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Abstract

We have undertaken a detailed examination of changes associated with aging in lipid composition and corresponding physical
properties of hindlimb skeletal sarcoplasmic reticulum (SR) membranes isolated from young (5 months), middle-aged (16 months), and
old (28 months) Fischer strain 344 rats. Silica gel HPLC chromatography was used to separate phospholipid headgroup species.
Subsequent reversed-phase HPLC was used to resolve fatty acid chain compositions of phosphatidylcholine, phosphatidylethanolamine,
and phosphatidylinositol species. For all three phospholipid pools, significant age-related variations are observed in the abundance of
multiple molecular species, particularly those having polyunsaturated fatty acid chains. Using mass spectrometry (fast atom bombardment
and tandem techniques) to distinguish ester- from ether-linked phosphatidylethanolamine species, we demonstrate that overall plas-
menylethanolamine content is substantially increased with age, from 48 mol% to 62 mol%. A substantial increase is also observed in the
single molecular species 18:0-20:4 phosphatidylinositol suggesting implications for signalling pathways. In addition, associated with
senescence we find a significant increase in the rigidifying lipid, cholesterol. Despite these changes in lipid composition of different aged
animals, the average bilayer fluidity examined at several bilayer depths with stearic acid spin labels, is not altered. Neither do we find
differences in the rotational mobility of maleimide spin-labeled Ca’*-ATPase, as determined from saturation-transfer electron paramag-
netic resonance, which is sensitive to both the fluidity of lipids directly associated with the Ca’*-ATPase and to its association with
proteins.
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1. Introduction

Glycerophospholipids of biological membranes repre-
sent a heterogeneous population of molecular species de-
fined by (a) the chemical structure of the polar headgroup,
(b) the type of linkage to the glycerol moiety, and (c) the
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structure of the aliphatic chains at both sn-1 and sn-2
positions. Relative proportions of these molecular species
in a biological membrane are largely affected by diet,
patho-physiological conditions, and age of the organism
[1-3]. The composition of biological membranes is an
important determinant of both the general physical proper-
ties of the bilayer, and the available concentration of
specific metabolites for a variety of cellular functions,
including pathways related to signal transduction, immune
defense, and lipid synthesis and turnover [4]. Fluidity is
possibly the most critical physical property of the bilayer
with respect to the dynamics and catalytic activity of
integral membrane proteins [5].

Dysfunction of one integral membrane protein, the
sarcoplasmic reticulum (SR) Ca?*-ATPase, which actively
sequesters calcium ions away from relaxing muscle fibers,
has been implicated as the source of the longer relaxation
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times of skeletal muscle observed in aged individuals [6].
Previous work has shown that efficiency of calcium trans-
port and the functional stability of the Ca®*-ATPase are
compromised with age [7,8]. Both characteristics may be
explained in terms of changes in SR lipid composition that
result in the inability of the membrane-spanning peptides
of the Ca’*-ATPase to pack efficiently within the hy-
drophobic bilayer. For example, in a number of biological
membranes, aging is associated with an increase in the
content of rigidifying membrane components, such as
cholesterol and saturated phospholipid molecules [5,9]
The presence of specific lipids has also been shown to
affect the ability of the Ca’*-ATPase to pack efficiently
and stably in the SR membrane [10]. However, questions
regarding the possible role of SR lipid composition in
age-related functional changes cannot be seriously ad-
dressed without information, currently lacking, regarding
possible age-related changes in SR lipid composition. In
addition, direct measurements of their consequences for
bilayer structure are needed.

Therefore, we are interested in identifying possible
changes in lipid composition of SR membranes associated
with aging, and to understand how they may relate to
membrane fluidity and function of the Ca**-ATPase. For
the present study, we have used a combination of HPLC
and mass spectrometric techniques to identify composi-
tional changes of individual lipid molecular species in SR
membranes isolated from skeletal muscle of young adult (5
months), middle-aged (16 months), and old (28 months)
Fischer strain 344 rats. In order to understand the structural
consequences that multiple changes in a heterogeneous
lipid composition may have for the bilayer, we have
measured the rotational dynamics of the predominant SR
membrane protein, the Ca”>*-ATPase, as well as that of the
surrounding SR lipids. These measurements have utilized
both saturation-transfer and conventional electron para-
magnetic resonance (EPR) of nitroxide spin labels. A
preliminary presentation of a portion of this work was
made at the 37th Annual Meeting of the Biophysical
Society [11].

2. Materials and methods
2.1. Materials

HPLC grade solvents were obtained from Fischer (Med-
ford, MA). Choline chloride and synthetic phospholipid
standards were obtained from Sigma (St. Louis, MO).
Phospholipids from animal sources were obtained from
Avanti Polar-Lipids (Alabaster, AL). All other commercial
chemicals were of reagent grade.

2.2. Preparation of rat skeletal SR membranes

Native SR vesicles were prepared from rat hindlimb
muscles as described previously [12]. Vesicles were sus-

pended in a medium containing 0.3 M sucrose and 20 mM
Mops (pH 7.0) and stored at —70° C. For each of three
simultaneous preparations, SR membranes were isolated
from pooled muscle tissue of two each young (5 months),
middle-aged (16 months), and old (28 months) male rats
(Fischer strain 344, Harlan Sprague Dawley, Indianapolis,
IN).

2.3. Assays of enzymatic activity

ATP hydrolytic activity was assayed under various
conditions in order to assess relative proportions of SR,
sarcolemmal, transverse tubule, and mitochondrial mem-
brane in the muscle membrane preparation. Calcium-de-
pendent ATPase activity was assayed at 25° C as a marker
for SR membranes, by colorimetric determination of inor-
ganic phosphate released from vesicles made leaky to
calcium by the addition of 4 uM calcium ionophore
A23187 according to Lanzetta et al. [13]. The reaction
medium contained 0.05 mg SR protein /ml, 100 mM KClI,
5 mM MgCl,, 4 uM A23187, 25 mM Mops (pH 7.0) and
either 0.1 mM CaCl, or 0.1 mM EGTA. The reaction was
started by addition of 5 mM ATP and the initial rate of
release of inorganic phosphate was used to calculate activ-
ity. Activity assayed in the presence of EGTA (basal
activity) was subtracted from that assayed in the presence
of CaCl, (total ATPase activity) in order to obtain cal-
cium-dependent ATPase activity. Vesicular integrity was
assessed from the ratio of calcium-dependent ATPase ac-
tivity in the presence to that in the absence of the calcium
ionophore, A23187.

