the protein concentration, thereby allowing the final
quantified lipid content to be normalized to the protein
content and eliminate variabilities between the samples.
Lipids from each homogenate were extracted by a modified
Bligh and Dyer procedure (24) as described previously (25).
Each lipid extract was reconstituted with a volume of 500
µL/mg of protein (on the basis of the original protein content
of the samples as determined from protein assays) in
chloroform/methanol (1:1, v/v). The lipid extracts were
flushed with nitrogen, capped, and stored at -20 °C for
electrospray ionization mass spectrometric analyses (typically
within 1 week). Each lipid solution was diluted approxi-
mately 100-fold immediately prior to infusion and lipid
analysis.

Instrumentation and Mass Spectrometry. High-resolution-
based shotgun lipidomics analyses of CL were performed
on either a quadrupole-time-of-flight (QqTOF) hybrid mass
spectrometer (Applied Biosystems/MDS Sciex QStar XL,
Concord, Canada) or a triple-stage quadrupole (QqQ) mass
spectrometer (Thermo Scientific, San Jose, CA), both
equipped with an ionspray ion source as previously described
(10). Analyses of individual molecular species in other lipid
classes were not performed in the study. However, some
quantitative data can be found in our previous studies (25).
All electrospray ionization mass spectrometric analyses of
lipids were conducted by direct infusion, employing a
Harvard syringe pump at a flow rate of 4 µL/min. Typically,
a 1 min period of signal averaging was employed for each
mass spectrum, and a 2 min period of signal averaging was
employed for each tandem mass spectrum. For product ion
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analyses by the QqTOF mass spectrometer, the precursor
ion was selected by the first quadrupole, with a mass window
of 0.7 Thomson. A mass resolution of 0.4 Thomson was
employed for acquisition of mass spectra with the QqQ
instrument.

Isolation and Culture of Mouse Embryonic Cortical
Neurons. Primary neuron cultures were prepared as described
previously (26). Briefly, mice (C57BL/6) at 15-17 days
gestation were anesthetized, and the brains of embryos were
removed. Dissociated neocortices were plated onto 6- or 24-
well culture plates (Falcon, Franklin Lakes, NJ) at a density
of ∼4-7 hemispheres per plate that had been precoated with
ploy-D-lysine (100 µg/mL) and laminin (5 µg/mL) prior to
plating. Cells were grown in Dulbecco’s minimum Eagle’s
medium supplemented with 20 mM glucose (or as indicated),
26 mM sodium bicarbonate, 2 mM L-glutamine, 5% fetal
bovine serum and/or 5% horse serum (Hyclone, Logan, UT)
or as indicated, 1× Pen/Strep, and 1× Fungizone for either
7 or 15 days. Cytosine arabinoside (10 µM) was added ∼2-3
days after plating to halt the growth of non-neuronal cells.

Real-Time ReVerse Transcription-Polymerase Chain Re-
action (RT-PCR) Analyses of CL Biosynthesis and Remodel-
ing Enzyme Message LeVels. Total RNA was isolated with
an RNeasy tissue kit and reverse transcribed with TaqMan
reverse transcription reagents (Applied Biosystems, Foster
City, CA). Quantitative PCR reactions were performed in
triplicate in a 96-well format using TaqMan core reagents
and a Prism 7700 Sequence Detector (Applied Biosystems,
Foster City, CA) as previously described (21). The mouse-
specific primer-probe sets used to detect specific gene
expression included CL synthase (5′-TCGCTGCTGTGTTT-
TATGTCAGA/5′-TGGCATAGCAAGGATTGAAGTACT/
5′-TCTGCCAACACCGCGAACACTAGC), calcium-inde-
pendent phospholipase A2� (iPLA2�) (5′-CCTTCCATT-
ACGCTGTGCAA/5′-GAGTCAGCCCTTGGTTGTT/5′-
CCAGGTGCTACAGCTCCTAGGAAAGAATGC), iPLA2γ
(5′-GAGGAGAAAAAGCGTGTGTTACTTC/5′-GGTTGT-
TCTTCTTAAGGCCTGAA/5′-TCTGTTATCAATACT-
CACTCTTGCAATA), tafazzin (5′-GATCCTAAAACTC-
CGCCACATC/5′-GCAGCTCCTTGGTGAAGCA/5′-
CTGCTGGGGTCCAACGCATCAACTT), and fatty acyl-
CoA oxidase (FACO) (5′-GGATGGTAGTCCGGAGAACA/
5′-AGTCTGGATCGTTCAGAATCAAG/5′-TCTCGATTT-
CTCGACGGCGCCG). Rodent GAPDH primers (Applied
Biosystems, Foster City, CA) were used within the same well
for normalization of gene expression.

Chemical Synthesis of T22:6 CL. Chemical synthesis of
T22:6 CL was achieved through modification of a published
approach (27). Briefly, O-chlorophenyl- and tetrahydropy-
ranyl-protected T22:6 CL was prepared in a single reaction
via phosphorylation of di22:6 glycerol in the presence of
2-O-tetrahydropyranylpropanol and subsequently phospho-
rylated using the bifunctional phosphorylating reagent,
O-chlorophenyl dichlorophosphate. Sequential deprotection
of O-chlorophenyl- and tetrahydropyranyl-protecting groups
yielded T22:6 CL, which was purified by normal-phase high-
performance liquid chromatography (HPLC) before use (28).

