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Abstract
Alterations in mitochondrial function have long been considered a hallmark of cancer. We
compared the lipidome and electron transport chain activities of non-synaptic brain mitochondria
in two inbred mouse strains, the C57BL/6J (B6) and the VM/Dk (VM). The VM strain is unique in
expressing a high incidence of spontaneous brain tumors (1.5%) that are mostly gliomas. The
incidence of gliomas is about 210-fold greater in VM mice than in B6 mice. Using shotgun
lipidomics, we found that the mitochondrial content of ethanolamine glycerophospholipid,
phosphatidylserine, and ceramide was higher, whereas the content of total choline
glycerophospholipid was lower in the VM mice than in B6 mice. Total cardiolipin content was
similar in the VM and the B6 mice, but the distribution of cardiolipin molecular species differed
markedly between the strains. B6 non-synaptic mitochondria contained 95 molecular species of
cardiolipin that were symmetrically distributed over seven major groups. VM non-synaptic
mitochondria contained only 42 species that were distributed asymmetrically. The activities of
Complex I, I/III, and II/III enzymes were lower, whereas the activity of complex IV was higher in
the mitochondria of VM mice than in B6 mice. The high glioma incidence and alterations in
electron transport chain activities in VM mice compared to B6 mice could be related to the
unusual composition of mitochondrial lipids in the VM mouse brain.

Introduction
Mitochondria are necessary for the maintenance of brain metabolism supporting
neurological function. Alterations in brain mitochondria can impair bioenergetic efficiency
resulting in disease pathology or neurological impairment. Although such alterations can
exist at the DNA or protein level, little attention has focused on the role of mitochondrial
lipids in neurological function. Mitochondrial membrane lipids can regulate numerous
functions to include electron transport chain (ETC) activities, membrane fluidity,
mitochondrial protein import, and ATP synthesis {Daum, 1985 #19; Hoch, 1992 #35;
Petrushka, 1959 #97; Shinzawa-Itoh, 2007 #100; Jiang, 2000 #336}. Non-synaptic (NS)
brain mitochondria are derived from the cell bodies of neurons and glia and represent the
predominant mitochondrial population in brain {Davey, 1996 #721}. Alterations in the NS
mitochondrial lipid composition could influence ETC activities resulting in a change in
neural cell metabolism.

Shotgun lipidomics, using electrospray ionization mass spectrometry (ESI/MS), can now
determine the total content and composition mitochondrial lipids (the lipidome). Using this
approach, we recently characterized the lipid composition of mouse brain mitochondria
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(Kiebish et al 2008). The mitochondrial specific lipid cardiolipin (1,3-diphosphatidyl-sn-
glycerol, Ptd2Gro), contains nearly 100 different molecular species in the C57BL/6J (B6)
mouse brain (Kiebish et al Cheng et al 2008). Moreover, these molecular species are
symmetrically distributed in 7 major groups when arranged according to mass to charge
ratios (Kiebish et al 2008). This distribution in B6 mice is similar to that in several other
mammalian species and reflects a conserved cardiolipin remodeling process for brain
(Cheng et al 2008).

Our objective was to compare and contrast the lipidome of NS mitochondria and ETC
activities in mice of the B6 and the VM/Dk (VM) strains. B6 mice are often used as a
control strain for many existing neurological mutations that alter CNS function {Bedell,
1997 #237; Bedell, 1997 #236}. VM mice are unique in expressing a relatively high
incidence (1.5%) of spontaneous brain tumors. Most of theses brain tumors were
characterized as gliomas (astrocytomas and microgliomas) {Huysentruyt, 2008 #2062;
Fraser, 1971 #1258; Fraser, 1986 #1263}. Indeed, the incidence in VM mice is about 210-
fold greater than the incidence in B6 mice. Although altered mitochondrial energy
metabolism has long been connected to tumorigenesis (Warburg hypothesis) {Warburg,
1931 #175; Warburg, 1956 #106; Cavalli, 1998 #126; Augenlicht, 2001 #433}, the role of
mitochondrial lipids in this connection remains unclear. Ours is the first comparative
analysis of the NS brain mitochondria lipidome in two mouse strains that differ in
susceptibility to spontaneous gliomas.