Calcium-independent ATPase (basal) activity was taken
as an indication of total contamination by other mem-
branes of the muscle cell. Sarcolemmal membrane content
was determined by measuring inhibition of basal ATPase
activity by 2 mM ouabain. Mitochondrial membrane con-
tent was measured from the inhibition of basal ATPase
activity by 16 ug/ml oligomycin. Transverse tubule
membrane content was determined from divalent ATPase
activity {14]. This assay involved measuring ATPase activ-
ity under basal conditions with 1.6 mM CaCl, and without
Mg(Cl,.

2.4. Extraction of SR phospholipids

Lipids of SR membranes were extracted according to
Folch et al. [15] as modified by Hidalgo et al. [16]. Lipid
extracts were stored at —20° C dissolved in chloroform
deoxygenated by bubbling N, gas for 30 min. The extent
of lipid peroxidation in sample extracts and control solu-
tions of authentic 18:0-20:4 PC standards prepared and
stored in the same way was monitored by absorbance at
234 nm characteristic for oxidized polyunsaturated fatty
acids [17]. Lipid peroxidation was found to be negligible
under the conditions employed. Lipid extracts were as-
sayed for phospholipid phosphorus [18] and cholesterol
(using a kit from Abbott, according to Allain et al. [19]).
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2.5. HPLC procedures

SR membrane phospholipid classes were separated us-
ing high-performance liquid chromatography as described
by Blank and Snyder [20] with minor modifications as
described below. Lipid extracts were dried under a stream
of nitrogen and dissolved in a deoxygenated 2-
propanol /hexane /water (54:40:6, v:v) mixture. 0.1 ml of
this solution containing up to 1400 nmol of phospholipid
phosphorus was injected into the HPLC apparatus, con-
structed of two sequentially connected Alltech ECONO-
SPHERE SILICA 5 pm columns (250 mm X LD. 4.6
mm). The elution rate was 1 ml/min using a complex
gradient solvent system maintained with an ISCO 2360
gradient programmer. The eluant was composed of 2-pro-
panol /hexane (1:1, v:v) mixture and 3% to 8% of water
with a 5-min exposure to 0.75 mM of lithium chloride
(Fig. 1A).

Detection was by absorption at 205 nm. Retention times
(R,) of major phospholipid components were determined
using standards of commercially available pure lipids from
natural sources. R, values vary depending on the degree of
silica column ‘polarization’, i.e., the time of contact with
strong polar solvent such as water. Periodically, namely
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Fig. 1. HPLC separation of phospholipid headgroup species from lipid
extracts of skeletal SR membranes from young (5 months) Fischer 344
rats. 189 nmol of lipid phosphorus was injected in an 100 ul volume and
eluted using a gradient system (A); the elution profile is shown in (B).
Peaks were identified using retention times (R,) obtained from the
following authentic standards: R, =9-11 min, heart cardiolipin (CL);
R, =24-26 min, liver L-a-phosphatidylinositol (PI); R,=26-27 min,
bovine brain L-a-phosphatidylethanolamine (PE); R, = 28-30 min, brain
L-a-phosphatidylserine (PS); R, =31-32 min, 1-palmitolyl-2-oleoyl-sn-
glycero-3-phosphate (PA); R, = 34-38 min, bovine brain L-a-phospha-
tidylcholine (PC); R, = 39-40 min, L-a-lysophosphatidylcholine (LPC).

after ca. 25 injections, the precolumn filler was changed
and the columns were regenerated using SUPELCO silica
column regeneration solution. Peaks were collected and
subjected to phosphorus analysis as described above. Usu-
ally, 92-95% of the total lipid phosphorus injected was
recovered after chromatography.

Phosphatidylcholine (PC), phosphatidylethanolamine
(PE) and phosphatidylinositol (PI) fractions were separated
into molecular species on a 4.6 X 250 mm ISCO Spherisorb
5 pm ODS-2 C,; reversed phase column essentially as
previously described [21]. The elution was performed with
a methanol /water /acetonitrile 90.5:7:2.5 (v:v) mixture
containing 20 mM choline chloride at a flow rate of 2.0
ml/min. The molecular species of phospholipids in each
peak were identified by relative retention times and equiv-
alent chain length procedures reported by Wiley et al. [22].
Fractions collected from the column were dried under a
stream of nitrogen and redissolved in 20 ul of the same
mixture. Samples of individual fractions were rechromato-
graphed prior to mass spectrometry analysis on silica
column as described above, but without LiCl.

Quantitation of individual molecular species’ chromato-
grams was assessed by phospholipid phosphorus analysis
as described above and confirmed by integration of peak
areas using authentic standards with an appropriate amount
of double bonds per molecule. It should be noted however
that spectrophotometric detection at 205 nm is incapable of
detection and quantitation of lipids with saturated fatty
acids at both sn-1 and sn-2 positions. However, according
to previous studies [23,24], these phospholipid species
account for only about 1-2% of the total lipid content in
animal sources.

2.6. Mass-spectrometry procedures

Selected peaks in PC and PI pools and all fractions in
PE pool were subjected to fast atom bombardment (FAB)
and tandem mass spectrometry analysis on an AU-
TOSPEC-Q tandem hybrid mass spectrometer (VG Analyt-
ical, Manchester, UK) equipped with an OPUS data sys-
tem. FAB mass spectrometry experiments were performed
using a cesium gun operated at 20 keV energy and 2 pA
emission. Triethanolamine (TEA) and magic bullet (MB,
dithioerythritol /dithiothreitol, 1:3 (w/w)) were used as
matrices. Collisionally induced dissociation (CID) experi-
ments were performed with precursor ions attenuated 50%
with xenon in the collision quadruple. The collision energy
used was 60 eV (laboratory frame of reference). The
analyzer quadruple was tuned to 1.5 atomic weight units
full width at half height and the precursor ion was trans-
mitted with MS1 tuned to 1500 resolution. The scan rate
was 1 s/100 atomic weight units and 5 scans were inte-
grated. The method used to determine the fatty acid side
chains was adapted from observations by Gross et al. [25].

The molecular weight of PCs in collected HPLC peaks
was determined using FAB in the positive ion mode with
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MB as a matrix. The fatty acid composition of individual
PCs was made by collisionally activating the correspond-
ing (M-15)" ion generated when the same sample was
ionized from TEA in negative ion mode. CID yielded
abundant RCOO™ ions, providing the molecular weight of
attached fatty acids. PE and PI samples were analyzed in
negative ion mode exclusively and were always run in two
matrices, TEA and MB. Both matrices gave abundant
matrix adducts, primarily (Phospholipid + Matrix-H)~
ions. The use of two matrices simplified the identification
of (M-H)~ ions. Fatty acid indicating ions from PE and PI
samples were generated by CID of (M-H)™.