Preparation of Mouse Brain and Heart Mitochondria and
Determination of the Rate of Mitochondrial Fatty Acid
�-Oxidation. Brain and myocardial mitochondria of mice at
4 months of age were isolated as previously described (29, 30)
with minor modifications. Briefly, harvested organs were

separately minced and homogenized on ice with 10% (wt/
vol) of an isotonic isolation buffer containing 20 mM N-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid (HEPES)
(pH 7.4), 140 mM KCl, 10 mM ethylenediaminetetraacetic
acid (EDTA), and 5 mM MgCl2 supplemented with protease
inhibitors. The homogenate was centrifuged at 500g for 10
min. The cellular debris, nuclei, and connective tissue were
discarded, and the supernatant was centrifuged at 9000g for
35 min. The pellet was then washed with the isolation buffer
without protease inhibitors and resuspended in 80 µL of
isolation buffer. The isolated mitochondria were characterized
by determination of the respiratory control ratio as previously
described (31). The rates of mitochondrial fatty acid �-oxida-
tion were determined using a modified procedure as described
(32). Briefly, respiration buffer containing 1-[14C]-palmitic
acid (150 µM) and fatty acid-free bovine serum albumin (3.5
mg/mL) was placed in a large scintillation vial, and the
mixture was incubated at 35 °C for 20 min under a flow of
95% O2/5% CO2 gas. Isolated mitochondria (∼30 mg of
protein/mL) were added to the respiration solution with gentle
shaking to give final mitochondrial protein concentrations
of 5 and 0.7 mg/mL from the brain and heart, respectively.
An Eppendorf tube (cap removed) containing 0.2 mL of 1
M benzethonium hydroxide was placed in each reaction vial,
which was then quickly sealed and allowed to incubate at
35 °C for 30 min with shaking. The reactions were stopped
by injection of 0.3 mL of concentrated HCl, and the sealed
vials were incubated at room temperature overnight. The
Eppendorf tube in each reaction vial was transferred to a
scintillation vial, and the radioactivity of the trapped 14CO2

was quantified by scintillation spectrometry.
Data Processing and Analyses. Data processing from the

shotgun lipidomics analyses (including ion peak selection,
baseline correction, data transferring, 13C-de-isotoping, peak
intensity comparisons, and content calculations) was con-
ducted using a customized program based on Microsoft Excel
macros developed as outlined previously (33). Data from
biological samples were normalized to the protein content
for lipid analyses. All data are presented as the mean ( SD
of n g 4 for lipid analyses and n g 3 for quantitative RT-
PCR analyses. Statistical differences between mean values
were determined by nested analysis of variation (ANOVA)
analysis.

RESULTS

DiVersified Profile of CL Molecular Species Is Present in
the Lipid Extracts of Mouse Brain Samples. Previous studies
have shown that linoleic acid (18:2 FA) is the predominant
fatty acyl chain (>75 mol %) in CL molecular species in
almost all examined organs, tissues, and cells (10). The
results in previously examined tissues identify CL species
containing either three or four 18:2 FA chains as the
predominant molecular species in CL from heart, skeletal
muscle, and liver. In sharp contrast, enhanced shotgun
lipidomics analyses of the lipid extracts of mouse cortex
demonstrated a distinct profile comprised of diverse CL
molecular species (Figure 1A). Specifically, the profile of
cortex CL molecular species was observed through a broad
mass range (Figure 1A), and the relative abundance of the
majority of these CL molecular species was comparable (see
the distribution of the asterisks in Figure 1A). Further
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analyses showed that over 100 distinct CL molecular species
(not including regioisomers) were readily identified (Ta-
ble 1).

To determine whether our recently developed enhanced
shotgun lipidomics methodology allowed us to accurately
quantitate the content of CL molecular species over a broader
mass range than that which we have examined previously
(10), we synthesized T22:6 CL and purified it by HPLC as
described under the Materials and Methods. This purified
material was used to generate a standard curve to compare
ionization efficiency to the traditionally used commercially
available standard for CL (i.e., T14:0 CL) (Figure 2). The
results demonstrated that CL molecular species could be
quantitated over a very broad mass range, with results similar
to those obtained employing the traditionally used T14:0 CL
internal standard after 13C de-isotoping of each individual
molecular species (parts B and C of Figure 2).

Therefore, the enhanced shotgun lipidomics approach was
employed to determine the content of CL molecular species
of mouse cortex and other brain regions. Analysis of the
individual molecular species content of mouse cortex CL
molecular species demonstrated a broad range of fatty acyl
chain composition. The composition of fatty acyl chains in
the cortex CL pool was (mol % in parentheses) 18:1 (41),
20:4 (24), 22:6 (13), 18:2 (9), 16:1 (6), 16:0 (4), and 18:0
(1) FA for mice at 4 months of age (Table 1).

In addition to the CL molecular species in the cortex,
shotgun lipidomics analyses demonstrated the diversified CL
profiles in other examined brain regions, including brain
stem, cerebellum, and spinal cord (Figure 1B and Table 1).
The total CL contents of most of these functionally distinct
regions were essentially identical (Table 1). However, the
compositions of 18:1 FA in the CL pools of the brain stem
and spinal cord are relatively higher than those in cortex
and cerebellum (Table 1). This difference in 18:1 FA
composition may represent the influence of endogenous fatty

acids (acyl-CoAs) because our previous studies have dem-
onstrated that the major phospholipid pools in white matter
contain predominantly 18:1 fatty acids in contrast to the
enrichment of polyunsaturated fatty acids in gray matter
phospholipids (34).

Brain CL Molecular Species DiVersity Was Present among
All Examined Mammalian Species. Next, studies were
performed to examine whether the diversified CL molecular
species profile was specific to mouse brain. We compared
the CL content and individual molecular species composition
of lipid extracts from human, rabbit, and rat brain to those
present in mouse to determine if species-specific variations
were present. Shotgun lipidomics analysis demonstrated that
a diversified profile of CL molecular species was consistently
present in all examined brain samples. However, we point
out that specific variations in CL molecular species composi-
tion were present in different mammalian species (Figure 3,
compared to Figure 1). The effects of age on the diversity
of the brain CL profile of the mammals were determined to
be minimal as documented below.

