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The Rapid and Reversible Activation of a Calcium-independent
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Abstract

Recent studies have demonstrated the existence of two
members of a novel family of calcium-independent plasmalo-
gen-selective phospholipases A2 in mammalian myocardium
(Wolf, R. A., and R. W. Gross. 1985. J. Biol. Chem. 260:7295-
7303; and Hazen, S. L., D. A. Ford, and R. W. Gross. 1991. J.
Biol. Chem. 266:5629-5633). To examine the potential role of
these calcium-independent phospholipases A2 in mediating
membrane dysfunction during early myocardial ischemia, the
temporal course of alterations in phospholipase A2 activity dur-
ing global ischemia in Langendorf perfused rabbit hearts was
quantified and compared with traditionally accepted markers of
myocytic ischemic injury and anaerobic metabolism. Wenow
report that membrane-associated calcium-independent plasma-
logen-selective phospholipase A2 activity increased over 400%
during 2 min of global ischemia (P < 0.01), was near maximally
activated (> 10-fold) after only 5 min of ischemia, and re-
mained activated throughout the entire ischemic interval exam-
ined (2-60 min). Activation of membrane-associated plasmalo-
gen-selective phospholipase A2 after 5 min of myocardial isch-
emia was rapidly reversible during reperfusion of ischemic
tissue. Both the activation of phospholipase A2 and its revers-
ibility during reperfusion were temporally correlated to alter-
ations in myocytic anaerobic metabolism. Furthermore, activa-
tion of membrane-associated phospholipase A2 was essentially
complete before electron microscopic evidence of cellular dam-
age. Collectively, these results identify dynamic alterations in
calcium-independent plasmalogen-selective phospholipase A2
activity during myocardial ischemia which precede irreversible
cellular injury and demonstrate that activation of plasmalogen-
selective phospholipase A2 is amongst the earliest biochemical
alterations in ischemic myocardium. (J. Clin. Invest. 1991.
88:331-335.) Key words: ischemic injury - phospholipid catabo-
lism - plasmenylcholine * myocardium - Langendorf perfused
hearts
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Introduction
Accelerated phospholipid catabolism has been implicated as an
important biochemical mechanism underlying electrophysio-
logic alterations and membrane dysfunction in ischemic myo-
cardium (reviewed in 1-4). Although considerable attention
has focused on identification of the phospholipase(s) responsi-
ble for accelerated phospholipid hydrolysis in ischemic zones,
attempts to document ischemia-induced activation of myocar-
dial phospholipase A2 in a time frame comparable to the onset
of ventricular dysrhythmias (i.e., within 2-5 min after the onset
of acute ischemia) have been unsuccessful using conventional
techniques (5, 6). Because sarcolemma is the electrophysiologi-
cally-active membrane in myocardium and because sarcolem-
mal phospholipids are predominantly comprised of plasmalo-
gen molecular species (7), the recent demonstration that sarco-
lemmal phospholipids were the highly selective targets of the
phospholipases activated during reversible metabolic depriva-
tion (8) has underscored the potential importance of plasmalo-
gen hydrolysis during ischemic injury.

Prior studies have demonstrated that the majority of phos-
pholipase A2 activity in mammalian myocardium is catalyzed
by a novel family of calcium-independent plasmalogen-selec-
tive phospholipases A2 and that membrane-associated cal-
cium-independent phospholipase A2 is activated during 15 min
of global ischemia in Langendorf perfused rabbit hearts (9-11).
To elucidate the potential pathophysiologic significance of this
novel activity, we now demonstrate that membrane-associated
calcium-independent plasmalogen-selective phospholipase A2
activity increased over 400% after only 2 min of global isch-
emia, that activation of this novel phospholipase A2 was rap-
idly reversible during reperfusion of ischemic myocardium,
that augmentation of calcium-independent phospholipase A2
activity occurred before the development of ischemia-induced
ultrastructural damage, and that alterations in phospholipase
A2 activity during ischemia and reperfusion were temporally
correlated to alterations in myocytic anaerobic metabolism.