Experimental Procedures
Animals

The VM mice were obtained from Professor H. Fraser, University of Edinburgh. The B6
mice were obtained from the Jackson Laboratory (Bar Harbor, ME). Mice of both strains
were propagated at the Boston College Animal Facility and were maintained by brother-
sister inbreeding. All mice were housed in plastic cages with filter tops containing Sani-Chip
bedding (P.J. Murphy Forest Products Corp., Montville, NJ). The room was maintained at
22 °C on a 12 hr light/dark cycle. Food (Prolab RMH 3000; PMI LabDiet, Richmond, IN)
and water were provided ad libitum. This study was conducted with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and was approved by the
Institutional Animal Care Committee.

Non-synaptic Brain Mitochondrial Isolation
We recently described an improved procedure for isolation and purification of NS
mitochondria from mouse brain for the purpose of lipid analysis and biochemical analysis of
ETC activities (Kiebish, 2008). Briefly, aged matched B6 and VM mice (4 months) were
sacrificed by cervical dislocation and the cerebral cortex was dissected. Mitochondria were
isolated in a cold room (4 °C) and all reagents were kept on ice. The isolation procedure
employed a combination of gradients and strategies as previously described {Lai, 1976 #45;
Lai, 1977 #181; Mena, 1980 #93; Dagani, 1983 #792; Rendon, 1985 #60; Battino, 1991 #4;
Brown, 2006 #14} (Fig. 1). The cerebral cortexes (a pool of 6/sample) were diced on an ice
cold metal plate and then placed in 12 mL of mitochondria isolation buffer (MIB; 0.32 M
sucrose, 10 mM Tris-HCl, and 1 mM EDTA-K (pH 7.4)). The pooled cerebral cortexes were
homogenized using a Potter Elvehjem homogenizer with a Teflon coated pestle attached to a
hand-held drill. Samples were homogenized using 15 up and down strokes at 500 rpm. The
homogenate was centrifuged at 1,000 × g for 5 min. The supernatant was collected and the
pellet was washed twice by centrifugation, collecting the supernatants each time. The
supernatants were pooled and centrifuged at 1,000 × g for 5 min. The collected supernatant
was then spun at 14,000 × g for 15 min. The supernatant was discarded and the pellet, which
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contained primarily NS mitochondria, synaptosomes and myelin, was resuspended in 12 mL
MIB and was layered on a 7.5%/12% discontinuous Ficoll gradient. Each Ficoll gradient
layer contained 12 mL for a total volume of 36 mL. The Ficoll gradients were made from a
20% Ficoll stock with MIB. The gradient was centrifuged at 73,000 × g for 36 min (4 °C) in
a Sorvall SW 28 rotor with slow acceleration and deceleration (Optima L-90K
Ultracentrifuge). The centrifugation time used permitted sufficient acceleration and
deceleration to achieve maximum g force and to prevent synaptosomal contamination of the
mitochondrial fraction below the 12% Ficoll layer {Battino, 1991 #5}. Crude myelin
collected at the MIB/7.5% Ficoll interface was discarded. The Ficoll gradient purified NS
mitochondria (FM) were collected as a pellet below the 12% Ficoll.