DiVersity of CL Molecular Species in Mouse Cortex Is
Highly Dynamic during DeVelopment but Remains Constant
after Maturation. Next, enhanced shotgun lipidomics re-
vealed that the total CL levels in mouse cortex significantly
increased during development in utero, transiently decreased
at birth (i.e., day 0, inset of Figure 4A), and then began to
increase in the postnatal period. Intriguingly, marked alter-
ations in the levels of individual CL molecular species
(Figure 4B) and the composition of the FA chains in the CL
pool (Figure 5) were manifest in the perinatal period. For
example, the content of di16:1-di18:1 CL (i.e., m/z 699.5)
decreased from 0.78 (day -7) to 0.04 nmol/mg of protein
(day 20) (Figure 4B). The content of 16:1-18:1-18:1-18:
1/16:0-18:1-18:1-18:2 CL (i.e., m/z 713.5) decreased from
0.60 (day -7) to 0.18 nmol/mg of protein (day 20) (Fig-
ure 4B).

FIGURE 1: Expanded negative-ion ESI mass spectra of mouse brain lipid extracts obtained using a QqTOF mass spectrometer. Lipid extracts
of mouse cortex (A) and brain stem (B) were prepared by a modified Bligh and Dyer procedure, and electrospray ionization mass spectra
were acquired in the negative-ion mode using a QqTOF mass spectrometer as described under the Materials and Methods. The asterisks
indicate the identified CL plus-one isotopologues, which were characteristic of the doubly charged CL molecular species and were used to
quantify individual CL molecular species based on ion intensity as previously described (10). Each spectrum is displayed after being
normalized to the most abundant CL plus-one isotopologue.
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Table 1: Content of CL Molecular Species in Different Brain Regions of Mice at 4 Months of Agea

m/z CL molecular species cerebellum cortex spinal cord brain stem

698.47 18:1-18:1-16:1-16:2
18:1-18:2-16:1-16:1

0.01 ( 0.00 0.01 ( 0.00 0.003 ( 0.001 0.02 ( 0.01

699.48 18:1-18:1-16:1-16:1 0.03 ( 0.01 0.03 ( 0.01 0.08 ( 0.01 0.05 ( 0.01
700.49 18:1-18:1-16:0-16:1

18:2-18:1-16:0-16:0
18:2-18:0-16:1-16:0

0.05 ( 0.01 0.03 ( 0.01 0.03 ( 0.02 0.08 ( 0.01

701.49 18:1-18:1-16:0-16:0
18:2-18:0-16:0-16:0
18:1-18:0-16:0-16:1

0.06 ( 0.01 0.02 ( 0.00 0.18 ( 0.01 0.09 ( 0.01

709.46 20:4-18:2-16:1-16:1 0.01 ( 0.00 0.003 ( 0.002 0.03 ( 0.01 0.01 ( 0.00
710.47 20:4-18:1-16:1-16:1

20:4-18:2-16:1-16:0
0.03 ( 0.00 0.05 ( 0.01 0.04 ( 0.00 0.04 ( 0.01

711.48 20:4-18:1-16:1-16:0
18:2-18:2-18:1-16:1

0.06 ( 0.01 0.06 ( 0.01 0.04 ( 0.00 0.07 ( 0.01

712.49 18:2-18:1-18:1-16:1
18:1-18:1-18:1-16:2
18:2-18:1-18:0-16:2
18:2-18:2-18:0-16:1

0.15 ( 0.02 0.10 ( 0.01 0.11 ( 0.01 0.15 ( 0.02

713.49 18:1-18:1-18:1-16:1
18:2-18:1-18:1-16:0

0.22 ( 0.03 0.15 ( 0.02 0.27 ( 0.01 0.42 ( 0.04

714.50 18:1-18:1-18:1-16:0
18:0-18:1-18:1-16:1

0.12 ( 0.02 0.05 ( 0.01 0.18 ( 0.01 0.24 ( 0.02

715.51 18:0-18:1-18:1-16:0
18:0-18:0-18:1-16:1

0.01 ( 0.00 0.003 ( 0.002 0.01 ( 0.00 0.003 ( 0.002

721.46 20:4-20:4-16:1-16:1 0.02 ( 0.00 0.03 ( 0.01 0.04 ( 0.01 0.03 ( 0.01
722.47 20:4-20:4-16:1-16:0

20:4-18:2-18:2-16:1
0.05 ( 0.01 0.06 ( 0.01 0.04 ( 0.00 0.06 ( 0.01

723.48 20:4-18:2-18:1-16:1 0.21 ( 0.03 0.36 ( 0.08 0.17 ( 0.03 0.24 ( 0.02
724.49 20:4-18:2-18:1-16:0

20:4-18:1-18:1-16:1
0.38 ( 0.04 0.49 ( 0.05 0.37 ( 0.02 0.66 ( 0.05

725.49 20:4-18:1-18:1-16:0
20:3-18:1-18:1-16:1
20:3-18:1-18:1-16:1

0.42 ( 0.05 0.34 ( 0.04 0.31 ( 0.03 0.51 ( 0.04

726.50 18:2-18:1-18:1-18:1 0.57 ( 0.08 0.35 ( 0.05 0.56 ( 0.02 0.81 ( 0.04
727.51 18:1-18:1-18:1-18:1 0.51 ( 0.06 0.28 ( 0.03 0.99 ( 0.05 1.44 ( 0.12
728.52 18:1-18:1-18:1-18:0 0.03 ( 0.01 0.003 ( 0.001 0.03 ( 0.02 0.06 ( 0.02
733.46 22:6-20:4-16:1-16:1 0.01 ( 0.01 0.01 ( 0.00 0.01 ( 0.01 0.02 ( 0.01
734.47 20:4-20:4-18:2-16:1 0.06 ( 0.00 0.10 ( 0.02 0.05 ( 0.01 0.08 ( 0.01
735.48 20:4-20:4-18:1-16:1 0.19 ( 0.00 0.31 ( 0.05 0.11 ( 0.01 0.29 ( 0.03
736.49 20:4-20:4-18:1-16:0