2.7. Spin labeling

Hydrocarbon chain mobility was measured with the
fatty acid spin label, a N-oxyl-4',4’-dimethyloxazolidine
derivatives of stearic acid (Aldrich), designated 5-, 7-, 10-,
12-, and 16-SASL (stearic acid spin label) using conven-
tional EPR techniques. The spin label was diluted from a
stock solution in dimethylformamide into ethanol before
adding to SR at a ratio of less than one spin label /200
phospholipids, with the final ethanol concentration less
than 1%. To measure rotational motion of the Ca®*-ATPase
protein, SR was labeled with a short chain maleimide spin
label, N-(1-oxyl-2,2,6,6-tetramethyl-4-piperidinyl)malei-
mide (Aldrich) as described previously [26,27].

2.8. EPR spectroscopy

EPR spectra were obtained with a Varian E-109 spec-
trometer. Submicrosecond rotational motion of spin labels
was detected by conventional EPR (first harmonic absorp-
tion in-phase, designated V,) using 100-kHz field modula-
tion (with peak-to-peak amplitude of 2 G) and a mi-
crowave field intensity of 0.032 G. Submillisecond rota-
tional motion was detected by saturation-transfer EPR
(second harmonic absorption out-of-phase, designated V)
using 50-kHz field modulation (with a modulation ampli-
tude of 5 G) and a microwave field intensity of 0.25 G. All
EPR samples were suspended in 0.3 M sucrose, and 20
mM Mops (pH 7.0).

2.9. Spectral analysis

Conventional EPR spectra of fatty acid spin labels were
evaluated by measuring the effective order parameter S,
which depends only on the angular amplitude of the
motion of the probe. Assuming very fast anisotropic mo-
tion of the probe (r, <1 ns; where 7, is the effective
rotational correlation time), an increase in rate has no
effect on the positions of the spectral extrema. Values of S
greater than 0.3 can be measured using the standard for-
mula relating S to both inner and outer extrema [28,29],
ie, §=1.66- (T — (T, +C)/T— AT, + O,
where C = 1.4 —0.053 - (T, — T",). 2T, and 27 are the

measured inner and outer extrema resolved in the EPR
spectrum in gauss.

The effective rotational correlation times for maleimide
spin-labeled SR were determined from ST-EPR spectra
using a plot of lineshapes versus correlation time based on
reference spectra of known correlation time obtained from
isotropically tumbling spin-labeled hemoglobin in aqueous
glycerol solutions [30).

3. Results
3.1. Characterization of SR preparations

Native SR membranes were purified from pooled skele-
tal muscle of (two animals each) young adult (5 month),
middle age (18 month) and old (28 month) Fischer 344
rats. This purification results in substantial enrichment of
the SR membrane, but not without some co-purification of
other organellar membranes that are in close proximity
within the muscle cell. The extent of this contamination by
other muscle membranes presents considerable variability
between preparations. Thus for this study we have com-
pared different SR samples within the same preparation in
order to eliminate differences due to prep-to-prep varia-
tion. Approximately 12% of the total ATP hydrolysis
activity of these preparations arises from calcium-indepen-
dent ATPases (Table 1). These ATPases are associated
with mitochondrial, sarcolemmal, and transverse tubule
membranes. Since their lipid compositions are quite dis-
tinct from that of SR, it is important to take into considera-
tion possible contributions from their component lipids in
our analysis. We have therefore quantitated the relative
contributions of these membranes in our SR preparations
by utilizing specific inhibitors of: (1) the F,-F,-ATPase in

Table 1
Relative proportions (%) of marker membrane activities *

Marker enzymes S months 16 months 28 months
Basal ATPase ° 11.8+03 11.3+03 121+1.1
Sarcolemmal ATPase © ND.¢ N.D.¢ 1.2+0.1
Mitochondrial ATPase © 49+0.6 53402 47402
Transverse-tubule ATPase T 6.7+03 ** 48401 5.8409

* All activities are expressed as percent of total (+ Ca)-ATPase activity.
Total (4 Ca)-ATPase activity is independent of age and equals to 4.1 + 0.3
I.U. Data are means of duplicate trials 4 S.D.

® Basal (calcium-independent) ATPase activity was assayed with EGTA
present instead of CaCl,.

¢ ATPase activities inhibitable by addition of 2 mM ouabain.

d N.D., not detected.

© ATPase activities inhibitable by addition of 16 wg/ml oligomycin.
* 28 month sample was significantly different from 16 month sample, at
the P <0.1 level.

! Transverse-tubule Mg2*-ATPase activities are determined using the
reaction conditions as for a, with 1.6 mM CaCl, and without MgCl,.
** 5 month sample was significantly different from 16 month sample, at
the P <0.05 level.
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Table 2
Cholesterol content and protein/phospholipid ratio in rat skeletal SR
preparations *

Age Cholesterol Protein /lipid ratio
(ug/ pmol (mg/ pmol lipid
lipid phosphorus) phosphorus)

5 months 33.1+£0.7 1.8+02

16 months 324+12 23+0.2

28 months 363103 " 24403

* Data are mean values of three separate determinations + S.E.
* 28 month sample was significantly different from 16 month and 5
month samples, at the P < 0.05 level for both.

mitochondrial membranes, i.e., oligomycin, and (2) the
Na'*/K*-ATPase of the sarcolemma, i.e., ouabain, as well
as assaying the activity of (3) the ATPase of transverse
tubular membranes. We find that mitochondrial and trans-
verse tubule membrane ATPases contribute roughly equal
specific activities to the total basal activity; sarcolemmal
membranes are virtually absent from these preparations
(Table 1). Age-related variations in relative membrane
composition are minimal. However, small but statistically
significant decreases in mitochondrial contamination (P <
0.1) are observed at 28 month and in transverse tubules at
16 month (P <0.05). Nevertheless, the content of SR
membranes is unchanged with age of animals.

Lipid extracts from each preparation were subjected to
total cholesterol and lipid phosphorus analysis; SR mem-
branes were subjected to lipid phosphorus and protein
analysis. The results are summarized in Table 2. We find
no significant age-related changes in protein/lipid ratios;
however, old animals exhibit a 10-12% increase in choles-
terol content compared with young and middle-aged ani-
mals. This result agrees with other studies in this labora-
tory comparing cholesterol content of 5 month with 28
month rat skeletal SR in which we consistently have
observed increased cholesterol (17 + 6%, n = 6) in senes-
cent animals.

