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The investigation focuses on the phospholipid composition of the sarcolemma of tadtm'ed neonatal rat heart 
cells and on the dislrlhufion of ~he phospbellpld dames  between the two monolayers of the sareolemma. The 
plasma n~mbranes a~  .;_~olamd by "ttas-aixmetlon ~ teelmique and 38% of tmai cellular plmspbell#d is 
present in the sarcolemma with the comp0Mtiou' phosldlatidylethanolamine 0PE) 24.9%, phmphafidyldholine 
(PC) 52.0%, pbosphatidylserine/phosplmtidylinositol 0 P S / P I )  7.2%, sphingomyelin 13.5%. The eholesterd 
/phospholipld ratio of the sarcolemma is 0.5. The dislrilmtion of the phospholipids betwmm inner and outer 
monolayer ~s def'med with the use of two #msptudipases A : ,  sphingomyelinase C or trinitrohenzene sulfon[c 
add  as lille membrane probes in whole cells. The probes Imvo access to the entire sar~olemm~ sm'laee and 
do . ~  produce dete¢lable e¢lf lysis. The plmspholipid classes are asymmelrieally dlstrilmledt (1) the 
negatively charged phospholipids, P S / P I  are located exdusively in the inner or  cytoplmmie leaflet; (2) 75% 
of PE is in the inner leaflet; (3) 93% of sphingomyelm is in the outer leaflet; (4) 43% of PC is in the outer 
leafleL The predominance of P S / P I  and PE at the cytoplasmic sarcolemmal surface is discussed with 
respect to plmspholipid.ionle binding relations between phospholipids and exchange and transport of ions, 
and the respm~e of the cardiac cell on [sehemia-reperfusion. 
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Introduction 

Phospholipids of  the plasma membrane of 
myocardial cells are thought  to play an important 
role in the physiology as well as the pathology of 
the heart. The myocardial response to ischemia 
followed by reperfusion is attended by dramatic 
changes in the sarcolemma. We recently proposed 
a model for the disruption o[ the sarcolemma 
associated with isehemia-reperfusion, which is 
based on the physlcochemical properties of the 
saxcolemmal phospholipids and the assumption of 
the presence of negatively charged phospholipids 
in the inner leaflet [1,2], In addition, the impor- 
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lance of sarcoiemmat phospholipids in Ca :+ bind- 
ing and possibly in the control of contraction is 
indicated by a series of studies I3-6]. These stud- 
ies showed a strong correlation between sarco- 
lemmal bound Ca 2+ and contractile force. At least 
80% of the sarcolemmal bound Ca 2+ can be attri~ 
buted to binding to the phospholipids [7[. In order 
that sarcolemmal Ca ~÷ relations be further de- 
fined, it is necessary to know the phospholipid 
composition and its distribution within the saroe- 
lcmma. Several studies have reported on the phos- 
pholipid composition of the sarcolemma [8-10], 
but nothing is known of the phoepholipid distri- 
bution within the lipid bilayer. The distribution 
will have important implications for sareolemmal 
Ca2+-phospholipid interactions and would, there- 
fore, have an impact on models for ischemia-re- 
perfusion damage and for cardiac excitation-con- 
traction coupling. 

Phospholipid distribution in the sarcolemma of 
any myocardial tissue has, until now, not been 
reported. In erythrocytes and platelets it has been 
well established that the phospholipid classes are 
asymmetrically distributed over the two mend- 
layers of the plasma membrane [11,12]. The nega- 
tively charged phospholipids phosphatidylserine 
(PS) and phosphatidylinositol (PI) are ahnost ex- 
clusively present in the inner monolayer. The zwit- 
terionic phospholipid phosphatidylethanolamine 
(PE) is preferentially present in the inner mend- 
layer and the choline.containing phospholipids 
phosphatidyleholine (PC) and sphingomyefin are 
preferentially present in the outer monolayer. 