22:6-18:1-18:1-16:1
22:6-18:2-18:1-16:0

0.43 ( 0.05 0.45 ( 0.05 0.29 ( 0.03 0.59 ( 0.07

737.49 20:4-18:2-18:1-18:1
22:6-18:1-18:1-16:0

0.56 ( 0.07 0.57 ( 0.07 0.55 ( 0.05 0.94 ( 0.10

738.50 20:4-18:1-18:1-18:1 0.40 ( 0.05 0.59 ( 0.04 0.38 ( 0.03 0.92 ( 0.11
739.51 20:4-18:1-18:1-18:0

20:3-18:1-18:1-18:1
0.16 ( 0.03 0.11 ( 0.01 0.14 ( 0.01 0.28 ( 0.03

746.47 22:6-18:3-18:2-18:2 0.08 ( 0.01 0.04 ( 0.02 0.05 ( 0.02 0.10 ( 0.01
747.48 20:4-20:4-18:2-18:2

20:4-20:4-20:4-16:0
22:6-20:4-18:1-16:1
22:6-22:6-16:0-16:0
22:6-18:2-18:2-18:2

0.22 ( 0.01 0.39 ( 0.06 0.17 ( 0.01 0.39 ( 0.05

748.49 20:4-20:4-18:2-18:1 0.40 ( 0.03 0.56 ( 0.05 0.27 ( 0.02 0.65 ( 0.05
749.49 20:4-20:4-18:1-18:1 0.58 ( 0.06 0.74 ( 0.11 0.46 ( 0.01 0.97 ( 0.10
750.50 22:6-18:1-18:1-18:1

20:4-20:3-18:1-18:1
0.58 ( 0.06 0.55 ( 0.06 0.63 ( 0.02 1.02 ( 0.12

751.51 22:6-18:1-18:1-18:0 0.11 ( 0.03 0.06 ( 0.00 0.12 ( 0.02 0.15 ( 0.02
752.52 20:4-20:2-18:1-18:0

20:4-20:1-18:1-18:1
0.02 ( 0.01 0.003 ( 0.003 0.04 ( 0.01 0.03 ( 0.01

753.53 20:4-20:1-18:1-18:0 0.03 ( 0.01 0.01 ( 0.00 0.02 ( 0.02 0.04 ( 0.01
754.53 20:4-20:1-18:0-18:0 0.02 ( 0.01 0.003 ( 0.002 0.003 ( 0.002 0.02 ( 0.01
758.47 22:6-20:4-20:4-16:1

22:6-22:6-18:2-16:1
0.07 ( 0.02 0.02 ( 0.01 0.004 ( 0.002 0.08 ( 0.01

759.48 22:6-20:4-18:2-18:2
22:6-20:4-20:4-16:0
22:6-22:6-18:1-16:1

0.19 ( 0.01 0.14 ( 0.03 0.03 ( 0.02 0.23 ( 0.02

760.49 22:6-20:4-18:2-18:1 0.48 ( 0.02 0.40 ( 0.06 0.40 ( 0.06 0.68 ( 0.06
761.49 22:6-20:4-18:1-18:1 0.52 ( 0.02 0.64 ( 0.08 0.40 ( 0.02 0.93 ( 0.05
762.50 22:6-20:4-18:1-18:0

22:6-20:3-18:1-18:1
0.28 ( 0.03 0.18 ( 0.01 0.20 ( 0.02 0.32 ( 0.02

763.51 22:4-20:4-18:1-18:1
22:6-20:3-18:1-18:0

0.05 ( 0.01 0.02 ( 0.00 0.12 ( 0.02 0.07 ( 0.01

764.52 22:4-20:4-18:1-18:0 0.05 ( 0.01 0.01 ( 0.01 0.14 ( 0.04 0.06 ( 0.01
770.47 22:6-20:4-20:4-18:3 0.03 ( 0.02 0.004 ( 0.002 0.003 ( 0.002 0.08 ( 0.01
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Moreover, 18:1 and 16:1 FA were the predominant molecular
species in mouse cortical CL molecular species at 7 days before
birth, accounting for 37 and 26 mol %, respectively (Figure
5A). During the development of the brain, the content of CL
18:1 FA decreased to a minimum at day 7 after birth (Figure
5A) before gradually increasing through day 60. In contrast,
the level of 16:1 FA was markedly reduced from 26 to 10 mol
% during this period. The content of 20:4 FA in the CL pool
increased approximately 2.5-fold (from 9 to 22 mol %), while
that of 22:6 FA robustly increased approximately 7-fold (from
2 to 13 mol %) (Figure 5A). Intriguingly, the averaged changes
of these four fatty acyl chains were 11.6 ( 2.7, 16.5 ( 3.2,
41.5 ( 7.5, and 58.2 ( 14.8% at days -2, 0, 7, and 14,
respectively, relative to the levels of these FA chains at 7 days
before birth. These changes were well-correlated with cell death
in the developing cerebral cortex (i.e., 0.5, 0.9, 1.8, 3.3, 3.3,
and 3.5% of TUNEL-positive nuclei at days -7, -5, -2, 0, 7,
and 14, respectively) as previously reported (22).

