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Abstract

The objective of this study was to characterize the lipidome and electron transport chain activities
in purified non-synaptic (NS) and synaptic (Syn) mitochondria from C57BL/6J mouse cerebral
cortex. Contamination from subcellular membranes, especially myelin, has hindered past attempts
to accurately characterize the lipid composition of brain mitochondria. An improved Ficoll and
sucrose discontinuous gradient method was employed that yielded highly enriched mitochondrial
populations free of myelin contamination. The activities of Complexes I, 11, 111, and I1/111 were
lower in Syn than in NS mitochondria, while Complexes I/l11 and 1V activities were similar in
both populations. Shotgun lipidomics showed that levels of cardiolipin (Ptd,Gro) were lower,
whereas levels of ceramide and phosphatidylserine were higher in Syn than in NS mitochondria.
Coenzyme Qg and Q1o was also lower in Syn than in NS mitochondria. Gangliosides, phosphatidic
acid, sulfatides, and cerebrosides were undetectable in brain mitochondria. The distribution of
Ptd,Gro molecular species was similar in both populations and formed a unique pattern, consisting
of seven major molecular species groups, when arranged according to mass to charge ratios.
Remodeling involving choline and ethanolamine phosphoglycerides could explain Ptd,Gro
heterogeneity. NS and Syn mitochondrial lipidomic heterogeneity could influence energy
metabolism, which may contribute to metabolic compartmentation of the brain.
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Lipids of the mitochondrial membrane can influence numerous mitochondrial functions to
include electron transport chain (ETC) activities, nucleotide transport, mitochondrial protein
import, membrane fluidity/permeability properties, and ATP synthesis (Petrushka et al.
1959; Daum 1985; Hoch 1992; Brand et al. 2003; Shinzawa-Itoh et al. 2007). Brain contains
at least two major populations of mitochondria, based on cellular localization (Lai and Clark
1989). These include the non-synaptic (NS) mitochondria, which originate from neuronal
and glial cell bodies, and the synaptic (Syn) mitochondria, which primarily originate from
the Syn bouton of neurons. These mitochondrial populations express differences in specific
ETC activities, believed to contribute to the metabolic compartmentation of the brain (Lai et
al. 1977; Battino et al. 1991). The origin of this metabolic compartmentation could arise
from differences in lipid composition of the mitochondrial membrane. However,
contamination from subcellular membranes to include myelin has hindered past attempts to
accurately characterize the lipid composition of brain mitochondria (Cuzner and Davison
1968; Lai and Clark 1989; Villa et al. 1989b; Bangur et al. 1995).

Shotgun lipidomics by electrospray ionization mass spectrometry (ESI/MS) can provide a
rapid and detailed analysis of lipids in biological membranes (Han and Gross 2005a). This
approach recently identified nearly 100 molecular species of brain cardiolipin (1,3-
diphosphatidyl-sn-glycerol, Ptd,Gro), a mitochondrial specific lipid (Cheng et al.,
unpublished observation). The origin of brain Ptd,Gro heterogeneity is not well defined, but
may be related to the unique synthesis of Ptd,Gro (Hauff and Hatch 2006; Schlame and Ren
2006). Ptd,Gro is synthesized as immature Ptd,Gro through the condensation of
phosphatidylglycerol (PtdGro) and CDP-diacylglycerol. Ptd,Gro is then deacylated to
monolysocardiolipin (MLCL) and reacylated to form mature Ptd,Gro (Hauff and Hatch
2006). This Ptd,Gro remodeling process uses fatty acyl groups from the sn-2 position of
donor choline (ChoGpl) and ethanolamine (EtnGpl) glycerophospholipids (Xu et al. 2003;
Schlame and Ren 2006). No prior studies have evaluated Ptd,Gro heterogeneity in purified
NS and Syn mitochondrial populations.

The objective of this study was to analyze the lipid composition of NS and Syn
mitochondria. We designed a modified Ficoll and sucrose discontinuous gradient system for
the isolation and purification of mitochondria from mouse brain free of contaminating
myelin or organelle and plasma membranes (Lai et al. 1977; Dagani et al. 1983). Shotgun
lipidomics and HPLC connected to an electrochemical detector were used to determine if
quantitative or qualitative differences in lipid composition existed between these two brain
mitochondrial populations. Moreover, ours is the first comprehensive examination of the
brain mitochondrial lipidome, including molecular species and mass content of ceramide
(Cer), PtdGro, and lysophosphatidylcholine (LysoPtdCho). ETC activities were measured to
determine if differences in enzyme activities correlated with differences in the lipid
composition of mitochondrial populations. Our results provide new insight into the
importance of brain mitochondrial lipids, which could contribute to metabolic
compartmentation of the brain.

Materials and methods

Animals

C57BL/6J (B6) mice were obtained from the Jackson Laboratory (Bar Harbor, ME, USA).
All mice were propagated at the Boston College Animal Facility and were housed in plastic
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cages with filter tops containing Sani-Chip bedding (P. J. Murphy Forest Products Corp.,
Montville, NJ, USA). The room was maintained at 22°C on a 12 h light/dark cycle. Food
(Prolab RMH 3000; PMI LabDiet, Richmond, IN, USA) 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 and synaptic brain mitochondrial isolation