There are a number of prerequisites for the 
study of phospholipid distribution in the plasma 
membrane of living cells: (1) a tee~hnique for pre- 
paration of relatively pure sareolemmal membrane 
should be available; (2) the cells should not be 
contaminated with other cell types, e.g, endo- 
thelial cetls and fibroblasts; (3) the various mem- 
brane probes used need to have complete access to 
the cells and their action should be nonlytic. The 
cuhured neonatal rat heart preparation, with a 
unique method of membrane isolation, meets these 
requirements, Furthermore, the preparation has 
the advantage that detailed information is avalla- 

2+  ble o n  the Ca -binding characteristics of the cells 
and their sarcolemma and of the physiology rele- 
vant to this binding. Thus, the findings might be 
related to function. 
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Tnerefote, the majc, r goal c,f ~,t-As svady is the 
definition of phospholipid distribution in the 
sarcolemma of a myocardial e,~!l. To define this 
distribution the cells were treated with two phes- 
pholipases Az, sphingomyelinase C and trinitro- 
benzene sulfonic acid in order to hydrolyse or 
label phospholipids of the outer monolayer of the 
sarcolemma. To interpret these data it is necessary 
to know the phospholipid composition of the 
sarcolemma. Therefore, we have used the "gas-dis- 
section" method for preparation of the sarcolemma 
[13,14] and evaluated the purity of the isolated 
membranes. 

Materials and Metheds 

Cell culture 
Culturing of the cells was done according to a 

modification of the method of Harary and Farley 
[15]. Neonatal rats (1-2 days old) were decapi- 
tated, the hearts were e~teised and nfinced. The 
mince was incubated in a spinner flask at 37°C 
with 0.1-0.05% trypsin (in 137 mM NaCt, 5 mM 
KCI, 4 mM NaHCO3~ 5 mM glucose and penicil- 
lin (100000 tmits/l)/streptomycin (1130 ms/l). 
The incubation fluid was decanted and new 
medium was added. The supematant from tim 
first three incubations (15 rain each) was dis- 
carded; dating the following 6-8 incubations (10 
min each), the mince was almost completely di- 
gested. The cell pellets were spun (8 .-,. ;.~'a, 430 × g) 
and resuspended in growth medium (Gibed, Pais- 
ley, U.K.: Ham F10, supplemented with 10% fetal 
calf serum, 10% horse serum, penicillin (100000 
units/l)/streptomyein (100 mg/l), arabinose C 
(10 pM, to inhibit fibrobl~t growth) and CaClz 
(final concentration 1 raM)). The cells were plated 
on Falcon 3000 dishes for 2-3 h, during which 
time fibroblasts adhere and myoeytes remain freely 
suspended [16]. Finally, the myoeytes were plated 
on Primaria-treated culture disks (Falcon Plastics, 
Sumter, SC, U.S.A.) and within 3 days a confluent 
monolayex of spontaneously beating cells was 
formed. The disks used were cut from the bottom 
of 50 mm standard Primaria dishes and resteri- 
lizext by exposure to ultraviolet light for 45 rain on 
each surface. The disks were then placed in another 
culture dish and the ceils allowed to settle and 
attach to the disk surface. Before use the disks 
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with cells attached were extensively washed with 
buffer W (133 mM NaCI, 5 mM KCL 1 mM 
MgCI:, 1 raM CaCI 2, 10 mM Tris-HCI, 5 mM 
glucose (pH 7.2)). 

Isolation of the sarcolemma 
The gas dissection technique has been previ- 

ously described [13,14]. Briefly, the disk with cell 
monolayer attached is placed at the center of a 
platform in a stainless steel chamber. The cham- 
ber is closed. The platform, with disk, is then 
elevated so that a valve which extends into the 
chamber makes firm contact with the center of the 
disk. This valve is in series with a inlet valve 
outside the chamber that controls the entry of N 2 
gas at 2000-2100 psi. The distal valve is conical 
such that its fiat lower surface (8 mm diameter) 
sits flush on the center of the monolayer on the 
disk. The dimensions and configuration of the 
conical valve are of critical importance to the 
membrane isolation. It is designed so that upon 
rapid ( < 1 s) opening of the inlet valve N2 exits in 
a high velocity stream parallel to the surface of the 
monolayer. The circumferential opening of the 
valve is also critical. This is set at 0.3 ram. With an 
input pressure of 2000-2100 psi this opening gives 
a gas vdoeity that is optimal for membrane dissec- 
tion. As the bl 2 stream travels radially over the 
surface of the monolayer the upper surface of the 
cells is sheared open, the cellular material blown 
out and the sarcolemma left in a fenestrated layer 
and, in some aceas, ha a wrinkled or rolled form 
attached to the disks. The electron micrographs 
shown in Fig. 1 indieate the membrane configura- 