Using enhanced shotgun lipidomics, we further determined
the temporal course of alterations in the CL content in
specific brain regions until advanced age (600 days) (Figures

4 and 5). We demonstrated that (1) the CL profile in mature
murine neuronal tissue remained highly diversified through-
out adult life, (2) this diversified CL profile was very different
from that present during embryonic development, and (3)
the content of signaling fatty acids (e.g., arachidonic and
docosahexaenoic acids) remained relatively constant during
adult life (Figures 4 and 5).

Changes in the mRNA LeVels of Enzymes InVolVed in CL
Synthesis and Remodeling Paralleled Age-Dependent Alter-
ations in CL Composition. To identify the mechanisms
underlying the diversification of the CL molecular profile in
the developing mouse brain, we determined expression levels
of mRNAs encoding selected enzymes involved in either CL
de noVo synthesis or remodeling by quantitative real-time
PCR. These enzymes included CL synthase, phospholipases
A2, and tafazzin (i.e., a CL acyltransferase and/or transacy-
lase). Real-time RT-PCR analyses demonstrated that the
mRNA level of CL synthase was highest at 7 days before
birth (the earliest day examined), dropped to a minimal level
at day -2, fluctuated during the newborn period, and
remained at a relatively low level at all later ages (inset of

Table 1: Continued

m/z CL molecular species cerebellum cortex spinal cord brain stem

771.48 22:6-22:6-20:4-16:0
20:4-20:4-20:4-20:4
22:6-20:4-20:4-18:2
22:6-22:6-18:2-18:2

0.15 ( 0.02 0.12 0.27 ( 0.07 0.17 ( 0.01

772.49 22:6-20:4-20:4-18:1 0.42 ( 0.04 0.31 0.26 ( 0.05 0.54 ( 0.02
773.49 22:6-22:6-18:1-18:1

22:6-20:4-20:3-18:1
0.58 ( 0.02 0.36 0.53 ( 0.08 0.81 ( 0.07

774.50 16:0-20:3-22:5-22:5
18:2-20:3-20:3-22:5
18:0-18:1-22:6-22:6
18:0-20:3-20:4-22:6

0.12 ( 0.02 0.004 ( 0.002 0.04 ( 0.02 0.14 ( 0.01

775.51 18:0-18:0-22:6-22:6 0.05 ( 0.01 0.003 ( 0.002 0.11 ( 0.02 0.10 ( 0.02
776.52 18:0-18:0-22:5-22:6 0.02 ( 0.01 0.003 ( 0.001 0.04 ( 0.02 0.01 ( 0.01
777.53 18:0-18:0-22:5-22:5 0.003 ( 0.002 0.003 ( 0.002 0.09 ( 0.03 0.01 ( 0.01
783.48 22:6-22:6-20:4-18:2 0.11 ( 0.02 0.09 ( 0.01 0.15 ( 0.05 0.13 ( 0.01
784.49 22:6-22:6-20:4-18:1 0.28 ( 0.01 0.29 ( 0.05 0.004 ( 0.002 0.43 ( 0.06
785.49 22:6-22:6-20:4-18:0

22:6-22:6-20:3-18:1
0.18 ( 0.01 0.06 ( 0.01 0.003 ( 0.001 0.19 ( 0.02

795.48 20:4-20:4-22:6-22:6 0.05 ( 0.03 0.003 ( 0.001 0.003 ( 0.002 0.11 ( 0.02
796.49 22:6-22:6-22:6-18:1

22:6-22:6-20:4-20:3
0.27 ( 0.03 0.11 ( 0.05 0.20 ( 0.05 0.30 ( 0.02

797.49 20:4-20:3-22:6-22:5
22:6-22:6-22:6-18:0
22:6-22:6-22:5-18:1

0.03 ( 0.02 0.003 ( 0.001 0.003 ( 0.002 0.03 ( 0.02

total 10.73 ( 0.97 9.66 ( 0.78 9.75 ( 0.51 16.90 ( 1.20
16:0 FA 1.56 (3.6) 1.50 (3.8) 1.57 (4.0) 2.40 (3.6)
16:1 FA 2.12 (4.9) 2.40 (6.2) 1.66 (4.3) 2.66 (3.9)
16:2 FA 0.08 (0.2) 0.05 (0.1) 0.06 (0.2) 0.09 (0.1)
18:0 FA 1.03 (2.4) 0.36 (0.9) 1.35 (3.5) 1.40 (2.1)
18:1 FA 17.60 (41.0) 15.81 (40.9) 18.0 (46.1) 30.68 (45.4)
18:2 FA 3.58 (8.3) 3.55 (9.2) 3.10 (8.0) 5.13 (7.6)
18:3 FA 0.11 (0.3) 0.04 (0.1) 0.05 (0.1) 0.18 (0.3)
20:1 FA 0.06 (0.2) 0.01 (0.04) 0.04 (0.1) 0.08 (0.1)
20:2 FA 0.01 (0.1) 0.01 (0.1) 0.02 (0.1) 0.02 (0.1)
20:3 FA 1.46 (3.4) 0.92 (2.4) 1.16 (3.0) 1.98 (2.9)
20:4 FA 8.73 (20.3) 9.42 (24.4) 6.81 (17.5) 13.49 (20.0)
22:4 FA 0.07 (0.2) 0.02 (0.1) 0.20 (0.5) 0.10 (0.1)
22:5 FA 0.13 (0.3) 0.01 (0.01) 0.25 (0.6) 0.16 (0.2)
22:6 FA 6.60 (15.4) 4.90 (12.7) 4.71 (12.1) 9.24 (13.7)
total FA 42.92 (100) 38.64 (100) 39.00 (100) 67.60 (100)