C57BL/6J mice (4 months of age) were killed 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 and Clark 1976; Lai et al. 1977; Mena et al. 1980; Dagani et al.
1983; Rendon and Masmoudi 1985; Battino et al. 1991; Brown et al. 2006) (Fig. 1). The
cerebral cortexes (a pool of six per 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—HCI,
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
(Wheaton, Millville, NJ, USA). Samples were homogenized using 15 up- and downstrokes
at 500 rpm. The homogenate was centrifuged at 1000 g for 5 min. The supernatant was
collected and the pellet was washed twice by centrifugation at 1000 g for 5 min, collecting
the supernatants each time. The supernatants were pooled and centrifuged at 1000 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 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, Beckman Coulter, Fullerton, CA, USA). The centrifugation
time used permitted sufficient acceleration and deceleration to achieve maximum g force
(Battino et al. 1991) and to prevent synaptosomal contamination of the mitochondrial
fraction below the 12% Ficoll layer. Crude myelin collected at the MIB/7.5% Ficoll
interface was discarded. Synaptosomes were collected at the 7.5/12% interface and were
resuspended in MIB and centrifuged at 16 000 g for 15 min. The Ficoll gradient purified NS
mitochondria (FM) were collected as a pellet below 12% Ficoll.

Purification of non-synaptic mitochondria—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 0.8/1.0/1.3/1.6 M sucrose. The volumes for the sucrose gradient
were 6/6/10/8 mL, respectively. The gradients were made from a 1.6 M sucrose stock
containing 1 mM EDTA-K and 10 mM Tris—HCI, pH 7.4. The discontinuous sucrose
gradient was centrifuged at 50 000 g for 2 h (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 and 1.6 M sucrose. NS mitochondria were collected
and resuspended in (1 : 3, v/v) Tris-EDTA 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 8200 g for 10 min.

Purification of synaptic mitochondria—Synaptosomes were burst by homogenization
in 6 mM Tris—HCI, pH 8.1, using five up- and downstrokes. The homogenized
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synaptosomes were transferred to a 15 mL conical tube and then placed on a rocker for 1 h
(4°C). The burst synaptosomes were centrifuged at 10 000 g for 10 min. The pellet was
resuspended in 6 mL of MIB. The resuspended pellet was layered on a discontinuous
sucrose gradient and centrifuged following the same procedure as described above for NS
mitochondria.

Western blot analysis of subcellular fractions

Protein concentration of isolated subcellular fractions was determined by the D Protein
Assay using BSA standards (Bio-Rad, Hercules, CA, USA). Total protein (2-20 pg) from
fractions were loaded on 4-12% NuPage Bis—Tris gradient gels using MES sodium dodecyl
sulfate running buffer (Invitrogen, Carlsbad, CA, USA) and electrophoresed. Proteins were
transferred to an immobilon TM-P membrane (Millipore, Bedford, MA, USA) for 2 h at 80
V at 4°C. The TM-P membrane was then washed with Tris- or phosphate-buffered saline
(PBS), depending on manufacturers’ instructions for primary antibody and then blocked in
5% non-fat powdered milk in Tris-buffered saline or PBS with Tween 20, pH 7.6, for 1 h or
overnight. Primary antibodies were used at the dilutions suggested by the manufacturers’
protocols and included Complex IV, subunit IV (1 : 1250) (clone 20E8; Molecular Probes,
Eugene, OR, USA), monoamine oxidase-A (1 : 200) (clone T-19; Santa Cruz
Biotechnology, Santa Cruz, CA, USA), SNAP25 (1 : 10 000) (clone, SMI 81; Sternberger
monoclonal, Lutherville, MD, USA), B-actin (1 : 7000) (AC-15; Abcam, Cambridge, UK),
tuberin (1 : 400) (clone C-20; Santa Cruz Biotechnology), proliferating cell nuclear antigen
(1: 100) (clone PC10; Dako, Carpinteria, CA, USA), calnexin (1 : 500) (clone C8.B6; Cell
Signaling, Beverly, MA, USA), and proteolipid protein (1 : 200) (clone AA3). Also, proteins
representative of individual ETC Complexes (I-V) were evaluated using the Rodent Total
OXPHOS Complexes Detection Kit (1 : 500) (MS604; Mitosciences, Eugene, OR, USA).
The kit consisted of antibodies to Complex | (ND6), Complex Il (FeS 30 kDa), Complex 111
(Core 2 subunit), Complex 1V (subunit 1), and Complex V (a subunit). Blots were incubated
with corresponding secondary antibody conjugated with horseradish peroxidase. Bands were
visualized using the Pierce chemiluminescence detection system (Pierce, Rockford, IL,
USA). Band densities were quantified using a densitometer (Molecular Dynamics,
Sunnyvale, CA, USA) and 1Q Mac software (version 1.2, GE Healthcare, Piscataway, NJ,
USA). Protein was loaded in incremental amounts to confirm that the signal detected was
not saturated.

Ganglioside GM1a analysis using cholera toxin b immunostaining

Gangliosides were isolated and purified from subcellular fractions as we previously
described (Hauser et al. 2004). The ganglioside fraction was desalted by LH-20 Sephadex
column chromatography (Varian, Harbor City, CA, USA). Purified gangliosides were
spotted on a plastic backed Nagel PolyGram Sil G TLC plate (Macherey-Nagel, Germany)
based on 100 pg protein, as previously described (Hirabayashi et al. 1990). Immunostaining
for GM1a was performed as previously described (Brigande et al. 1998). Approximately 1.6
ng of purified GM1a was spotted as a standard. The concentration of GM1a standard used
was calculated based its level of immunoreactivity with cholera toxin b. The TLC plate was
developed in one ascending run for 45 min in CHCI3/CH30H/0.2% CaCl, (55 : 45 : 10).
The plate was thoroughly dried after development and was then blocked in PBS containing
1% BSA for 2 h at 37°C on a rocker. The plate was then washed with PBS for 5 min. Next,
the plate was incubated with the 3-subunit of cholera toxin/peroxidase conjugated (1 pg/mL)
(List Biological Laboratories Inc., Campbell, CA, USA) in PBS containing 1% BSA for 2 h
at 37°C. Post-incubation, the plate was washed five times (5 min each time) with PBS and
was then developed using 10 mL PBS, 2 mL 4-chloro-1-napthol (3 mg/mL in CH30H), and
20 pL 30% H,0, at 22°C for 15 min.
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Materials for mass spectrometry