3.2. Separation of phospholipid headgroup classes

Fig. 1 shows a normal-phase HPLC chromatogram of a
total lipid extract of rat skeletal SR membranes. Each
eluted peak was identified by comparison to retention
times of authentic standards prepared from commercially
available pure lipids. Identification of selected PC, PE and

PI fractions was confirmed by mass spectrometry. All
major phospholipid classes for all three preparations were
resolved with one exception; resolution of PA was not
achieved for middle-aged animals (Table 3). It should be
noted, however, that sphingomyelin was not detected un-
der the conditions employed. In these membranes, lyso-
phosphatidylcholine (LPC) was detected in amounts of
0.1-0.2% of total phospholipid phosphorus, indicating that
lipid degradation was minimal.

We find the most notable change in the headgroup
composition of phospholipid species is the increased cardi-
olipin level, that is observed in senescence, i.e., between
16 and 28 months (Table 3). Although the increase in this
species is small, less than 0.16 mol%, this represents
almost a 50% increase with respect to levels in young and
middle-aged animals (Table 3). Cardiolipin is a significant
and unique component of mitochondrial membranes; the
low levels found in SR membrane preparations are gener-
ally thought to arise from mitochondrial contamination.
Therefore, the observed increases in cardiolipin abundance
may reflect age-related changes of this species in mito-
chondrial membranes. Small increases and decreases in PE
and PS, respectively, are observed between 5 and 16
months (Table 3).

3.3. Separation of phospholipids into fatty acyl chain
species

HPLC peaks corresponding to major phospholipid head
group species, PC and PE, and PI, were each rechromato-
graphed on a C,; reversed-phase column (Fig. 2). Under
these conditions phospholipid elution is influenced by both
chain length and degree of unsaturation. In most cases the
resulting peaks correspond to individual molecular species
of PC, PE and PI (Tables 4-6). Comparison of HPLC
traces associated with SR lipid extracts from young, inter-
mediate and old animals allows a reliable detection of
age-related changes in phospholipid composition of SR
membranes.

We used mass spectrometry to confirm retention time-
based assignment of molecular species of PE, the major
plasmalogen-containing species in SR membranes. Exact
acyl carbon chain length and double bonds in each acyl
group cannot be deduced from the FAB-produced ion
alone. For example, (M-H)~ ion mass of 747 can corre-

Table 3
Lipid composition (mol%) of skeletal SR membranes *
Age CL®* PI PE® PS°® PA PC

5 months 037+ 005 * 76+10 179 £ 0.5 41101 13+0.1 687102
16 months 0301001 """ 80+05 202406 "7 32+01*" -4 68.4 + 0.6
28 months 0.46 + 0.01 # 79+02 21.0+06 *" 31+04 " 14401 66.2 £ 0.6

? Abbreviations used are the same as in Fig. 1. Data are mean values of three or four separate determinations + S.E.
b Lipid species exhibiting significant age-related changes: * P < 0.05 and " * P < 0.01 from the values of 5 month animals.
© Lipid species exhibiting significant age-related changes # P <0.01 from the values of 16 month animals.

4 PA was not separated from PC in these experimental series.
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Fig. 2. C,4 reversed-phase HPLC separation of the molecular species of
skeletal SR lipids: PC (A), PE (B), and PI (C). SR lipids were isolated
from 5 months (dotted lines), 16 months (dashed lines), and 28 months
(solid lines) old animals. Peaks are numbered; identification and quantita-
tion of corresponding species are shown in Tables 4—6. Identification of
peaks by relative retention times and mass spectrometry is described in
detail in Materials and methods. To ease comparison, all HPLC chro-
matograms are normalized to the height of the highest peak in prepara-
tions from old animals.

spond to either 16:0-22:6 acetenyl-acyl PE, 18:0-18:0 dia-
cyl or 16:0-20:0 diacyl PE. Therefore, we employed tan-
dem mass spectrometry CID analysis to distinguish ether-
linked from ester-linked acyl chains at the sn-1 position of
the glycerol moiety [31]. Authentic PE standards of known
chemical structure were examined by CID of (M-H)~ ions.
As little as 10 pmol of PE with ester-linked acyl chains
applied to the FAB probe provided abundant RCOO™
ions. However, application of ether linkage-containing PEs
failed to provide a diagnostic ion for the ether-linked chain
length. PEs with mixed ether and ester linkages gave
abundant ions for only the ester linked chain. Thus, ether-
linked acyl chains were assigned to PE samples from SR
membranes on the basis of a lack of signal between 200
and 400 atomic weight units in the CID spectrum of
(M-H)~ ions required to account for the complete molecu-
lar weight of the PE. Fig. 3A and B is an example of PEs

with a 18:2-22:6 di-acyl- and 16:0-22:5 acethenyl-acyl-
composition, respectively. Only the carboxylated ions are
detected in CID spectra.

Resolution of plasmenyl ethanolamines in lipid frac-
tions from different aged animals demonstrates significant
age-related changes in several plasmenyl species, particu-
larly 18:0-22:6 and 16:0-20:4 acetenyl-acyl-phosphatidyl-
ethanolamines (Table 5). Overall, ethanolamine plasmalo-
gen containing peaks increased with age from 48 to 62
mol%; most of this change had occurred by middle age.