a Lipid extracts from brain samples were prepared using a modified Bligh and Dyer procedure (24). The CL molecular species in the lipid extracts
were identified by searching for plus-one isotopologues of doubly charged CL ions followed by product-ion analyses of these plus-one isotopologues,
which were listed in the second column. The CL molecular mass listed in the first column was obtained from the QqTOF mass spectrometer. The
doubly charged CL plus-one isotopologues were used to quantify individual CL molecular species as previously described (10, 20). The results are
expressed in nmol/mg of protein and represent X ( standard deviation (SD) from at least four different animals. The ion peaks of CL molecular species
that constituted less than 0.003 nmol/mg of protein as determined by the QqTOF mass spectrometer have been omitted from the table. The FA chain
content and composition (indicated in parentheses) were calculated from the content of identified CL molecular species.
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Figure 6A). The mRNA level of tafazzin was highest at day
-7, gradually decreased to a minimum at day 20, and
gradually increased from age 20 days to age 600 days at the
end of the study (inset in Figure 6B). Because iPLA2s have
been previously demonstrated to be the predominant family
of PLA2 enzymes in the brain and may be involved in CL
metabolism (35), we determined the mRNA levels of two
of the major iPLA2s (i.e., iPLA2� and iPLA2γ). The
expression levels of both enzymes were highest during
prenatal development, with fluctuations during the newborn
period and stabilization after 3 weeks of age (see insets in
parts C and D of Figure 6). Therefore, the changes of the
mRNA levels agreed well with the temporal changes in CL
amount and molecular species composition, thereby identify-

ing temporally coordinated alterations in neuronal CL content
as well as molecular composition in perinatal murine CNS
(see the Discussion).

Changes of the Expression LeVel of FACO Did Not
Parallel the Temporal Changes in the DiVersification of CL
Profiles in Mouse Brain. It is well-established that glucose
is the major fuel substrate used by the brain. During this
study, we confirmed the lower rates of fatty acid �-oxidation
of brain mitochondria in comparison to the heart as previ-
ously reported (31, 36, 37). It was found that the rate of
fatty acid �-oxidation in mouse brain mitochondria was 3.0
( 0.5 versus 160 ( 30 pmol min-1 (mg of protein)-1 for
mouse myocardial mitochondria. This result is consistent with
the notion that a highly symmetric CL profile is associated

FIGURE 2: Electrospray ionization mass spectrometric analyses of synthesized tetra22:6 cardiolipin. (A) Product ion mass spectrum of m/z
819.5, from which the selected ion can be identified as T22:6 CL. (B) Representative negative-ion ESI mass spectrum of an equimolar
mixture of T14:0 CL and T22:6 CL (1 pmol/µL each). The insets display the isotopologue patterns of the ions. The horizontal line over the
ion peak at m/z 819.5 represents the monoisotopic ion peak intensity after 13C de-isotoping and has been normalized to that at m/z 619.5.
(C) Linear correlation between the concentration ratios and the ion peak intensity ratios of T14:0 CL and T22:6 CL. The data points
represent the mean ( SD determined at a variety of concentrations. These results indicate that the ionization response factors of T14:0 CL
and T22:6 are essentially identical within experimental errors after 13C de-isotoping.

FIGURE 3: Expanded representative negative-ion ESI mass spectra of lipid extracts of rat and human brain samples using a QqTOF mass
spectrometer. Lipid extracts of rat cortex (A) and human cortex (B) were prepared by a modified Bligh and Dyer procedure, and electrospray
ionization mass spectra were acquired in the negative-ion mode using a QqTOF mass spectrometer as described under the Materials and
Methods. The asterisks indicate the identified CL plus-one isotopologues, which were characteristic of doubly charged CL molecular species
and were used to quantify individual CL molecular species based on ion intensity as previously described (10). Each spectrum is displayed
after being normalized to the most abundant CL plus-one isotopologue.
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with an efficient fatty acid �-oxidation. To verify whether
the rate of fatty acid use for �-oxidation changed during the
development of the brain and whether the oxidation rate
difference is correlated with alterations in CL molecular
species content and/or fatty acyl chain composition, we
determined the temporal course of FACO mRNA expression
levels by real-time RT-PCR analysis at the different stages
of mouse brain development and aging. FACO mRNA levels
increased dramatically during prenatal development (peaking
at birth and decreasing afterward; inset in Figure 7) and then
declined gradually over the lifetime of the animal (Fig-
ure 7).

CL Molecular Species Profile Was Not Changed in Pri-
mary Neuronal Cultures under Varying Culture Conditions.
We cultured neuronal cells from the neocortices of mice of
15-17 days gestation with a negligible amount of non-
neuronal cells as described under the Materials and Methods.
Shotgun lipidomics analyses demonstrated that the CL
molecular profile was essentially identical to that found in
the brain of prenatal mice (Figure 8). The diversified CL
profile in the cultured neuronal cells was not changed with

alterations in cell-culture conditions, such as glucose levels
and bovine fetal serum content in the culture media as well
as changes in cell-culture duration. Collectively, these results
indicate that the perinatal diversification of CL in the brain
likely does not result from alterations in the source of fuel
used as substrate alone but rather represents an integral part
of the chemical changes that occur in mitochondrial function
and signaling in the perinatal period.