Synthetic phospholipids including 1,2-dimyristoleoyl-sn-glycero-3-phosphocholine
(14:1-14:1 PtdCho), 1,2-dipalmitoleoyl-sn-glycero-3-phosphoethanolamine (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 phosphatidylserine; PtdSer), N-lauroryl
sphingomyelin (N12:0 CerPCho), 1,1’,2,2'-tetramyristoyl cardiolipin (T14:0 Ptd,Gro),
heptadecanoyl ceramide (N17:0 Cer), and 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. Deuterated cholesterol was purchased from Cambridge Isotope Laboratories Inc.
(Cambridge, MA, USA). 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 x 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 Ptd,Gro (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), and 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.

A modified Bligh and Dyer procedure was used to extract lipids from each mitochondrial
preparation as previously described (Cheng et al. 2006). Each lipid extract was reconstituted
with a volume of 500 pL/mg protein (which was based on the original protein content of the
samples as determined from protein measurement) in CHCIl3/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 et al. 2004). 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 uL/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 et al. 2004;
Han and Gross 2005b). 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 et al. 2004).

J Neurochem. Author manuscript; available in PMC 2011 May 30.



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

1duasnuey Joyiny vd-HIN

Kiebish et al.

Page 6

Mathematical computation for predicting the distribution of cardiolipin molecular species

A PERL script was developed for predicting the distribution of molecular species in mouse
brain Ptd,Gro. This program calculated the expected concentration F x ¢q x ¢, X c3 % ¢4 for
each Ptd,Gro species, given the concentration of each fatty acid found in Ptd,Gro; ¢
represents a given concentration of fatty acids in any one of the four possible fatty acid tails
of Ptd,Gro. F was calculated for each possible PtdoGro molecular species using an
enumerative approach, with trivial computation time.

Isolation and quantification of coenzyme Q

Aliquots of NS and Syn mitochondria were subjected to lipid extraction and analyzed for Q
content as previously described (Jonassen et al. 2002). Qg was used to gauge coenzyme Q
recovery in the lipid extracts and was added to all standards and samples. Lipids were
extracted by adding 0.05 mL water, 0.9 mL methanol, and 0.6 mL petroleum ether to each
sample. The mixtures were vortexed for 1 min, centrifuged at 1422 g, and the top layer of
petroleum ether was removed from each mixture and saved in a separate vial. Fresh
petroleum ether (0.6 mL) was added to each vial containing the aqueous phase and vortexed
for 1 min. The vials were subjected to centrifugation as before and the second petroleum
ether layer removed. The process was repeated once more, and the three pooled petroleum
ether fractions were dried under nitrogen and resuspended in 150 uL. methanol. The Qg and
Q10 standards were from Sigma-Aldrich, and Qg was a gift from Dr Youssef Hatefi.

The coenzyme Q present in extracted standards and samples were separated and quantified
by HPLC connected to an electrochemical detector as previously described (Jonassen et al.
2002), with the following exceptions: the pre-column electrode was the only electrode used
and was set at +650 mV to oxidize all coenzyme Q, and a Gilson 118 UV/Vis detector
(Gilson, Middletown, WI, USA) was utilized to detect coenzyme Q as they eluted from the
column. The amounts of Qg and Q4 in the standards and samples were normalized to the
amount of Qg recovered in the individual lipid extracts.

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,
Palo Alto, CA, USA) and were performed in triplicate. Specific enzyme activities were
calculated using ETC complex inhibitors to subtract background activities.

Complex I—Complex | (NADH-ubiquinone oxidoreductase) activity was determined by
measuring the decrease in the concentration of NADH at 340 nm as previously described
(Birch-Machin and Turnbull 2001; Ellis et al. 2005). The assay was performed in buffer
containing 50 mM potassium phosphate, pH 7.4, 2 mM KCN, 5 mM MgCls,, 2.5 mg/mL
BSA, 2 uM antimycin, 100 uM decylubiquinone, and 0.3 mM K,;NADH. The reaction was
initiated by adding purified mitochondria (20 pg). The enzyme activity was measured for 5
min and values were recorded 30 s 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 uM rotenone (Complex | inhibitor).

Complex lI—Complex Il (succinate decylubiquinone 2,6-dichloroindophenol (DCIP)
oxidoreductase) activity was determined by measuring the reduction of DCIP at 600 nm as
previously described (King 1967; Ellis et al. 2005). The Complex Il assay was performed in
buffer containing 25 mM potassium phosphate, pH 7.4, 20 mM succinate, 2 mM KCN, 50
uM DCIP, 2 pg/mL rotenone, and 2 pg/mL antimycin. Purified mitochondria (10 pg) were
added prior to initiation of the reaction. The reaction was initiated by adding 56 uM
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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
Il inhibitor).

Complex lll—Complex 111 (ubiquinol-cytochrome c reductase) activity was determined by
measuring the reduction of cytochrome ¢ at 550 nm. The Complex 111 assay was performed
in buffer containing (25 mM potassium phosphate, pH 7.4, 1 mM EDTA, 1 mM KCN, 0.6
mM dodecyl maltoside, and 32 uM oxidized cytochome c) using purified mitochondria (2.5
ug). The reaction was initiated by adding 35 uM decylubiquinol. The reaction was measured
following the linear slope for 1 min in the presence or absence of 2 uM antimycin (Complex
I11 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 (Birch-Machin and Turnbull 2001; Degli Esposti 2001,
Ellis et al. 2005).