Thus, we find that the molecular species composition
observed here (Tables 4—6) is similar to that reported for
skeletal SR membranes of other animals [32,33]. The
present results indicate multiple age-related variations in
the abundance of certain individual species in PC, PE and
PI fractions. The most dramatic changes involve those
species containing polyunsaturated fatty acyl chains; some
decrease with age; others correspondingly increase (Tables
4-6). For each headgroup pool (PC, PE and PI) the
average level of unsaturation, indicated by the mean num-
ber of carbon-carbon double bonds per phospholipid
molecule, shows only modest changes with age. We note
that no new molecular species appear in SR membranes of
different-aged animals.
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Fig. 3. CID mass-spectra of 787 (A) and 749 (B) ions derived from
FAB~ ionization (insets) of PE samples collected from HPLC separation
(Fig. 2B), peaks 1 and 7, respectively. Details are described in the text.
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Table 4

Molecular species of rat skeletal SR PC *

Peak No. Molecular species ° 5 months 16 months 28 months
1 16:1-20:4 trace trace trace
2 16:0-20:5 1.1+0.1 07101 1.1+0.1
3 18:2-20:4 21402 1.8+0.1 1.8+0.2
4 16:0-16:1 ¢ 26+0.2 26102 24+0.2
54 16:0-22:6(n — 3) 141¢12* 16.0+£0.7 * 10.0 £ 0.6
6 16:1-18:1 + 16:0-20:4 + 16:0-18:2 330+13 " 332+03 " 375408
7 18:1-18:2 23.0+2.1 2461+ 2.0 252421
849 16:0-20:4 AA 89+05 " 65+04 " 10.6 + 0.4
9 16:0-18:1 ¢ 1.1+0.1 22403 12+0.1

10 18:0-20:4 47+04 46108 3103

11°¢ 18:0-18:2 94408 77+07%* 7.2 £0.6 *#

12 18:0-20:4 AA trace trace trace

13 18:0-22:5 trace trace trace

Mean unsaturation 35 35 34

* PC molecular species were separated by reversed-phase (C,3) HPLC, peak numbers correspond to those shown in Fig. 2A. Quantitation was assessed as
described in Materials and methods. Values are expressed in mol%.
® Tentative assignment based on relative retention times. AA indicates acethenyl-acyl-phosphatidylcholines.
¢ Assignment was confirmed by mass spectrometry.
d Major molecular species (= 5 mol%) exhibiting significant age-related changes from the values of 28 month animals (* P < 0.01).

¢ Major molecular species (= 5 mol%) exhibiting significant age-related changes from the values of 5 month animals (¥ P < 0.1 and *# P < 0.05).
f Calculated mean number of carbon-carbon double bonds per phospholipid molecule.

In contrast to PC and PE fractions, the 18:0-20:4 species

is the predominant species of PI, comprising more than 50
mol% of these phospholipids. A substantial increase is
observed in this fraction from young to old age, at the
expense of a number of other molecular species having
unsaturated chains, for example, 18:0-22:6, 18:1-20:3 and
16:0-22:5 (Table 6). Although the statistical variation of
the 18:0-20:4 species at middle age does not allow us to
define the age-related progression of this change, statisti-
cally significant trends in these other species indicate a

compositional remodelling that occurs throughout the ani-
mal’s lifespan with the greatest extent of these changes
occurring by middle age.

3.4. Spin-label EPR measurements of protein and lipid
dynamics

Changes in lipid composition may influence bilayer
physical properties, which have been shown to directly
modulate the transport activity of a large number of trans-

Table 5
Molecular species of rat skeletal SR PE 2
Peak No. Molecular species ° S months 16 months 28 months
1 18:2-22:6 di 09+0.1 15+£05 12+01
2 16:1-22:5 di 1.9+03 07+03 22403
3¢ 16:0-22:6 di 75+18 103+02 " 93404
4° 16:1-22:4 di + 16:0-20:4 di 9.6 +0.4 51+07 """ 59406 """
5¢ 16:0-22:6 AA + 18:1-18:2 di 17.9+28 234414 222413 °*
6° 16:0-20:4 AA 6.6+28* 51407 *# 11.6+11
7 16:0-22:5 AA 57+26 44109 7.0+03
8¢ 18:0-22:6 di 160+29 204 + 0.4 *# 139+ 1.4
9°¢ 18:0-20:4 di + 18:0-18:2 di 16.0 £ 0.9 29+14 " 59405 """
10 ¢ 18:0-22:6 AA 132409 175+03 *** 140+ 1.6
11 18:0-22:5 di + 18:0-18:2 AA 1.9+01 73402 58+01
12 18:0-22:5 AA 2.8+0.3 14+01 1.2+01
Plasmalogenic species “° 48.1+4.8 59.1+19 618+24 "
Mean unsaturation 4.6 5.1 5.1

* PE molecular species were separated by reversed-phase (C,3) HPLC, peak numbers correspond to those shown in Fig. 2B. Quantitation was assessed as
described in Materials and methods. Values are expressed in mol%.
b Assignment based on mass-spectrometry data; di stands for di-acyl-phosphatidylethanolamines; AA stands for acethenyl-acyl-phosphatidylethanolamines.
¢ Major molecular species (> 5 mol%) exhibiting significant age-related changes from the values of 5 month animals (* P <0.1, ** P <0.05 and

Tt P<0.01).

¢ Major molecular species (> 5 mol%) exhibiting significant age-related changes from the values of 28 month animals (* P < 0.05 and *# P <0.01).
© Percentage of lipid phosphorus found in plasmalogen-containing peaks.
f Calculated mean number of carbon-carbon double bonds per phospholipid molecule.
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Table 6
Molecular species of rat skeletal SR PI #
Peak Molecular 5 months 16 months 28 months
No.  species®
1 14:0-22:6 trace trace trace
2 16:0-16:1 trace trace trace
3 16:0-18:2 trace trace trace
4°¢  16:0-22:5(n—-3) 55405 3.6+04°" 3.0+04 "
5 18:1-18:2 45402 40402 34402
6% 181-20:3(n—3) 71+10 32407 ¥ 22403 °**
7 16:0-20:3(n —3) trace trace trace
8¢ 18:0-22:6 58409 36+08° 28405 "
9°¢ 18:0-20:4° 50.5+33 547459 621436 "
10¢ 18:0-18:2¢ 137452 156+15%* 133103
1°¢  18:1-18:1 52405 78+10" 71406 "
12 18:0-20:3(n—6) 3.1+0.6 3.51+06 28405
13 18:0-18:1° 47405 39104 33105
Mean unsaturation | 3.6 34 3.5

* PI molecular species were separated by reversed-phase (C,g) HPLC,
peak numbers correspond to those shown in Fig. 2C. Quantitation was
assessed as described in Materials and methods. Values are expressed in
mol%.

® Tentative assignment based on relative retention times.

¢ Major molecular species ( > 5 mol%) exhibiting significant age-related
changes from the values of 5 month animals (* P <0.05 and " P <
0.01).

¢ Major molecular species ( > 5 mol%) exhibiting significant age-related
changes from the values of 28 month animals (* P < 0.1).