The FM pellet, containing NS mitochondria, was resuspended in MIB containing 0.5 mg/mL
bovine serum albumin (BSA) and was centrifuged at 12,000 × g for 15 min. The resulting
pellet was collected and resuspended in 6 mL of MIB. The resuspended FM pellet was
layered on a discontinuous sucrose gradient containing 0.8 M/1.0 M/1.3 M/1.6 M sucrose.
The volumes for the sucrose gradient were 6 mL/6 mL/10 mL/8 mL, respectively. The
gradients were made from a 1.6 M sucrose stock containing 1 mM EDTA-K and 10 mM
Tris-HCl (pH 7.4). The discontinuous sucrose gradient was centrifuged at 50,000 × g for 2
hr (4 °C) in a Sorvall SW 28 rotor using slow acceleration and deceleration to prevent
disruption of the gradient. Purified NS mitochondria were collected at the interface of 1.3 M
and 1.6 M sucrose. NS Mitochondria were collected and resuspended in (1:3, v/v) TE buffer
(1 mM EDTA-K and 10 mM Tris-HCl, pH 7.4) containing 0.5 mg/mL BSA and centrifuged
at 18,000 × g for 15 min. The pellet was then resuspended in MIB and centrifuged at 12,000
× g for 10 min. The pellet was again resuspended in MIB and centrifuged at 8,200 × g for 10
min.

Materials for Mass Spectrometry
Synthetic phospholipids including 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine
(14:1-14:1 PtdCho), 1,2-dipalmitoleoyl-sn-glycero-3phosphoethanolamine (16:1-16:1
PtdEtn), 1,2-dipentadecanoyl-sn-glycero-3-phosphoglycerol (15:0-15:0 PtdGro), 1,2-
dimyristoyl-sn-glycero-3-phosphoserine (14:0-14:0 PtdSer), N-lauroryl sphingomyelin
(N12:0 CerPCho), 1,1′,2,2′-tetramyristoyl cardiolipin (T14:0 Ptd2Gro), heptadecanoyl
ceramide (N17:0 Cer), 1-heptadecanoyl-2-hydroxy-sn-Glycero-3-phosphocholine (17:0
LysoPtdCho) were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). It
should be noted that the prefix “N” denotes the amide-linked acyl chain. All the solvents
were obtained from Burdick and Jackson (Honeywell International Inc., Burdick and
Jackson, Muskegon, MI, USA). All other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA).

Sample Preparation for Mass Spectrometric Analysis
An aliquot of the mitochondrial preparation was transferred to a disposable culture
borosilicate glass tube (16 × 100 mm). Internal standards were added based on protein
concentration and included 16:1-16:1 PtdEtn (100 nmol/mg protein), 14:1-14:1 PtdCho (45
nmol/mg protein), T14:0 Ptd2Gro (3 nmol/mg protein), 15:0-15:0 PtdGro (7.5 nmol/mg
protein), 14:0-14:0 PtdSer (20 nmol/mg protein), 17:0 LysoPtdCho (1.5 nmol/mg protein),
N12:0 CerPCho (20 nmol/mg protein), N17:0 Cer (5 nmol/mg protein). This allowed the
final quantified lipid content to be normalized to the protein content and eliminated potential
loss from the incomplete recovery. The molecular species of internal standards were selected
because they represent < 0.1% of the endogenous cellular lipid mass as demonstrated by
ESI/MS lipid analysis.
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A modified Bligh and Dyer procedure was used to extract lipids from each mitochondrial
preparation as previously described {Cheng, 2006 #1279}. Each lipid extract was
reconstituted with a volume of 500 mL/mg protein (which was based on the original protein
content of the samples as determined from protein measurement) in CHCl3/MeOH (1:1, v/
v). The lipid extracts were flushed with nitrogen, capped, and stored at −20 °C for ESI/MS
analysis. Each lipid solution was diluted approximately 50-fold immediately prior to
infusion and lipid analysis.