Methods
Langendorfperfusion of rabbit myocardium. NewZealand White rab-
bits were killed by cervical dislocation and their hearts were rapidly
removed and perfused at 60 mmHgwith modified Krebs-Henseleit
buffer utilizing a Langendorf perfused heart model as previously de-
scribed (12). Hearts were perfused for a 10-min preequilibration inter-
val and were subsequently rendered either globally ischemic (zero-
flow) or continuously perfused for the indicated times. For reperfusion
studies, hearts were rendered globally ischemic for 5 min (after the
10-min preequilibration interval) and subsequently reperfused for the
indicated times. Perfusions were terminated by rapid excision of ven-
tricular tissue and immediate submersion into 0°C homogenization
buffer (10 mMimidazole, 10 mMKCl, 0.25 M sucrose [grade 1]
[pH 7.8]).
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PhospholipaseA2 assays. Ventricular tissue from perfused and isch-
emic myocardium was rapidly homogenized and separated into subcel-
lular fractions by sequential centrifugations as previously described
(I 1). Phospholipase A2 activity in myocardial subcellular fractions was
assessed by incubating enzyme (typically 8 jg of microsomal protein or
300 Mg of cytosolic protein) with 100 MAMsn-2 radiolabeled choline
glycerophospholipid (introduced by ethanolic injection [10 Ml]) in as-
say buffer (final conditions: 100 mMTris CG and either 4 mMEGTAor
10 mMCaCl2, pH 7.0) at 370C for 60 s in a final volume of 210 Ml.
Released radiolabeled fatty acids, the only radiolabeled products de-
tected, were quantified by established procedures (10). Under these
conditions exogenous radiolabeled phospholipid substrate was present
in 10-fold molar excess compared with endogenous microsomal and
cytosolic phospholipid. Phospholipase A2 assays were linear with re-
spect to both time and protein under the conditions employed.

Electron microscopic analyses of normal and ischemic myocar-
dium. Electron microscopic analyses of control and ischemic myocar-
dium were performed as previously described (13). Briefly, perfusions
were terminated by immersion in and subsequent perfusion of intact
hearts with ice-cold modified Karnovsky's fixative. To facilitate com-
parisons and to sample areas likely to exhibit the greatest damage,
tissue from the anterolateral papillary muscle of each heart was
processed -for electron microscopy and analyzed as previously de-
scribed ( 13).

Miscellaneous procedures and sources of materials. Tissue lactate
was determined spectrophotometrically from neutralized perchlorate
extracts of pulverized freeze-clamped ventricular tissue utilizing yeast
lactate dehydrogenase ( 14). Protein determinations were performed us-
ing a Bio-Rad Laboratories (Richmond, CA) protein assay kit. Syn-
thetic homogeneous molecular species of sn-2 radiolabeled plasmenyl-
choline and phosphatidylcholine were prepared as previously described
(10). Statistical differences were assessed by analyses of variance using a
modified t statistic and overall F-test. All radiolabeled starting mate-
rials were purchased from DuPont-New England Nuclear (Boston,
MA). All polar lipids were obtained from Avanti Polar Lipids, Inc.
(Birmingham, AL) and oleic and arachidonic acids were obtained from
Nu-Chek Prep, Inc. (Elysian, MN). Yeast lactate dehydrogenase was
purchased from Boehringer Mannheim, Inc. (Houston, TX). Most
other reagents were obtained from Sigma Chemical Co., St. Louis, MO.

Results

Activation of myocardial microsomal calcium-independent
plasmalogen-selective phospholipase A2 during global isch-
emia. Myocardial ischemia resulted in the rapid, time-depen-
dent activation of microsomal phospholipase A2 activity which
reached half-maximal levels as early as 2 min and reached near
maximal levels by 5 min of ischemia (10-fold increases in spe-
cific activity) when assessed with plasmenylcholine substrate
containing either arachidonic or oleic acid at the sn-2 position
(Fig. 1). Phospholipase A2 activity in microsomes prepared
from ischemic myocardium was entirely calcium-independent
because maximal enzymic activity was manifest in the pres-
ence of EGTA(Fig. 1). In stark contrast to results using plas-
menylcholine substrate, incubation of microsomes from con-
trol or ischemic myocardium with conventionally employed
phosphatidylcholine substrates containing either arachidonic
or oleic acid at the sn-2 position (in the presence or absence of
calcium) failed to demonstrate substantial activation of phos-
pholipase A2 activity in ischemic myocardium (Fig. 1). No sig-
nificant differences in phospholipase A2 activity were observed
in control hearts perfused for 0-60 min after the 10-min pree-
quilibration interval using either plasmenylcholine or phos-
phatidylcholine substrates in the presence or absence of cal-
cium ion (Fig. 1).