DISCUSSION

It has been recognized for many years that programmed
cell death of neurons rapidly occurs in the perinatal period,
leading to massive amounts of apoptosis and neuronal
remodeling (23). Moreover, a regulatory element in the
neuronal perinatal apoptotic program is the release of
cytochrome c from the mitochondrial membrane, where
it can activate caspase 3 and lead to programmed cell
death (4–8). In the current study, using our recently
developed enhanced shotgun lipidomics approach for CL
analysis (10), we identified the massive remodeling of CL

FIGURE 4: Temporal changes in the contents of total CL and representative CL molecular species in lipid extracts of mouse cortex. Lipid
extracts of mouse cortex at different ages before and after birth were prepared using a modified Bligh and Dyer method. The content of
each individual CL molecular species after identification were calculated in comparison to the selected internal standard after 13C de-
isotoping as described under the Materials and Methods. (A) Temporal changes in the content of total CL, which was summarized from the
determined contents of individual CL molecular species in mouse cortex before and after birth. The inset of A displays the region of the
graph during the pre- and postnatal periods. (B) Temporal changes in the levels of multiple CL molecular species (as indicated and
representative of the different mass regions) in lipid extracts of mouse cortex before and after birth. It should be noted that the scale of the
x axis in B is random and represents the days when the animals were sacrificed after birth. Negative signs represent the number of days
before birth. The data points represent mean ( SD from separate preparations of at least four different animals. The error bars in B are
within the symbols. The arrow in B indicates the weaning time.
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molecular species in the perinatal period and an increased
number of the CL molecular species present in the develop-
ing brain. These alterations are highly correlated with the
massive remodeling of neuronal circuitry that occurs in the
developing cerebral cortex as previously reported (22).

We also unexpectedly demonstrated that CL molecular
species in the brain contained a substantially more complex
FA chain profile than that of any other previously examined
tissues. We found that the content of fatty acids in CL
molecular species in the cortex of mice at 4 months of age
was 41, 24, 13, 9, 6, 4, and 1 mol % of 18:1, 20:4, 22:6,
18:2, 16:1, 16:0, and 18:0 FA, respectively, which differs
dramatically from that of murine heart [i.e., 82, 7, 6, 2, and
2 mol % of 18:2, 22:6, 18:1, 20:3, and 20:2 FA, re-
spectively (10)]. Therefore, it is possible that over 1000
different molecular species of CL could exist in the brain.
In practice, at the current level of sensitivity, we demon-
strated a total of over 50 isomeric ion peaks and identified
over 100 CL molecular species. This number would likely
increase dramatically after individual regioisomers resulting
from the diastereotopic interactions introduced by the three
glycerol molecules were determined. We found that the
profile of CL molecular species varied from one brain region
to another and also that variations exist between species.
However, the marked diversity of CL molecular species was
maintained in all brain regions in all species examined.

Multiple synthetic steps are involved in CL de noVo
synthesis. The rate-determining step in the de noVo CL

biosynthesis pathway is the reaction of CDP-diacylglycerol
with glycerol-3-phosphate, which is mediated by phosphati-
dylglycerol phosphate synthase, to yield phosphatidylglycerol
phosphate. Subsequent dephosphorylation (catalyzed by
phosphatidylglycerol phosphate phosphatase activity) results
in the generation of phosphatidylglycerol, a substrate for the
final step in CL biosynthesis. Condensation of phosphati-
dylglycerol with CDP-diacylglycerol results in the generation
of CL catalyzed by CL synthase. Therefore, the nascent CL
carries the FA chains initially present in phosphatidylglycerol
and phosphatidic acid. The nascent CL species are remodeled
to yield mature CL species by the sequential actions of
phospholipases and re-acylation catalyzed by tafazzin or other
transacylase or acyltransferase activities. Thus, the maturation
of CL molecular species by remodeling represents a spatially
and temporally coordinated mechanism for the biosynthesis
of specific molecular species of CL that may be destined to
perform specific physiological functions. Perinatal diversi-
fication of CL molecular species may occur either by (1) an
increase in the de noVo biosynthesis leading to enrichment
in nascent CL molecular species, (2) an accelerated phos-
pholipase activity and an increased re-acylation and a relative
enrichment in the remodeled molecular species, or (3)
combinations of these phenomena. In the present case, it
seems likely that coordinated transcriptional programs are
operative, leading to the dramatic changes in CL facilitating
the remarkable neuronal plasticity present in the neonatal
brain. Quantitative real-time RT-PCR analyses of mRNA
expression demonstrated minimal alterations in CL synthase
mRNA levels after the newborn period. In contrast, the
mRNA expression levels of tafazzin as well as iPLA2� and
iPLA2γ [both of which have been found in mitochondria
previously (38–40)] are higher than that of CL synthase, and
remodeling is much faster than de noVo synthesis in cases
where it has been carefully examined. This is likely the case
in the perinatal brain, where the abundance of 18:1
CoA (41–43) and 18:1-containing phospholipids (25, 34) for
CL remodeling through acyltransferase activities and transa-
cylation, respectively, would seem to be favored. Particularly,
the level of tafazzin mRNA is relatively higher during the
aging process compared to newborn levels, suggesting its
role in the aging process. It is noteworthy that the enzymes
that are involved in both the biosynthesis and remodeling
of CL are abundantly expressed during the embryonic period,
corresponding to a significant increase in the content of CL
during brain development. The CL content, the FA chain
composition of the CL pool, and the mRNA levels of CL
metabolizing enzymes undergo rapid changes during the
perinatal development of the brain (between days -7 and
12) (Figures 4 and 5). FA chains comprised of 16:1 and 18:1
moieties represent newly synthesized CL from phosphatidic
acid and phosphatidylglycerol precursors (25, 34) that are
predominant during this period (Figure 5). Substantial
increases in the levels of 20:4 and 22:6 FA (approximately
3- and 6-fold, respectively) occur from days -7 to 30 in CL
and are indicative of a dramatic remodeling of CL into the
mature species. Accordingly, both the lipidomics and real-
time PCR analyses of enzymes involved in CL synthesis and
remodeling are consistent with the notion that perinatal
remodeling of CL likely participates in the coordinated
development of the adult brain. The possibility that these
alterations may reflect alterations in the dietary composition

FIGURE 5: Temporal changes of the FA composition of CL
molecular species in mouse cortex before and after birth. The
composition of the selected individual FA chains (as indicated) of
the CL pool in mouse cortex were calculated from the determined
averaged contents of individual CL molecular species as similarly
described in the caption of Figure 4.
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and absorption in the newborn period can not be ruled out
but seems unlikely to be predominantly responsible because
other tissues do not undergo similar amounts of perinatal
remodeling after birth. The remarkable increases in total CL
content in the newborn period indicates the presence of

significant mitochondrial biogenesis, which is consistent with
the increased speed of mitochondrial motility as well as the
increased population of mitochondria at the dendritic spines
during the early developmental stages (44–46).