Complex IV—Complex IV (cytochrome ¢ oxidase) activity was determined by measuring
the oxidation of ferrocytochrome c at 550 nm. The Complex IV assay was performed in
buffer containing (10 mM Tris—HCI and 120 mM KCI, pH 7.0) using purified mitochondria
(5 ng). The reaction was initiated by adding 11 uM reduced ferrocytochrome c and
monitoring the slope for 30 s in the presence or absence of 2.2 mM KCN (Complex IV
inhibitor) (Yonetan 1967; Ellis et al. 2005). Cytochrome ¢ oxidase was additionally
measured by a multiplexing assay (MS446; Mitosciences).

Complex I/lll—Complex I/111 (NADH cytochrome ¢ reductase) activity was determined by
measuring the reduction of cytochrome ¢ at 550 nm. The Complex I/111 assay was performed
in buffer (50 mM potassium phosphate, pH 7.4, 1 mM EDTA, 2 mM KCN, 32 uM oxidized
cytochrome c, and 105 uM KoNADH) and was initiated by adding purified mitochondria
(10 pg). The reaction was measured for 30 s with a linear slope in the presence or absence of
1 uM rotenone and 2 pM antimycin (Complexes | and 111 inhibitors) (Birch-Machin and
Turnbull 2001; Degli Esposti 2001; Ellis et al. 2005).

Complex ll/1ll—Complex I1/111 (succinate cytochrome ¢ reductase) activity was measured
following the reduction of cytochrome c at 550 nm. The Complex I1/111 assay was performed
in buffer (25 mM potassium phosphate, pH 7.4, 20 mM succinate, 2 mM KCN, 2 pg/mL
rotenone) using purified mitochondria (10 pg). The reaction was initiated by adding 40 uM
oxidized cytochrome c in the presence or absence of 2 uM antimycin (Complex 111 inhibitor)
(Birch-Machin and Turnbull 2001; Ellis et al. 2005).

Analysis of mitochondrial purity

Ficoll as well as sucrose discontinuous gradients were used to purify NS and Syn
mitochondria (Fig. 1). As FM contained markers for cytoskeletal ($-actin) and membrane
(SNAP25, PCNA, tuberin, PLP, and calnexin) contamination, we further purified
mitochondria using a discontinuous sucrose gradient. None of these markers were present in
the Ficoll and sucrose discontinuous gradient purified mitochondria, which contained only
mitochondrial-enriched markers representing the inner mitochondrial membrane (Complex
IV, subunit 1) and the outer mitochondrial membrane (monoamine oxidase-A) (Fig. 2a).
Cholera toxin b immunostaining is a sensitive procedure for detecting gangliosides with the
GM1a structure in cells and tissues (Brigande et al. 1998). The toxin can have slight cross-
reactivity with GD1la. GM1a and a low amount of GD1a was found in the total homogenate,
crude myelin, and FM fractions, indicating the presence of myelin and microsomal
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membranes in these subcellular fractions (Fig. 2b). Only a trace amount of GM1a was
detected in the NS mitochondria and no GM1a was detected in Syn mitochondria. These
finding attest to the high degree of mitochondrial purity achieved with the isolation
procedure and also indicate that GM1a is not present in B6 mouse brain mitochondria.

Lipid composition of C57BL/6J mouse brain mitochondria

We used shotgun lipidomics to evaluate lipid content and distribution of fatty acid molecular
species in the NS and Syn mitochondria. The lipid classes were listed according to their
relative abundance (Table 1). Although the content of most lipids was similar in the NS and
Syn mitochondria, the content of PtdoGro was lower whereas the content of PtdSer and Cer
were higher in the Syn mitochondria than in the NS mitochondria. The myelin-enriched
lipids, sulfatides and cerebrosides, were not detected in either NS or Syn mitochondria.

The distribution of fatty acid molecular species within each major lipid of the NS and the
Syn mitochondria is shown in Figs 3 and 4 and in supplementary Tables S1-S9. The
individual phospholipids were arranged according to the number of molecular species with
phosphatidylinositol having the fewest and Ptd,Gro having the greatest number.
Phosphatidylinositol contained predominantly 18:0-20:4, with lower amounts of 16:0-20:4
(Fig. 3a and Table S4). CerPCho contained predominantly N20:0 and N18:0 (Fig. 3b and
Table S6). PtdSer contained predominantly 18:0-22:6 (Fig. 3c and Table S7). PtdGro
contained predominantly 16:0-18:1 (Fig. 3d and Table S5). LysoPtdCho consisted of a range
of fatty acids, but predominantly 16:0, 18:1, 18:0, and 22:6 (Fig. 3e and Table S8). ChoGpl
contained predominantly D16:0-18:1, D18:2-18:2/D16:0-20:4, D16:0-22:6/D18:2-20:4,
D18:2-20:2/D18:0-20:4, D16:0-16:0, and A16:0-20:0 (Fig. 3f and Table S2). EtnGpl
contained predominantly D18:0-20:4/D16:0-22:4 and D18:0-22:6/D18:1-22:5 (Fig. 3g and
Table S1). Cer consisted primarily of N18:0 (Table S9).