Instrumentation and Mass Spectrometry
A triple-quadrupole mass spectrometer (Thermo Scientific TSQ Quantum Ultra, Plus, San
Jose, CA, USA), equipped with an electrospray ion source and Xcalibur system software,
was utilized as previously described {Han, 2004 #32}. The first and third quadrupoles serve
as independent mass analyzers using a mass resolution setting of peak width 0.7 Th while
the second quadrupole serves as a collision cell for tandem MS. The diluted lipid extract was
directly infused into the ESI source at a flow rate of 4 mL/min with a syringe pump.
Typically, a 2-min period of signal averaging in the profile mode was employed for each
mass spectrum. For tandem MS, a collision gas pressure was set at 1.0 mTorr, but the
collision energy varied with the classes of lipids as described previously {Han, 2004 #32;
Han, 2005 #30}. Typically, a 2- to 5-min period of signal averaging in the profile mode was
employed for each tandem MS spectrum. All the mass spectra and tandem MS spectra were
automatically acquired by a customized sequence subroutine operated under Xcalibur
software. Data processing of 2D MS analyses including ion peak selection, data transferring,
peak intensity comparison, and quantitation was conducted using self-programmed
MicroSoft Excel macros {Han, 2004 #32}.

Electron Transport Chain Enzyme Activities
Purified mitochondrial samples were freeze-thawed three times before use in enzyme
analysis to give substrate access to the inner mitochondrial membrane. All assays were
performed on a temperature controlled SpectraMax M5 plate reader (Molecular Devices)
and were done in triplicate. Specific enzyme activities were calculated using ETC complex
inhibitors in order to subtract background activities.

Complex I (NADH-ubiquinone oxidoreductase) activity was determined by measuring the
decrease in the concentration of NADH at 340 nm as previously described {Birch-Machin,
2001 #9; Ellis, 2005 #283}. The assay was performed in buffer containing 50 mM potassium
phosphate (pH 7.4), 2 mM KCN, 5 mM MgCl2, 2.5 mg/mL BSA, 2 μM antimycin, 100 μM
decylubiquinone, and 0.3 mM K2NADH. The reaction was initiated by adding purified
mitochondria (20 μg). The enzyme activity was measured for 5 min and values were
recorded 30 sec after the initiation of the reaction. Specific activities were determined by
calculating the slope of the reaction in the linear range in the presence or absence of 1 μM
rotenone (Complex I inhibitor).

Complex II (succinate decylubiquinone DCIP oxidoreductase) activity was determined by
measuring the reduction of 2,6-dichloroindophenol (DCIP) at 600 nm as previously
described {King, 1967 #41; Ellis, 2005 #283}. The Complex II assay was performed in
buffer containing 25 mM potassium phosphate (pH 7.4), 20 mM succinate, 2 mM KCN, 50
μM DCIP, 2 μg/mL rotenone, and 2 μg/mL antimycin. Purified mitochondria (10 μg) were
added prior to initiation of the reaction. The reaction was initiated by adding 56 μM
decylubiquinone. Specific activities were determined by calculating the slope of the reaction
in the linear range in the presence or absence of 0.5 mM Thenoyltrifluoroacetone (Complex
II inhibitor).
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Complex III (ubiquinol cytochrome c reductase) activity was determined by measuring the
reduction of oxidized cytochrome c at 550 nm. The Complex III assay was performed in
buffer containing (25 mM potassium phosphate (pH 7.4), 1 mM EDTA, 1 mM KCN, 0.6
mM dodecyl maltoside, 32 μM oxidized cytochome c) using purified mitochondria (2.5 μg).
The reaction was initiated by adding 35 μM decylubiquinol. The reaction was measured
following the linear slope for 1 min in the presence or absence of 2 μM antimycin (Complex
III inhibitor). Decylubiquinol was made by dissolving decylubiquinone (10 mg) in 2 mL
acidified ethanol (pH 2) and using sodium dithionite as a reducing agent. Decylubiquinol
was further purified by cyclohexane {Degli Esposti, 2001 #21; Birch-Machin, 2001 #9;
Ellis, 2005 #283}.

Complex IV (cytochrome c oxidase) activity was determined by measuring the oxidation of
reduced ferrocytochrome c at 550 nm. The Complex IV assay was performed in buffer
containing (10 mM Tris-HCl and 120 mM KCl (pH 7.0)) using purified mitochondria (5
μg). The reaction was initiated by adding 11 μM reduced ferrocytochrome c and monitoring
the slope for 30 sec in the presence or absence of 2.2 mM KCN (Complex IV inhibitor)
{Yonetan, 1967 #80; Ellis, 2005 #283}.