© Assignment was confirmed by mass spectrometry.

f Calculated mean number of carbon-carbon double bonds per phospho-
lipid molecule.

port proteins, including the Ca?*-ATPase [34,35]. The
transport activity of the Ca?*-ATPase from skeletal SR has
been shown to be modulated by the surrounding lipid
dynamics [27,36], or through changes in protein-protein
associations [37,38]. Therefore, the measurement of the
rotational dynamics of both the lipid and Ca**-ATPase in
SR membranes from young, intermediate, and aged ani-
mals is critical to an assessment of how the multiple
age-related changes in membrane lipid composition may
influence the bilayer’s physical properties.

Using stearic acid spin labels (SASL) with a nitroxide
reporter group covalently linked to different positions along
the hydrocarbon acyl chain relative to the «-carbonyl
group, we were able to assess any possible changes in the
dynamic properties of the bilayer associated with aging.
Since spin-label EPR measurements resolve bulk lipids
that are relatively unperturbed by the Ca’*-ATPase from
those lipids adjacent to the Ca’*-ATPase [39], we were
able to assess changes in the physical properties of both
the bulk and protein-associated lipid environments. Those
lipids in direct contact with the Ca?*-ATPase represent
about 40% of the total membrane lipids in skeletal SR, and
are readily resolved [36]. There were no changes in the
rotational dynamics of either population of lipids associ-
ated with aging, as assessed by spectral subtractions which
indicate no spectral changes (data not shown). The appar-
ent order parameters (S) obtained using 5-, 7-, 10-, 12-,

and 16-SASL are shown (Fig. 4). All SR membranes
exhibit normal fluidity gradients with respect to acyl chain
dynamics, i.e., spin probes at the center of the bilayer
exhibit less order than those near the bilayer surface
[40,41]. Regardless of the position of the nitroxide on the
SASL, fatty acyl chain dynamics show no age-related
differences.

3.5. ST-EPR measurements of protein rotational diffusion

Measurements of protein rotational diffusion provide a
sensitive complementary measurement regarding mem-
brane structure, since rotational diffusion is sensitive to
both the membrane viscosity (i.e., acyl chain dynamics)
and the extent of protein-protein associations [42,43]. Pre-
vious studies regarding age-related effects in SR mem-
branes have suggested that aging is associated with an
increased tendency for the Ca?*-ATPase to undergo self-
association when subjected to mild heating (37°C) [8].
Therefore, we have utilized conventional- and saturation-
transfer EPR (ST-EPR) to measure the rotational dynamics
associated with the Ca®*-ATPase (Fig. 5). Conventional
EPR (Fig. 5a) is sensitive to nanosecond rotational dynam-
ics related to probe mobility. Utilizing labeling conditions
described in detail elsewhere [26,27], a covalent maleimide
spin label is covalently attached to the Ca’*-ATPase.
Under these labeling conditions approx. 5 nmol of spin
label per mg SR (about 0.8 mol MSL /mol Ca®*-ATPase)
is rigidly bound to the ATPase as evidenced by the rela-
tively small population of weakly immobilized spin labels
(i.e., those probes undergoing nanosecond rotational mo-
tion are indicated by W in Fig. 5a and represent about
3-4% of the covalently bound spin labels) relative to those
spin-labels that indicate no nanosecond rotational motion

08} R
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Order parameter (S)

L i L

0 5 10 15 20
n-position (n-SASL)

Fig. 4. Order parameters (S) calculated from conventional EPR spectra of
a series of n-SASL incorporated into skeletal SR membranes of young
(O), intermediate (A), and old (O) rats. Standard errors in S values
vary from +0.005 for young to +0.006 for old animals. Decreasing
order parameters at greater depths in the bilayer are indicative of the
fluidity gradient normally observed in lipid bilayers. Spectra were ob-
tained at 4° C using 10 mg SR protein/ml, and a microwave power of 10
mW.
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Fig. 5. Spin-label EPR spectra of the Ca>*-ATPase. Top panels: conventional EPR (a) and ST-EPR (b) spectra correspond to maleimide spin labeled
Ca’*-ATPase in sarcoplasmic reticulum membranes from young (solid line), intermediate (dashed line), and old (dotted line) animals. Bottom: residuals
are shown resulting from subtracting the spectra obtained for the spin-labeled Ca*-ATPase in old (middle pancls) and intermediate (bottom panels) aged
animals from the spectra obtained for that from young animals. All spectra were measured at 4° C in 0.3 M sucrose, 20 mM Mops (pH 7.0) at a protein
concentration of 70 mg,/ml. 1.6 nmol MSL was incorporated per mg of SR, irrespective of the source of the sarcoplasmic reticulum membrane. In all cases
the scan width is 120 Gauss. Microwave field intensities used to measure the conventional and ST-EPR spectra were 0.12 and 0.25 Gauss, respectively.
Modulation amplitudes used to measure the conventional and ST-EPR spectra were 2.0 and 5.0 Gauss, respectively. The gain used to measure the ST-EPR
spectra was approx. 10-fold higher than that used to measure the conventional EPR spectrum. Conventional EPR spectra were analyzed by the outer

hyperfine splittings (27}) and by the ratio of the low field peaks designated W and S. Correlation times were calculated from ST-EPR line shapes, i.e.,
from low field peaks L and L, center field regions C’ and C, and high field regions H” and H.

Residuals

(i.e., S in Fig. 5a). The attachment of spin labels that are cle (Fig. 5b). We observe no age-related changes in the

immobilized on the conventional EPR time-scale permits shape or intensity of the spectra associated with the rota-
the measurement of the hydrodynamic properties of the tional dynamics of the Ca’>*-ATPase in SR membranes, as
Ca’*-ATPase using ST-EPR (Fig. 5b). evidenced by the negligible intensity associated with the

The shape and intensity of the ST-EPR spectra are residuals obtained upon spectral subtraction of the ST-EPR
sensitive to motion. In particular, rotational diffusion serves spectra associated with membranes obtained from interme-
as a relaxation mechanism and selectively reduces spectral diate or aged animals relative to the ST-EPR spectra
intensity in diagnostic regions of the spectra (i.e., L', C’, associated with membranes obtained from young animals.
and H”). We have measured the rotational dynamics of the Utilizing reference spectra obtained from spin-labeled
Ca’*-ATPase from skeletal SR membranes purified from hemoglobin we were able to estimate the effective rota-
young, intermediate, and aged rat hind-limb skeletal mus- tional correlation times of the Ca?*-ATPase using both the
Table 7
Spectral parameters from conventional and ST-EPR spectra
Sample EPR parameters * ST-EPR parameters °

W/S 21; /L c/c H'/H L'/L,,

5 months (7,, us) 0.24 66.8 0.83 (66 pus) 0.35 (20 ps) 0.70 (107 us) 0.124 (30 ps)
16 months (7,, us) 0.29 67.0 0.85 (72 us) 0.35 (20 us) 0.74 (120 us) 0.127 (31 us)
28 months (7, us) 0.28 66.8 0.81 (61 us) 0.31 (17 us) 0.70 (107 us) 0.119 (28 us)

? Conventional EPR parameters are described by the outer hyperfine splittings (2T,’|) and by the W /S ratio, where W and S are the heights of the low field
peaks (weakly and strongly immobilized probes, respectively. See Fig. SA).