TIME (Min)

Figure 1. The temporal course of myocardial microsomal phospholi-
pase A2 activity during global ischemia. Rabbit myocardial micro-
somes were prepared from myocardium that was either continuously
perfused (control) at 60 mmHg(-- -) or rendered globally ischemic
( ) for the indicated intervals as described in Methods. Phospholi-
pase A2 activity in control or ischemic microsomes was subsequently
assessed by incubating microsomal protein (8 Mg) with 100 MMplas-
menylcholine (U, A, 0, A) or phosphatidylcholine (0, *, 0, 0) sub-
strate in the presence of either 10 mMCaCl2 (A, *, A, 0) or 4 mM
EGTA(U, 0, 0,0 ) (A) (16:0, [3H]20:4 plasmenylcholine or phos-
phatidylcholine; (B) 16:0, [3H] 18:1 plasmenylcholine or phosphati-
dylcholine).' Released radiolabeled fatty acid (the only product de-
tected) was subsequently isolated by TLC and quantified by scintilla-
tion spectrometry. Each value represents the mean±SEMof four
independent determinations. *P < 0.025, *P < 0.01, IP < 0.005, and
11p < 0.0005 for differences between control perfused myocardium
at 0 min (i.e., after a 10 min equilibration interval) and globally isch-
emic myocardium. 'P < 0.005 for differences between 30 min globally
ischemic myocardium and 60 min globally ischemic myocardium.

Total calcium-independent plasmalogen-selective phos-
pholipase A2 activity in the microsomal compartment in-
creased over 10-fold within 5 min after the onset of ischemia
(from 37 to 387 nmol/ge. * min), while no change in total cyto-
solic phospholipase A2 activity occurred during this interval
(Table I). During moderate to prolonged periods of ischemia
(15-60 min), total phospholipase A2 activity in the microsomal
fraction remained significantly elevated above control values
(P < 0.01), while total phospholipase A2 activity in the cyto-
solic fraction manifests modest, progressive reductions (Ta-
ble I).

Reversibilityofischemia-inducedmicrosomalcalcium-inde-
pendent phospholipase A2 activity and the temporal correlation
of alterations in phospholipase A2 activity with alterations in
anaerobic metabolism. To examine the effects of reperfusion
on ischemia-induced calcium-independent microsomal plas-
malogen-selective phospholipase A2 activity, rabbit myocar-

1. Abbreviations used in this paper: 16:0, [3H] 18:1 plasmenylcho-
line, l-0-(Z)-hexadec-1'-enyl-2-[9, 10-3H]-octadec-9'-enoyl-sn-glycero-
3-phosphocholine; 16:0, [3 H]18:1 phosphatidylcholine, l-hexade-
canoyl-2-[9, 1 0-3H]-octadec-9'-enoyl-sn-glycero-3-phosphocho-
line; 16:0, [3H]20:4 plasmenylcholine, 1-0-(Z)-hexadec-l'-enyl-2-[5,6,8,
9,11,12,14,1 5-3H]-eicosatetra-5',8', 11', 14'-enoyl-sn-glycero-3-phos-
phocholine; 16:0, [3H]20:4 phosphatidylcholine, I-hexadecanoyl-2-
[5,6,8,9,11,12,14,1 5-3H]-eicosatetra-5',8', 1', 14'-enoyl-sn-glycero-3-
phosphocholine.
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Table L Total Phospholipase A2 Activity in Subcellular Fractions from Ischemic and Control Perfused Rabbit Hearts

Total phospholipase A2 activity (nmol/g,,, * min)

16:0, [3H]20:4 Plasmenylcholine substrate 16:0, [3H]18:1 Plasmenylcholine substrate