Cardiolipin composition in non-synaptic and synaptic mitochondria

Despite a lower amount of Ptd,Gro in the Syn than in the NS mitochondria, the mole
percentage of Ptd,Gro molecular species was remarkably similar for NS and Syn
mitochondria (Fig. 4 and Table S3). Both NS and Syn mitochondria contained Ptd,Gro
species enriched in 18:1, 20:4, 22:6, 18:2, and 16:1 fatty acids (Table S3). The predominant
molecular species of Ptd,Gro were 18:1-18:1-18:1-18:1, 20:4-18:1-18:1-18:1,
20:4-20:4-18:1-18:1, 22:6-20:4-18:1-18:1, 22:6-18:1-18:1-18:1/20:4-20:3-18:1-18:1, and
20:4-18:2-18:1-18:1/22:6-18: 1-18:1-16:0 (Fig. 4). A unique pattern was discovered
comparing mole percentage based on the mass to charge ratios. The unique pattern consisted
of seven major molecular species groups, with group | having the shortest chains and the
least unsaturation, and group VII having the longest chains and the greatest unsaturation.

Mathematical model for the distribution of mouse brain cardiolipin molecular species

We hypothesized that the unique distribution of Ptd,Gro molecular species detected with
shotgun lipidomics could be explained by a mathematical model in which Ptd,Gro fatty
acids are at equilibrium with respect to the available quantities of each fatty acid chain. In
other words, we expected that the concentration ¢ of a given species of Ptd,Gro (specified
by its four fatty acids) would be proportional to the product of the concentrations of its four
fatty acids (cq x ¢y X €3 % €4). As there are multiple permutations in which fatty acids can be
arranged in the four Ptd,Gro fatty acid positions, ¢ should also be proportional to a
combinatorial pre-factor F. For example, if there are four distinct fatty acids attached to the
Ptd,Gro, there are F = 4! = 24 possible permutations in which these fatty acids can be
arranged. However, if the four fatty acids are identical, there is only one way to arrange
them, i.e. F = 1. The F x ¢q X ¢y X C3 X ¢4 data were summed in groups of Ptd,Gro species
with identical numbers of carbons and double bonds. This grouping allows the predictions of
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the model to be compared directly with the observed data from shotgun lipidomic analysis.
Our results show that the distribution of Ptd,Gro fatty acid molecular species predicted by
the mathematical model fell into seven major groups that corresponded closely with data
obtained from shotgun lipidomic analysis (Fig. 5). Data were condensed from about 1800
possible Ptd,Gro molecular species to 54 species that represented greater than 99% of the
total Ptd,Gro species. Subtle differences between the theoretical and observed distribution
of Ptd,Gro molecular species, as demonstrated in the molecular species between 72:7 and
72:4, could be the result of a slight difference in the rate of Ptd,Gro synthesis or remodeling.
Our analysis showed that the unique pattern of Ptd,Gro molecular species could arise from a
simple process of random fatty acid incorporation.

Coenzyme Q content in non-synaptic and synaptic mitochondria

Coenzyme Q content was measured as this is a lipid constituent and involved in
mitochondrial ETC activities (Lenaz 2001). The relative amounts of Qg and Q1o were
approximately 24% lower in the Syn mitochondria than in the NS mitochondria. The Qg :
Qg ratio was about 3 : 1 in both the NS and Syn mitochondria (Fig. 6).

Electron transport chain activities of brain mitochondrial complexes

Electron transport chain activities have been used to characterize the metabolic properties of
NS and Syn mitochondrial populations (Lai and Clark 1976; Lai et al. 1977; Gorini et al.
1989; Hevner and Wong-Riley 1989; Villa et al. 1989a; Battino et al. 1991). We examined
the activities of the individual ETC complexes (Complexes I, I1, 111, and 1V) as well as those
of the linked enzyme complexes (Complexes I/111 and 11/111) (Table 2). The activities of
Complexes I, I1, 111, and 11/111 were 55%, 53%, 63%, and 69%, respectively, in Syn
mitochondria than those observed in NS mitochondria (Table 2). The activities of
Complexes IV and /111 were similar in the NS and the Syn mitochondria. To determine
whether differences in ETC enzyme activities might be associated with differences in
protein content of complexes, we evaluated protein markers representative for ETC
complexes using the Rodent OXPHOS Complexes Detection Kit. No differences were found
for the expression of ETC protein markers for each of the complexes (Fig. 7). These data
indicate that the differences found between the NS and Syn mitochondria for ETC enzyme
activities were not observed for the content of individual ETC protein markers.

Discussion

The objective of this study was to characterize the lipidome and ETC activities in highly
purified populations of NS and Syn mitochondria from B6 mice. Information on the lipid
composition of NS and Syn mitochondria can provide insight into the metabolic
compartmentation in brain (Sonnewald et al. 2004). However, subcellular contamination or
technical limitations have hindered past attempts to accurately characterize the lipidome of
brain mitochondria (Villa et al. 1989b; Ruggiero et al. 1992; Bangur et al. 1995). This has
been due in large part to contamination from myelin, a lipidrich membrane that is difficult to
separate from mitochondria (Seminario et al. 1964; Villa et al. 1989b). The failure to
remove contaminating membranes or differences in experimental procedures could account
for the variability in brain mitochondrial lipid composition found in previous studies
(Ruggiero et al. 1992; Bangur et al. 1995). We used multiple discontinuous gradients to
obtain highly enriched brain mitochondrial populations free from detectable contamination
including that from myelin and cytoskeletal proteins. As the primary goal of this
investigation was to isolate highly enriched NS and Syn mitochondria free from any
detectable level of contamination, the length as well as choice of discontinuous gradients
employed was designed solely for the purpose of mitochondrial lipid analysis as well as
assessment of ETC enzyme activities by standard biochemical procedures. GM1a content of
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the isolated fractions was also evaluated as an independent marker for membrane
contamination, as GM1a is enriched in myelin (Seyfried et al. 1979). Our data show that the
ganglioside GM1a, sulfatides, cerebrosides, and cytoskeletal proteins do not exist in neural
cell mitochondria. We suggest that the presence of glycosphingolipids in brain mitochondria
would indicate contamination from non-mitochondrial subcellular membranes or a
physiological environment different from that which exists normally in mouse cerebral
cortex.