Complex I/III (NADH cytochrome c reductase) activity was determined by measuring the
reduction of oxidized cytochrome c at 550 nm. The Complex I/III assay was performed in
buffer (50 mM potassium phosphate (pH 7.4), 1 mM EDTA, 2 mM KCN, 32 μM oxidized
cytochrome c, and 105 μM K2NADH) and was initiated by adding purified mitochondria
(10 μg). The reaction was measured for 30 sec with a linear slope in the presence or absence
of 1 μM rotenone and 2 μM antimycin (Complex I and III inhibitors) {Birch-Machin, 2001
#9; Degli Esposti, 2001 #21; Ellis, 2005 #283}.

Complex II/III (succinate cytochrome c reductase) activity was measured following the
reduction of oxidized cytochrome c at 550 nm. The Complex II/III assay was performed in
buffer (25 mM potassium phosphate (pH 7.4), 20 mM succinate, 2 mM KCN, 2 μg/mL
rotenone) using purified mitochondria (10 μg). The reaction was initiated by adding 40 μM
oxidized cytochrome c in the presence or absence of 2 μM antimycin (Complex III inhibitor)
{Birch-Machin, 2001 #9; Ellis, 2005 #283}.

Results
Lipid Composition of B6 and VM NS Brain Mitochondria

The differences between the B6 and VM mice for the content NS mitochondrial lipids are
shown in Table 1. The lipid classes were listed according to their relative abundance. The
mass content of phosphatidylinositol (PtdIns), PtdSer, and Cer was higher, whereas the
content of total choline glycerophospholipids (ChoGpl), in particular PtdCho, was lower in
VM mice than in B6 mice. Plasmenylethanolamine (plasmalogen, PlsEtn) was significantly
higher in VM mice than in B6 mice. Plasmanylethanolamine (PakEtn) was detected only in
the NS mitochondria of VM mice. No differences were found between the strains for the
mass content of PtdEtn, Ptd2Gro, CerPCho, PlsCho, or PakCho. Previously, it was reported
that the ratios of PC/PE and SM/PE were accurate indicators of a change in mitochondrial
membrane fluidity. Bangur et al. 1995 showed that differences in these ratios correlated to
changes in membrane fluidity as determined by fluorescence polarization {Bangur, 1995
#3}. The ratio of ChoGpl to EtnGpl in the B6 and VM mice was 0.693 and 0.333,
respectively, whereas the ratio of CerPCho to EtnGpl in these strains was 0.028 and 0.010,
respectively. Myelin-enriched lipids, sulfatides and cerebrosides, were not detected in B6 or
VM NS mitochondria (data not shown). Our previous findings also showed that gangliosides
are not present in NS mitochondria from B6 mice (Kiebish et al 2008). Corresponding lipid
molecular species mass content can be found in supplementary Tables 4–12.
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Cardiolipin Molecular Species Distribution in B6 and VM NS Brain Mitochondria
B6 mice contained 95 molecular species of Ptd2Gro, whereas VM mice contained only 45
molecular species (suppl Table 6). In addition, some Ptd2Gro molecular species found in the
VM mice (18:1-16:1-16:1-16:1, 18:1-16:1-16:1-16:0, 18:1-16:1-16:0-16:0,
18:2-18:1-16:1-16:1) were not found in the B6 mice. These species may represent newly
synthesized forms of Ptd2Gro based on their shorter chain lengths and degree of
unsaturation. These fatty acids are also similar to those found in PtdGro, the precursor of
Ptd2Gro (suppl Table 8). When presented as mole percentage relative to the distribution of
molecular species based on mass to charge ratios, B6 Ptd2Gro forms a unique pattern
consisting of seven major molecular species groups (Fig 2). Group I has the shortest fatty
acid chain lengths and the least degree unsaturation, whereas group VII has the longest
chains and the greatest unsaturation (Kiebish 2008). The Ptd2Gro pattern found for VM
mice differed markedly from that of B6 mice (Fig 2 and suppl Table 6). The Ptd2Gro in VM
mice had elevated amounts of short chain fatty acids and lacked the molecular species found
in groups IV, V, and VII. These groups are generally enriched in 20:4 and 22:6 fatty acids,
which are reduced in VM Ptd2Gro (Table 2). Cardiolipin molecular species in VM NS
mitochondria also contained a higher 16:0, 16:1, 16:2, and 18:1 content compared to B6 NS
mitochondria (Table 2). EtnGpl fatty acids varied in VM NS compared to B6 NS
mitochondria and only 22:6 fatty acids were lower in VM NS ChoGpl compared to B6 NS
ChoGpl.