® ST-EPR line shape and intensity parameters (see Fig. 5B for designations) were used to calculate effective rotational correlation times using an empirical
calibration curve obtained from isotropic reference spectra of MSL-Hb in solutions with varying glycerol concentrations. The calibration curves obtained
were virtually identical to those previously published [26,30]. The standard deviations of these measurements were 0.03 (L’ /L), 0.06 (C'/C), 0.08
(H"/H), and 0.008 (L"/L,,), corresponding to standard deviations in the correlation times of 7 us (I’ /L), 5 us (C'/C), 23 pus (H"/H), and 5 ps
(L' /L,,), respectively.
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lineshape and intensity parameters obtained from the spec-
tra (Table 7). These measurements provide increased preci-
sion in the measurement of the rotational diffusion of the
Ca?*-ATPase, as a result of their different sensitivities to
common errors associated with the measurement of ST-
EPR spectra [30]). We observe no changes in the effective
rotational correlation times obtained from either the line-
shape or intensity parameters, again emphasizing that there
are no age-related differences in protein-protein associa-
tions in SR membranes. The apparent discrepancies be-
tween the effective rotational correlation times obtained
from the different spectral parameters is indicative of
anisotropic rotational motion, as would be expected for a
membrane protein undergoing uniaxial rotational motion.
These measurements of the rotational dynamics of the
Ca®*-ATPase are consistent with earlier measurements of
the rotational diffusion of the Ca2*-ATPase from rabbit
skeletal SR membranes [26].

4. Discussion
4.1. Summary of results

We have undertaken a detailed examination of SR lipid
composition, correlated with direct measurements of dy-
namic bilayer structure in order to understand environmen-
tal influences of lipids on the maintenance of normal
calcium regulation by the Ca®*-ATPase in aged skeletal
muscle. We have investigated differences in protein /lipid
ratios, cholesterol content, phospholipid headgroup compo-
sition, and individual fatty acyl chain species of the major
headgroup species: phosphatidylcholine (PC) and phospha-
tidylethanolamine (PE) as well as phosphatidylinositol (PI)
in SR membranes. The results of this work indicate that
the major phospholipid molecules are 16:1-18:1 and 16:0-
20:4 (18:2); 16:0-22:6 and 18:1-18:2; and 18:0-20:4; for
PC, PE, and PI, respectively, an observation that highlights
the unsaturated character of SR membranes (Tables 4—6).
No new phospholipid species appear in SR membranes of
different aged animals, although we find substantial varia-
tions in the content of cholesterol, plasmalogens, multiple
molecular species that contain highly unsaturated fatty
acids, and the single molecular species, 18:0-20:4 PIL
Despite differences found in the relative abundance of
multiple unsaturated phospholipid species and in choles-
terol content of SR membranes isolated from different
aged animals, the rotational dynamics of spin labels at-
tached to either fatty acids or the Ca?*-ATPase in the SR
membrane are unaltered (Figs. 4 and 5). Therefore, even
substantial age-related changes in individual lipid species
that would be expected to alter bilayer fluidity are associ-
ated with compensatory changes in one or more other lipid
species. As a consequence, optimal fluidity and hence,
optimal enzymatic activity of the major intrinsic SR pro-
tein, the Ca’*-ATPase are maintained.

4.2. Rationale for experimental approaches

The aim of this research has been to examine changes
which occur in the organism exclusively due to aging
rather than diet, disease or environmental conditions.
Therefore, as a mammalian aging model, we have utilized
the Fischer strain 344 rats, whose genetics and mortality
are well characterized. These animals are raised under
carefully controlled environmental conditions (see, for re-
view, [44]). We have used three separate age groups of
adult (male) animals: (i) 5 months old sexually mature
‘young’ rats; (i) 16 months old ‘middle-aged’ rats; and
(iii) 28 months ‘old’ rats, whose age corresponds to mid-
way through a steep decline in mortality for this rat
population. Thus, we have the means to distinguish changes
that are associated solely with senescence from those that
may be part of a progressive pathway throughout the life
span of the individual, or alternatively, associated with late
maturation from young adulthood to middle-age.

Recent advances in applications of HPLC techniques
have allowed us to separate and identify individual phos-
pholipid species, comparing SR membranes isolated from
animals of different ages, without the necessity of chemi-
cal derivatization and hydrolytic digestion of phospho-
lipids, and the resulting increased sample variability. We
have used a simple two-step resolution of SR lipids, first
separating classes that correspond to different headgroups,
followed by separation of phospholipids having different
fatty acyl chains. This has involved sequential separation
on silica and C,; reversed-phase HPLC columns, an ap-
proach that both facilitates analysis and maintains intact
polyunsaturated fatty acids throughout the analytical proce-
dure [22].

4.3. Interpretation of results

In most cases, we expect that observed changes in lipid
content of the isolated membranes represent age-related
changes associated with the SR. However, it is important
to consider the alternate possibility, i.e., that these changes
are primarily a result of age-related variations in co-puri-
fied mitochondrial and /or transverse tubule membranes.
The low abundance of these co-purified membranes in our
native SR preparation suggests that this alternative is
unlikely (Table 1). Taking into account lipid/protein ra-
tios, specific catalytic activities and relative abundance of
marker enzymes for SR [33], transverse tubule [45] and
mitochondrial membranes [46,47], an estimated 7 wt% and
11 wt% change in the abundance of an individual molecu-
lar species in a contaminating transverse tubule and mito-
chondrial membranes, respectively, would be required in
order to account for even a 1 wt% change in the overall
composition of that species in the isolated membranes.
Thus with the exception of the small increase in cardi-
olipin (Table 3), probably arising from mitochondrial
membranes, we can assume that observed changes in
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membrane composition are primarily due to alterations in
SR phospholipid species. Moreover, we can correlate total
membrane lipid composition with fluidity measured with
fatty acid spin probes since these nondiscriminately sample
all composite membranes. On the other hand, our measure-
ments of Ca’*-ATPase protein rotational motion are spe-
cific to the SR membrane.