We used mouse cerebral cortex in this study as previous studies in rats showed that the
relative differences between NS and Syn mitochondria for ETC enzyme activities and
coenzyme Q content are generally similar across brain regions (Leong et al. 1984; Battino et
al. 1991, 1995). It is therefore likely that our findings for mitochondrial lipids and ETC
activities in the cerebral cortex would be similar for other brain regions. We chose to
examine B6 mice because many existing neurological mutations that alter CNS function and
behavior are expressed on this genetic background (Bedell et al. 1997a,b). Consequently,
our study will provide useful information on brain mitochondrial function to a broad range
of neurological and neurodegenerative diseases expressed in B6 mice.

Membrane lipids can influence the activity of mitochondrial enzymes to include those of the
ETC (Daum 1985; Di Paola et al. 2000; Chicco and Sparagna 2007). We found that the
levels of Ptd,Gro, coenzyme Qg, and Q19 were lower and the levels of Cer and PtdSer were
higher in the Syn mitochondria than in the NS mitochondria. Additionally, we found that the
ETC activities of Complexes I, Il, 111, and I1/111 were lower in the Syn mitochondria than in
the NS mitochondria. As enzyme activities from individual (unlinked) complexes
(Complexes I, 11, and I11) could include activities of the combined (linked) measurements
(Complexes I/l11 and 11/111), it is possible that these differences arise from the ETC existing
in two states, a random collisions state or a solid electron channeling state (Lenaz and
Genova 2007). Linked ETC activities can represent the combined activity of individual
complexes or the activity of the supercomplex (Schagger and Pfeiffer 2000). Recently, it
was shown that the Complex I/111 linked activity in the a-synuclein knockout mouse brain
was lower than that of normal mouse brain without corresponding changes in either the
Complexes I or Il individual ETC activities (Ellis et al. 2005). This suggests that the linked
activity corresponded to the measurement of the ETC complexes in the supercomplex state.
Hence, differences in individual ETC activities may not always correspond to differences in
linked ETC activities.

No differences were found between NS and Syn mitochondria for the content of major
protein markers for the individual ETC complexes. This suggests that other factors, such as
differences in lipid content, may account the differences found between NS and Syn
mitochondria for linked ETC activities. As Ptd,Gro is required for the enzymatic activities
of Complexes I and 111 (Fry and Green 1981; Gohil et al. 2004; Chicco and Sparagna 2007),
a lower Ptd,Gro content in Syn than in NS mitochondria could account for the lower
activities of Complexes I and 111 in Syn mitochondria. We suggest that the differences found
in ETC complex activities between the NS and Syn mitochondria might be due in part to
quantitative differences in their lipid composition, which could differentially affect unlinked
or linked enzyme activities.

It is interesting that Ptd,Gro content is lower, while PtdSer content is higher in Syn than NS
mitochondria. These lipid differences might be related to the greater susceptibility of Syn
mitochondria to calcium overload and permeability transition than non-synaptic
mitochondria (Brown et al. 2006; Naga et al. 2007). Although Ptd,Gro and PtdSer are both
anionic lipids that can buffer calcium, PtdSer is less prone than Ptd,Gro to calcium-induced
peroxidation, which would occur during intense Syn activity (Grijalba et al. 1999; Brown et
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al. 2006). Differences in Ptd,Gro content between Syn and NS mitochondria might also
influence susceptibility to apoptosis, cytochrome c retention, or lipid peroxidation (Kagan et
al. 2004). We do not exclude the possibility that the difference between NS and Syn
mitochondria for PtdSer content is related to differences in lipid synthesis, transport protein
activity, or cellular heterogeneity related to Syn activity (Zborowski et al. 1983; Daum and
Vance 1997).

Plasmalogen glycerophospholipids contain a vinyl-ether linkage in the sn-1 position and can
function as antioxidants and facilitators of membrane fusion (Gross 1984; Zoeller et al.
1988; Farooqui and Horrocks 2001). The ESI/MS procedures we used can easily measure
the content and composition of plasmalogens (Han et al. 2001; Han and Gross 2005a). Only
brain and heart mitochondria contain significant quantities of choline and ethanolamine
plasmalogen glycerophospholipids suggesting a unique role for plasmalogens in these
tissues (Eichberg et al. 1964; Getz et al. 1968). We found that the content of
plasmenylethanolamine and plasmenylcholine was similar in the NS and the Syn
mitochondria. Hence, the role of plasmalogens is likely similar in the NS and Syn
mitochondria. This role could involve management of free radicals or regulation of unique
fusogenic properties of brain mitochondrial membranes.

Almost 100 molecular species of Ptd,Gro were detected in the NS and Syn mitochondria of
B6 mice. Moreover, these molecular species formed a unique pattern consisting of seven
major groups when arranged according to mass to charge ratios. Interestingly, this Ptd,Gro
pattern in brain was also observed in human, rat, and rabbit, suggesting conservation across
some mammalian species (Cheng et al., unpublished observation). Molecular species
heterogeneity was greater in the most abundant groups (groups I1-V1) than in the least
abundant groups (groups | and V1I). This Ptd,Gro species pattern in brain differs markedly
from those found previously in non-neural tissues, which contain predominantly tetralinoleic
Ptd,Gro (18:2-18:2-18:2-18:2) (Schlame et al. 2005). Surprisingly, no tetralinoleic Ptd,Gro
was found in brain mitochondria. Hence, Ptd,Gro composition from brain differs markedly
from the Ptd,Gro composition found in non-neural tissues.