Expenmental condition Cytosol Microsomes Cytosol Microsomes

Zero-time control 114.4±7.8 37.0±7.9 44.9±3.3 18.2±4.0
Ischemia (2 min) 111.3±12.1 247.4±77.7* 46.8±4.7 111.7±30.31
Ischemia (5 min) 106.3±1.4 386.5±67.7' 42.2±0.6 168.9±25.1"
Ischemia (15 min) 70.2±7.7§ 408.9±50.21 32.8±3.6* 184.2±22.7"
Ischemia (30 min) 65.5±4.51 436.0±24.5" 34.9±2.1* 215.6±12.2"
Ischemia (60 min) 33.1±1.4" 325.6±29.3§ 16.9±0.811 122.2± 1.0
Control perfusion (15 min) 119.5±5.3 43.9±3.8 49.1±2.2 22.4±1.2
Control perfusion (60 min) 100.7±5.8 57.3±10.3 40.2±1.9 28.9±5.8

Rabbit hearts were initially perfused for a 10-min preequilibration interval (zero-time control) and were subsequently either perfused at 60
mmHg(control) or rendered ischemic for the indicated time intervals. Following subcellular fractionation, calcium-independent phospholipase
A2 activity in the cytosolic or microsomal fractions was subsequently quantified by incubation of either cytosolic (300 gg) or microsomal (8 Mg)
protein with the indicated molecular species of sn-2 radiolabeled plasmenylcholine substrate (100 uM) in the presence of 10 mMTris Cl, 4 mM
EGTA, pH 7.0, for 60 s at 370C. Radiolabeled fatty acids (the only radiolabeled product detected) were subsequently isolated and quantified by
TLC and scintillation spectrometry as described in Methods. Each value represents the mean±SEMfor four independent determinations. * P
< 0.025, t P < 0.01, f P < 0.005, and 1 P < 0.0005, respectively, for comparisons between zero-time controls and globally ischemic hearts at each
experimental interval as described in Methods.

dium was rendered globally ischemic for 5 min and subse-
quently reperfused for either 10 or 55 min before quantitation
of enzymic activity. After only 10 min of reperfusion, isch-
emia-induced microsomal phospholipase A2 activity decreased
by 60% (P < 0.005, compared with 5 min ischemic values) and
completely returned to control values after 55 min of reperfu-
sion (Fig. 2). Reperfusion had no significant effects on either
the hydrolysis of phosphatidylcholine by microsomes, or cyto-
solic phospholipase A2 activity utilizing plasmenylcholine or
phosphatidylcholine substrates in the presence or absence of
calcium (data not shown).

To compare the temporal course of microsomal phospholi-
pase A2 activation during ischemia with a traditionally used
marker of anaerobic metabolism, tissue lactic acid content in
control, ischemic, and reperfused myocardium was deter-
mined. The activation of phospholipase A2 temporally paral-
leled tissue lactic acid accumulation in ischemic myocardium
(Fig. 2). Furthermore, both membrane-associated phospholi-
pase A2 activity and tissue lactic acid content declined with
similar time courses during reperfusion of ischemic tissue
(Fig. 2).