The fact that the majority of cell types possess a CL profile
containing predominantly one fatty acid to ensure the
presence of a pool of largely symmetrical CL molecular
species has been well-documented (9, 10, 47). The relation-

FIGURE 6: Temporal changes of the relative mRNA levels of select CL biosynthetic and remodeling enzymes in mouse cortex before and
after birth using quantitative real-time PCR analyses. Total RNA was isolated, and quantitative PCR was performed as described under the
Materials and Methods. The forward and reverse primers as well as probes for CL synthase (A), tafazzin (B), calcium-independent
phospholipase A2� (iPLA2�) (C) and iPLA2γ (D) used in the analyses are listed under the Materials and Methods. Data represent the mean
( SD from separate preparations and analyses of at least three different animals. Data are expressed as normalized arbitrary units, with
message levels normalized to that of mouse GAPDH, which was used as an internal control. The inset of each panel expands the pre- and
postnatal time period.

FIGURE 7: Temporal changes of the relative mRNA levels of FACO
in mouse cortex before and after birth using quantitative real-time
RT-PCR analyses. Total RNA was isolated, and quantitative PCR
was performed as described under the Materials and Methods. The
forward and reverse primers as well as the probe for FACO used
in the analyses were listed under the Materials and Methods. Data
represent the mean ( SD from each of the separate preparations
and analyses of at least three different animals. Data are expressed
as normalized arbitrary units, with message levels normalized to
that of mouse GAPDH, which was used as an internal control. The
inset expands the region near the birth time.

FIGURE 8: Expanded negative-ion ESI mass spectrum of lipid
extracts of primary neuronal cultures using a QqTOF mass spec-
trometer. Lipid extracts of cultured cells were prepared by a
modified Bligh and Dyer procedure, and an ESI mass spectrum
was acquired in the negative-ion mode using a QqTOF mass
spectrometer as described under the Materials and Methods. The
asterisks indicate the recognizable CL plus-one isotopologues, which
were characteristic of doubly charged CL molecular species and
were used to quantify individual CL molecular species based on
ion intensity as previously described (10). The spectrum is displayed
after being normalized to the most abundant CL plus-one iso-
topologue.
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ship of such a highly symmetrical CL profile with effective
mitochondrial function has also been validated through the
identification of the genetic basis of Barth syndrome (14, 47).
Genetic mutations in the X-linked gene, tafazzin, in Barth
syndrome induce an altered CL metabolism, precipitate
mitochondrial dysfunction, and affect multiple systems of
the body, including changes to metabolism, motor delays,
hypotonia, delayed growth, cardiomyopathy, weakened im-
mune system function, chronic fatigue, hypoglycemia, mouth
ulcers, diarrhea, and varying degrees of physical and mental
disabilities (14). In the current study, we identified the
substantial remodeling of CL molecular species and an
increased amount of CL molecular species in the neonatal
brain during perinatal development that occurred concomi-
tantly with massive amounts of programmed neuronal death.

Intriguingly, a diversified CL profile is also present in the
mature brain, although the degree of the diversity is less than
that present immediately following postnatal neuronal re-
modeling. On the basis of prior results, the diversity and
asymmetry present in the profile of brain CL molecular
species is likely to reduce mitochondrial bioenergetic ef-
ficiency through suboptimal interactions with components
of the electron-transport chain (7). This rationale has been
supported through the demonstration of lower brain mito-
chondrial function in comparison to those of the heart and
liver, including carnitine acyltransferase activities, respiratory
rates, fatty acyl-CoA oxidation, among others (36, 48–50).
Why do brain mitochondria possess this highly diversified
profile of CL molecular species? One likely explanation is
that the brain relies predominantly on glucose as its major
source of energy (in contrast to other organs) and that the
rate of respiration is not a limiting factor in neuronal function.
Thus, it seems likely that the roles of altered CL distribution
are related to alterations in neuronal cellular signaling. The
low rate of fatty acid oxidation by brain mitochondria in
comparison to that of mitochondria from other organs
supports this hypothesis. Surprisingly, primary neuronal
cultures did not exhibit a similar diverse CL molecular profile
during subculturing, growth, and maturation despite provid-
ing the cells with glucose as the major fuel substrate. These
results indicate that the diversified CL profile present in the
brain is likely associated with the regional (neuronal network)
and/or global brain function.

On the basis of the present results, it seems likely that the
perinatal alterations in CL in brain serve initially to determine
neuronal cell fate during perinatal apoptosis. Subsequently,
the diversity of CL molecular species in the adult brain
facilitate cellular signaling and metabolic adaptation through
interactions with cytochrome c, electron-transport proteins,
and ion channels, as well as other mitochondrial proteins.
Finally, the high content of signaling fatty acids (e.g.,
arachidonic acid and docosahexaenoic acid) in CL molecular
species present in adult murine brain could serve as a
reservoir for lipid second messenger generation by phos-
pholipases acting upon CL. When the unique molecular
geometry and physical properties of individual molecular
species of CL in the brain are exploited, specific stereoelec-
tronic interactions between CL and resident mitochondrial
proteins can result in multiple additional avenues through
which mitochondria can both regulate as well as energize
neuronal cells.
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