ETC activities in NS mitochondria of B6 and VM mice
The activities of the individual ETC complexes (Complex I, II, III, and IV) as well as those
of the linked enzyme complexes (Complex I/III and II/III) are shown in (Table 4). The
activities of Complex I, I/III, and II/III were 22%, 51%, and 25% lower and Complex IV
was 22% higher in VM mitochondria than in B6 mitochondria (Table 3).

Discussion
We found that the NS mitochondrial lipidome differed markedly between the B6 and VM
mice. Mitochondrial membrane lipids are known to influence membrane fluidity/
permeability, electron transport chain activities, membrane fusion, calcium homeostasis, and
ATP synthesis {Daum, 1985 #19; Brand, 2003 #12; Petrushka, 1959 #97; Fleischer, 1962
#99}. EtnGpl and ChoGpl were the most abundant phospholipids in the NS mitochondria of
both mouse strains. Previous studies showed that changes in the ChoGpl/EtnGpl ratio and
the CerPCho/EtnGpl ratio could significantly influence mitochondrial membrane fluidity
{Bangur, 1995 #3}. We found that these lipid ratios were markedly lower in the VM NS
mitochondria than in the B6 mitochondria indicating that mitochondrial membrane fluidity
is greater in VM mice than in B6 mice.

The most remarkable difference in NS mitochondrial lipid composition found between the
strains was for the distribution of Ptd2Gro molecular species. While B6 mice expressed 95
molecular species that were symmetrically distributed over seven major groups, the VM
mice expressed only 45 molecular species that were asymmetrically distributed and
contained species not found in the B6 mice. The distribution of brain Ptd2Gro molecular
species in B6 NS mitochondria is similar to that in the brains of other mammalian species
indicating that the distribution in B6 mitochondria is a conserved pattern (Cheng et al 2008,
Kiebish et al 2008). It is also important to mention that the distribution of Ptd2Gro molecular
species in brain differs significantly from the distribution in non-neural tissues, which
contain predominantly tetralinoleic Ptd2Gro (18:2-18:2-18:2-18:2). The unusual Ptd2Gro
distribution in VM brain mitochondria could result from a strain difference in the activities
or specificities of phospholipases and/or acyltransferases, which regulate Ptd2Gro
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remodeling. Also, the observed Ptd2Gro distribution for VM NS mitochondria could not be
explained by the random incorporation of fatty acids during Ptd2Gro remodeling as
previously shown for B6 NS Ptd2Gro (data not shown) (Kiebish 2008). Nevertheless, the NS
mitochondrial lipid differences found between the strains would indicate differences in
mitochondrial function.