Ischemia-induced activation of microsomal phospholipase
A2 activity precedes irreversible myocytic injury. To determine
whether the activation of ischemia-induced microsomal phos-
pholipase A2 activity occurred before the development of irre-
versible ischemic injury, electron microscopic analyses of con-
trol, and ischemic myocardial tissue were performed. Examina-
tion of hearts rendered ischemic for 5 min revealed no evidence
of myocytic injury and samples ofthese hearts were morpholog-
ically indistinguishable (at the electron microscopic level) from
those of control perfused hearts (Fig. 3). Thus, activation of
microsomal phospholipase A2 precedes irreversible ischemic
injury and did not result from processes that are activated dur-
ing cellular necrosis. As anticipated, myocardium rendered
globally ischemic for 60 min demonstrated profound alter-
ations in myocytic ultrastructure indicative of irreversible isch-
emic injury, including disruption of mitochondrial cristae, for-
mation of dense amorphous granules in the mitochondrial ma-
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Figure 2. Reversibility of the activation of membrane-associated
phospholipase A2 activity by reperfusion and correlation of changes
in phospholipase A2 activity with alterations in anaerobic metabolism.
Control, ischemic, and reperfused rabbit hearts were initially perfused
for a 10-min equilibration interval before a 0-60-min experimental
period. After the initial 10-min preequilibration interval, experimen-
tal hearts were: (a) rendered ischemic for 2, 5, or 60 min ( ); (b)
rendered ischemic for 5 min and subsequently reperfused for an ad-
ditional 10 min (- -) (i.e., 15 min data points); (c) rendered isch-
emic for 5 min and reperfused for an additional 55 min (---) (i.e., 60
min data points); or (d) continuously perfused at 60 mmHgfor the
indicated intervals (0, 15, and 60 min) (. ). Phospholipase A2
activity was assessed by incubating microsomes (8 Mg) from either
control, ischemic, or reperfused rabbit hearts with 16:0, [3H] 18:1
plasmenylcholine (A, A) or 16:0, [3H]20:4 plasmenylcholine (-, 0)
in the presence of 4 mMEGTAas described in Methods. Tissue lactic
acid content (0) was quantitated from perchlorate-extracts of pulver-
ized ventricular tissue spectrophotometrically utilizing yeast lactate
dehydrogenase. Each value represents the mean±SEMfor three inde-
pendent lactate determinations and four independent phospholipase
A2 determinations. *P < 0.025, *P < 0.005, and UP < 0.0005 for
comparisons between 0 min and myocardium rendered ischemic. liP
< 0.005 for comparisons between myocardium rendered ischemic
for 5 min and that reperfused for 10 or 55 min.
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Figure 3. Representative electron micrographs of papillary muscle samples obtained from a control heart perfused with oxygenated buffer for 5
min (A) or hearts made ischemic for 5 min (B) or 60 min (C and D). In controls (A), mitochondria (M) exhibited compact cristae and electron
dense matrix. After 5 min of ischemia (B), mitochondria were indistinguishable from controls and the sarcolemma was structurally intact. The
only morphologic change was the appearance of I-bands (arrowheads), consistent with cessation of contractile activity. In contrast, 60 min of
ischemic injury (C and D) produced ultrastructural features of irreversible injury including marked swelling of mitochondria, amorphous electron
dense particles in mitochondria (short arrows), and focal disruption of the sarcolemma (long arrow in D). Original magnification in all panels,
26,000. Bar in A = 1 gm.

trix, myofibrillar edema, and sarcolemmal discontinuities vated within 2 min of myocardial ischemia; (b) near-maximal
(Fig. 3). activation of calcium-independent phospholipase A2 occurs

within 5 min of ischemia; (c) activation of phospholipase A2
Discussion activity precedes the development of irreversible injury; (d)

activation of microsomal phospholipase A2 is reversible by re-
These results demonstrate that: (a) a microsomal calcium-in- perfusion of ischemic myocardium; and (e) a temporal correla-
dependent, plasmalogen-selective phospholipase A2 is acti- tion exists between alterations in phospholipase A2 activity and
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alterations in anaerobic metabolism during ischemia and re- cium-independent plasmalogen-selective phospholipases A2 as
perfusion. enzymic mediators of cellular responses to acute ischemia in

Many of the deleterious changes in cardiac function after other tissues, or as enzymic initiators of cellular responses to
coronary occlusion occur within 2 min after the onset of myo- physiologic perturbations in mammalian cells merits consider-
cardial ischemia (15). Thus, true enzymic mediators of these ation.
alterations must necessarily undergo substantial changes in
their kinetic properties within this time frame. The identifica- Acknowledgments
tion of fourfold increases in microsomal phospholipase A2 ac-
tivity after only 2 min of ischemia demonstrates dynamic alter- Wethank Ms. Rayna Hollenback for assistance in the preparation of
ations in an enzymic mediator of phospholipid catabolism con- this manuscript.
current with the evolution of electrophysiologic dysfunction in This research was supported by National Institutes of Health grant
current wites.Althohtheevolutionofesectrophysoltsdog dysfu HL-42665. Dr. Gross and Dr. Saffitz are recipients of Established In-ischemic zones. Although these results do not demonstrate a vestigator Awards from the American Heart Association.
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