We suggest that the unique brain Ptd,Gro pattern arises from the remodeling activities of
phospholipases and acyl transferases, which remove and transfer, respectively, fatty acid
species from the sn-2 position of the ChoGpl and EtnGpl to form mature Ptd,Gro from
MLCL. This suggestion comes from finding an abundance of fatty acids in mature Ptd,Gro
that match those expressed in the predicted sn-2 position of ChoGpl and EtnGpl. Our
findings also indicate that only a small percentage of mature Ptd,Gro contains fatty acids
originating from the condensation of PtdGro and CDP-diacylglycerol, which contain
predominantly shorter chain fatty acids.

The mechanism by which the acyl transferases select the sn-2 fatty acids from either ChoGpl
or EtnGpl remains unclear. Taffazin is the only known Ptd,Gro acyltransferase (AT) that is
highly expressed in brain (Bione et al. 1993; Ma et al. 1999; Lu et al. 2004). Although
taffazin may have specificity for linoleic acid in non-neural tissues (Xu et al. 2003), linoleic
acid is a minor fatty acid in mature Ptd,Gro of brain. Our findings together with those of
other groups indicate that brain Ptd,Gro contains predominantly oleic, arachidonic, and
docosahexaenoic fatty acids (Yamaoka et al. 1988; Nakahara et al. 1992; Bayir et al. 2007).
Although other enzymes have been implicated in Ptd,Gro remodeling to include scramblase
3, acyl-CoA:lysocardiolipin AT, MLCL AT, and acylglycerol-3-phosphate ATs, the ATs
involved in the complex remodeling of brain PtdoGro have yet to be determined (Hauff and
Hatch 2006). Nevertheless, our mathematical model indicates that the unique PtdoGro
pattern for normal brain can arise from a random incorporation of selected fatty acids during
the Ptd,Gro remodeling process.
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The functional significance of the unique brain Ptd,Gro molecular species pattern remains
unclear. A greater ratio of PUFA to saturated fatty acids could cause Ptd,Gro to be more
prone to form a non-bilayer H,; hexagonal phase lipid (Sankaram et al. 1989; Kraffe et al.
2002). This conformational change can create regions of small curvature within the
membrane, which could affect cristae structure (Hoch 1992; Stuart et al. 1998). Increased
docosahexaenoic containing Ptd,Gro results in decreased Complex IV activity, but increases
F1 ATPase activities (Yamaoka et al. 1988). This might explain the lower Complex IV
activities that we found in the NS and Syn mitochondria relative to those found in non-
neural tissues (Benard et al. 2006). Long-chain PUFA Ptd,Gro species could also enhance
membrane phase transformations thus allowing optimal activity of oxidative
phosphorylation in response to environmental changes (Kraffe et al. 2002). The prevalence
of oleic fatty acids in Ptd,Gro could also enhance mitochondrial respiratory chain ratios and
degree of coupling (Brand et al. 2003). The unique Ptd,Gro species pattern of brain might
also be interesting with regard to the ‘respirasome’ formation, as Ptd,Gro can ‘glue’ the
complexes together in an organized supercomplex to increase efficiency of ATP production
(Zhang et al. 2002; Pfeiffer et al. 2003). Further studies are needed to resolve the role of the
unique pattern of Ptd,Gro molecular species in brain mitochondrial function.

Alterations in brain energy metabolism have been implicated in variety of neurological and
neurodegenerative disorders to include Parkinson’s disease, Alzheimer’s disease,
Huntington’s disease, epilepsy, brain tumors, storage diseases, bipolar disorder,
schizophrenia, and autism to name a few (Bowling and Beal 1995; Lombard 1998; Blass
2002; Seyfried and Mukherjee 2005). Abnormalities in NS and Syn mitochondrial lipids, at
the quantitative as well as the molecular species level, may occur in these disorders as either
a cause or an effect of disease pathogenesis. Although differences in lipid content as well as
ETC activities exist between NS and Syn mitochondria, these differences likely represent
metabolic compartmentation in the brain. However, these populations of brain mitochondria
might be affected differently in disease states. We suggest that the integrity of the
mitochondrial lipidome is critical for efficient ATP production and that alterations in the
lipidome will impair oxidative phosphorylation thus compromising normal neurological
function.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations used

plasmanyl

AT acyltransferase

C57BL/6J mice

BSA bovine serum albumin

Cer ceramide

CerPCho sphingomyelin

ChoGpl choline glycerophospholipids
phosphatidyl

DCIP 2,6-dichloroindophenol

ESI/MS electrospray ionization mass spectrometry

ETC electron transport chain

EtnGpl ethanolamine glycerophospholipids

FM Ficoll purified NS mitochondria

LysoPtdCho lysophosphatidylcholine

MIB mitochondrial isolation buffer

MLCL monolysocardiolipin

NS non-synaptic
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P plasmenyl

PBS phosphate-buffered saline
Ptd,Gro cardiolipin

PtdCho phosphatidylcholine
PtdCho phosphatidylcholine
PtdGro phosphatidylglycerol
PtdSer phosphatidylserine

Syn synaptic
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Fig. 1.
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Procedure used for the isolation and purification of NS and Syn mitochondria from mouse

cerebral cortex.
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Fig. 2.