Consistent with this notion, we found significant differences in the ETC enzyme activities
between the strains. Changes in Ptd2Gro molecular speciation can influence the activity of
complex I and may affect the mitochondrial membrane environment influencing linked
enzyme activities (I/III and II/III) or supercomplex formation {Hoch, 1992 #35; Chicco,
2007 #16; Fry, 1981 #92; Pfeiffer, 2003 #344; Zhang, 2002 #351}. Increased
docosahexaenoic (DHA) containing Ptd2Gro results in decreased complex IV activity
{Kraffe, 2002 #43; Yamaoka, 1988 #420; Fry, 1980 #330}. A loss of DHA containing
Ptd2Gro might therefore produce increased Complex IV activity as we found in the VM
strain. As mitochondrial membrane lipids can influence ETC activities {Fry, 1981 #92;
Hoch, 1992 #35; Gohil, 2004 #335; Daum, 1985 #19}, it is likely that the differences in
lipid composition underlie the differences in ETC activities.

Alterations in brain mitochondrial lipid composition should affect mitochondrial energy
production and neurological function. Additionally, disturbances in the brain mitochondrial
lipidome could produce a bioenergetic state conducive to brain tumorigenesis. Further
studies will be needed to determine if the differences in brain mitochondrial lipid
composition between the B6 and VM mouse strains are related to the differences between
these strains for the incidence of spontaneous brain tumors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
Procedure used for the isolation and purification of NS mitochondria from mouse cerebral
cortex
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Fig 2. Distribution of brain cardiolipin molecular species in B6 NS (black bar) and VM NS (grey
bar) mitochondria
Cardiolipin molecular species were arranged according to mass charge. Corresponding
molecular species mass content can be found in supplementary Table 6. Molecular species
can be arranged into seven groups (I – VII) based on chain length and degree of
unsaturation.
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Table 1

Lipid composition of non-synaptic brain mitochondria in B6 and VM mice

Lipid B6 VM

Ethanolamine glycerophospholipids 187.4 ± 12.1 264.0 ± 4.8*

 Phosphatidylethanolamine 164.9 ± 10.0 186.1 ± 5.9

 Plasmenylethanolamine 22.5 ± 2.2 72.2 ± 3.7*

 Plasmanylethanolamine N.D. 5.7 ± 0.9*

Choline glycerophospholipids 129.9 ± 7.7 87.9 ± 12.9*

 Phosphatidylcholine 119.6 ± 5.3 74.9 ± 13.2*

 Plasmenylcholine 1.2 ± 0.1 4.2 ± 4.2

 Plasmanylcholine 9.1 ± 3.2 8.8 ± 4.1

Cardiolipin 52.7 ± 4.5 50.0 ± 2.4

Phosphatidylinositol 9.3 ± 0.8 12.5 ± 0.8*

Phosphatidylglycerol 7.1 ± 0.5 8.2 ± 0.5

Sphingomyelin 5.3 ± 1.2 2.7 ± 0.2

Phosphatidylserine 4.6 ± 1.5 18.6 ± 2.0**

Lysophosphatidylcholine 2.7 ± 0.6 4.7 ± 0.9

Ceramide 0.7 ± 0.2 2.0 ± 0.1*

Values are expressed as nmol/mg protein ± S.D.M. of three independent samples

Astericks indicate that the value in VM mice differ from B6 mice at

*
: P < 0.02;

**
: P < 0.001 as determined from the two-tailed t-test

N.D. - Not detected
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Table 3

Electron transport chain activities of non-synaptic brain mitochondriaa

B6 VM

Complex I
NADH ubiquinone oxidoreductase

975 ± 64 761 ± 48**

Complex II
succinate DCIP oxidoreductase

292 ± 18 316 ± 42

Complex III
ubiquinol cytochrome c oxidoreductase

437 ± 71 308 ± 46

Complex IV
cytochrome c oxidase

179 ± 25 230 ± 19*

Complex I/III
NADH cytochrome c oxidoreductase

269 ± 59 133 ± 26*

Complex II/III succinate cytochrome c reductase 309 ± 30 230 ± 8*

a
Enzyme activities are expressed as (nmol/min/mg protein) ± S.D.M. (N=3–4)

Signficantly different values from B6 NS mitochondria at

*
: P < 0.05;

**
: P < 0.01 as determined from the two-tailed t-test
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