4.4. Effects on bilayer fluidity

Among significant age-related changes in lipid compo-
sition, we find that cholesterol content is higher in SR lipid
extracts from old animals in comparison with those from
young and middle-aged rats (Table 2), and thus represents
a change associated only with senescence. This finding is
consistent with reports of age-related accumulations of
cholesterol in endoplasmic reticulum membranes from sev-
eral different tissues [48], and predicts a rigidifying effect
on the membrane.

The distribution of phospholipid headgroups does not
show significant changes associated with aging (Table 3).
However, multiple fatty acyl chain species, particularly
those with highly unsaturated chains, exhibit both in-
creases and decreases in their relative abundance in the
three headgroup classes (PC, PE, and PI) that we examined
(Tables 4-6). Estimates of average unsaturation per phos-
pholipid molecule for the three phospholipid pools, that we
have assayed, show only modest age-related differences.
The limited ability to predict a general physical property
such as bilayer fluidity from even a detailed knowledge of
membrane composition has motivated our direct measure-
ments of bilayer fluidity using spin label EPR. Previous
studies have demonstrated under a variety of experimental
conditions that there is a consistent correlation, indeed
requirement, of protein rotational mobility for optimal
transport function of the SR Ca?*-ATPase [27,36,37,49].
Rotational diffusion of a membrane protein is sensitive to
both the fluidity of the surrounding bilayer and the size
and shape of the protein [42]. Therefore our complemen-
tary measurements using fatty acid spin labels and
maleimide spin-labeled Ca?*-ATPase indicate that neither
bilayer fluidity nor associations between individual Ca?*-
ATPase molecules are altered upon aging (Figs. 4 and 5).
Neither are dynamics of the first shell of lipids around the
Ca®*-ATPase changed, suggesting that lipid density and
lipid packing around the enzyme is unaltered. Therefore,
any age-related dysfunction of the Ca?*-ATPase is more
likely to be a result of protein modification rather than its
lipid environment.

This is in accordance with earlier observations from this
laboratory [8], when maleimide spin-labeled Ca?*-ATPase
mobility and fatty acid spin probe dynamics were the same
in SR membranes from young and old rats, but decreased
more rapidly in vesicles from old animals upon heating at
37° C. Thus age-related modification do not involve aggre-
gation per se of the Ca’*-ATPase, but rather a greater

tendency for aggregation when subjected to a mild heat
stress.

4.5. Other lipid compositional changes

As a result of this study, we have observed several
interesting lipid compositional changes that may have more
significant consequences for cellular metabolism than bi-
layer structure. The most dramatic change we find in a
single phospholipid species is the almost 24% (11.6 mol%)
increase in 18:0-20:4 PI (Table 6). This PI species is a
primary metabolite involved in signal transduction path-
ways through hydrolysis in the plasma membrane of its
phosphorylated form (phosphatidylinositol 4,5-bisphos-
phate) to diacylglycerol and inositol 1,4,5-trisphosphate
(IP;). Release of IP, results in calcium mobilization from
the endoplasmic reticulum in most cells [50]. In skeletal
SR an IP;-activated calcium channel has been reported
[51], indicating the presence of this signalling pathway in
skeletal muscle. Since cellular phospholipids are primarily
synthesized on the cytoplasmic leaflet of the SR, the
age-related changes we observe in this signal-specific PI
species in SR membranes may reflect increased synthesis
of a pool of phospholipids that are destined for export to
the inner leaflet of the plasma membrane. Increased levels
of synthesis of this species might represent an adaptive
change to compensate for an age-dependent decreased
capacity elsewhere in this signal transduction pathway.
Alternatively, these changes may reflect less efficient
transport of these species to the plasma membrane result-
ing in their accumulation in the SR.

Another striking result with respect to phospholipid
composition of the SR is the substantial age-related in-
crease in ethanolamine plasmalogens (Table 5). More than
half of the ethanolamine glycerophospholipids in SR are
plasmenylethanolamines, having a vinyl ether rather than
an ester linkage at the sn-1 position. In contrast, choline
plasmalogens are a minor component in skeletal SR [32].
The functional role of plasmalogens is not well-under-
stood. These glycerophospholipids are found in high abun-
dance in electrically active tissues, especially in brain and
heart [52]. sn-2 substituents of plasmalogens are typically
long chain polyunsaturated fatty acids. The frequent occur-
rence of arachidonic acid in plasmalogens has led to the
suggestion that plasmalogens may represent a sequestered
pool of arachidonic acid that can be released by plasmalo-
gen-specific phospholipases for use in biosynthesis of
eicosanoid metabolites [53]. Under ischemic conditions,
plasmenylethanolamines in heart microsomes have been
shown to be selectively degraded, presumably through the
action of a plasmalogen-specific phospholipase whose ac-
tivity is induced by ischemia [54]. Although these observa-
tions suggest an important role in both normal and patho-
logical processes for plasmenylphospholipids, insufficient
information is currently available to allow accurate inter-
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pretation of the age-related changes in these species that
we observe in skeletal muscle SR.

4.6. Relationship of work to aging studies

The free radical theory of aging suggests that aging is
associated with an imbalance in which production of reac-
tive oxygen species exceeds the protective ability of the
cell. As a result the extent of oxidation of lipids, proteins,
and nucleic acids is increased. It has been shown that the
SR membrane with its substantial abundance of poly-
unsaturated acyl chains is highly susceptible to free radical
attack [55]. However, the minimal degree of lysolipids that
we observe in SR from aged animals indicates that the
normally rapid turnover of lipids is efficient in aged
organisms. Therefore the age-related shifts we observe in
polyunsaturated chain species may indicate a remodelling
of the metabolism of these free radical susceptible species
(Tables 4—6). We note that a number of these changes, as
well as those specifically involving PE plasmologens and
the 18:0-20:4 PI species, are largely complete by middle-
age, with little further changes occurring in senescence.
This timecourse correlates with that observed for the pro-
duction of oxygen free radicals in rat cardiac mitochondria
[56]. If the observed timecourse represents a general phe-
nomena in the other cell types, we might expect cellular
responses, such as the changes we observe in skeletal SR,
to follow a similar time-course. Nevertheless, whatever the
specific alterations in lipid metabolism associated with
aging, most importantly to the maintenance of calcium
homeostasis, the cell maintains an overall lipid composi-
tion that provides for optimal bilayer fluidity and active
calcium transport.
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