Distribution of protein markers on western blots (a) and of gangliosides on TLC (b) in
subcellular fractions from mouse cerebral cortex. Subcellular fractions included total
homogenate (TH), crude myelin (My), Ficoll gradient purified NS mitochondria (FM),
Ficoll and sucrose gradient purified non-synaptic mitochondria (NS), and Ficoll and sucrose
gradient purified synaptic mitochondria (Syn). Western blots were performed to determine
the distribution of specific protein markers for the inner mitochondria membrane (Complex
IV, subunit V), outer mitochondrial membrane (monoamine oxidase-A), myelin
(proteolipid protein), synaptosomal membrane (SNAP25), cytoskeleton (B-actin), nuclear
membrane (proliferating cell nuclear antigen), Golgi membrane (tuberin), and microsomal
membrane (calnexin). GM1a was visualized on TLC plates with cholera toxin b
immunostaining as described in Materials and methods. Std, is GM1a.
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Fig. 3.

Distribution of fatty acid molecular species in NS (black bar) and Syn (white bar)
mitochondrial phospholipids. Phospholipids included (a) phosphatidylinositol (PtdIns), (b)
sphingomyelin (CerPCho), (c) phosphatidylserine (PtdSer), (d) phosphatidylglycerol
(PtdGro), (e) lysophosphatidylcholine (LysoPtdCho), (f) choline glycerophospholipids
(ChoGpl), and (g) ethanolamine glycerophospholipids (EtnGpl). Molar percentages less than
2% of the total lipid are not shown. Glycerolipid subclasses include D (phosphatidyl), P
(plasmenyl), and A (plasmanyl). The total molecular species content of each lipid class is
presented in supplementary Tables S1-S9. All values are expressed as the mean of three
independent samples (n = 3), where six cortexes were pooled for each sample.
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Fig. 4.

Distribution of Ptd,Gro molecular species in NS (black bar) and Syn (white bar)
mitochondria. Ptd,Gro molecular species were arranged according to the mass to charge
ratio based on percentage distribution. Ptd,Gro molecular species were subdivided into
seven groups, which contained a predominance of oleic, arachidonic, and/or docosahexanoic
fatty acids in varying concentrations. Corresponding mass content of molecular species in
NS and Syn mitochondria can be found in supplementary Table S3. All values are expressed
as the mean of three independent samples (n = 3), where six cortexes were pooled for each
sample.
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Fig. 5.

Mathematical prediction of the distribution of brain cardiolipin molecular species. (a)
Distribution of molecular species of NS brain Ptd,Gro as determined by shotgun lipidomics.
(b) Distribution of molecular species of Ptd,Gro as determined by mathematical modeling as
described in Materials and methods.
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Fig. 6.

Coenzyme Qg and Q1 content in NS (black bar) and Syn (white bar) mitochondria.
Coenzyme Q content was measured by HPLC connected to an electrochemical detector as
described in Materials and methods. The content of Qg and Q1o were significantly lower in
Syn mitochondria compared with NS mitochondria. Values are expressed as the mean pmol/
mg protein £ SD (n = 3), where six cortexes were pooled for each sample. Asterisks indicate
that the Qg and Q1 values were lower in the Syn mitochondria than in the NS mitochondria
at *p < 0.02 and **p < 0.001.
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Expression of ETC protein markers in NS and Syn mitochondria. Representative protein
markers for each of the five ETC complexes were evaluated by western blot as described in
Materials and methods. This pattern is representative of expression found from three
separate isolations, where six cortexes were pooled for each sample. ETC protein expression
was evaluated at least three times to confirm accuracy of data. Voltage-dependent anion
channel (VDAC) was used as a loading control for mitochondrial protein.
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Table 1

Lipid composition of C57BL/6J mouse brain mitochondria

Lipid Non-synaptic Synaptic
Ethanolamine glycerophospholipids ~ 187.4 £12.1  211.7+21.3
Phosphatidylethanolamine 164.9+10.0 184.6+20.3
Plasmenylethanolamine 225+22 27.0+1.0
Choline glycerophospholipids 129.9+7.7 156.3 +26.1
Phosphatidylcholine 119.6 £5.3 137.4+17.2
Plasmenylcholine 1.2+01 24+1.1
Plasmanylcholine 91+£32 16.5+85
Cholesterol 139.0+46.7 126.7£31.2
Cardiolipin 52745 39.9+3.4F
Phosphatidylinositol 9.4+0.8 10.2+0.9
Phosphatidylglycerol 71+05 6.4+0.7
Sphingomyelin 53+1.2 6.5+0.6
Phosphatidylserine 46+15 14.1+30°
Lysophosphatidylcholine 2.7+0.6 33+04
Ceramide 0.7+0.2 1.6+02™

Values are expressed as mean nmol/mg protein + SD (n = 3). Significantly different values from NS mitochondria at

*
p

Fk

<0.02;

p < 0.005 as determined from the two-tailed t-test.
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Table 2

Electron transport chain activities of C57BL/6J mouse brain mitochondri2

Non-synaptic Synaptic

Complex | 975+ 64 533 + 37***

NADH ubiquinone oxidoreductase

Complex 11 292 +18 177 + 277
Succinate decylubiquinone DCIP oxidoreductase

Complex 111 43771 235 + 47
Ubiquinol cytochrome c oxidoreductase

Complex IV 179+ 17 184 £ 50
Cytochrome c oxidase

Complex I/111 269 + 59 244 + 40
NADH cytochrome ¢ oxidoreductase

Complex [1/111 309 + 30 212 + 22*

Succinate cytochrome ¢ reductase

aEnzyme activities are expressed as (nmol/min/mg protein) + SD (n = 3). Significantly different values from NS mitochondria at

*
p < 0.025;

Fk

p <0.01;

Fokk

p < 0.005 as determined from the two-tailed t-test. DCIP, 2,6-dichloroindophenol.
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