rich. Sections perpendicular to the plane of  mem- 
branes showed a variety of configurations of the 
gas-dissected membranes (Fig. 1A). Planar sheets 
of membrane as well as rolled vesicalar forms are 
found, Sections more oblique to the plane of 
membranes showed at some places, presumably 
the rolled parts, a configuration which very much 
resembles a vesienlar sucrose gradient preparation 
(Fig. 1B). 

Marker enzymes 
The following marker enzymes were used to 

characterize the membrane preparation: N a ÷ /  
K÷-ATPase [17], vanadate insensitive Ca 2÷- 
ATPase for the sareoplasmie retienlttm I181, sue- 
einate dehydrogenase for mitochondda i18]. To 
estimate the recovery of  sueeinate dehydrogenase 
activity, cells were scraped from 50% of a disk, 
homogenized and enzyme activity was measured. 
The other half of the disk was gas-dissected an the 
activity of the enzyme in the membranes was 
menaced.  Pro,.~n analysis was carried out accord- 
ing to Lowry et at. [20}. 

Lipid extraction 
Extraction was accomplished by immersion of  

the disk with attached cells or membranes in 4 ml 
isopropanol (Merck, analytical grade). After 15 
rain incubation no phospholipids could be detected 
in the mt,|erial which remained on the disks, Thus, 
the standard immersion of 60 rain assured com- 
plete extraction. A small amount of  plastic was 
extracted during this procedure, This could be 
removed by evaporation of the isopropanot, redis- 

• ,:.w:, " ',!,~s '~ .!.:.:' : 

i 

Fig, l, Electron micrograph A shows the configurauol~ of 1he gas-dissecl~ membranes seclioaed perpendicular to the disk surface+ 
"l'hc Cark line (arrowl~ads) running t~.e length of Ihe section represen*.s the surface of the disk. T i c  membranes me indicated by 
arrows. Fig. B shows a Se~lloa ol~llque lo the disk surtac~ and ~t configuration which very much resembl~ a sucrose gradient 

pl~paration (Magnification: ~ X ,  bar represents 0.2 t~m), 
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solving in chloroform/methanol (2:1, v/v) in 
which the plastic is not soluble and spinning down 
the plastic residue (5 rain, 2000 × g). This leaves 
the Lil~:ids in the chloroform/methanol phazc. 

Lipid analysis 
Total phosphofipid content was determined by 

drying the samples, destruction of the phosphofi- 
pids by 70~ perchloric acid (30 mill, 180°C) and 
measuring inorganic phosphorus [21]. Cholesterol 
content was determined with the use of ~m en- 
zymatic kit (Boehringer) on a total lipid sample 
[22]. The phospholipid composition of each fipid 
extract was determined by two-dimensional thin- 
layer chromatography on HPTLC plates (Merck), 
which were fn'st developed in chloroform/ 
methano|/water/ammonia (90: 54: 5.5 : 5.5, v/v) 
followed by chloroform/methano|/water/accti¢ 
acid (90:40:12:2, v/v) according to Broekhuyse 
[23]. The individual phospholipid spols were de- 
tected by iodine, scraped, destructed and in- 
orSanic phosphate was determined as described 
above. 

Phosphofipas¢ treatment 
Incubation of the cells or raembranes on disks 

with phospholipase A 2 was done with a mixture of 
bee venom phosphofipase A2 (Sigma) and Naja 
naja phosphoHpase A 2 (Sigma) at 37eC with 
gentle shaking. 5 I,U. of both oazymes were added 
per disk in 4 ml buffer W in which CaC! 2 was 
supplemented to 10 raM. 

Incubation with a modified porcine pancreatic 
pbospholipase A 2 (pal-AMPA) [24] was done un- 
der the same experimemtat conditions, only less 
phospholipase A ,  was used (2 LU./disk of ceils). 

Sphingomyelinase C from Staphylococcus aureus 
was purified as described by Zwaal et al. [25]. 
Incubations were performed in buffex W, 37°C 
with gentle shaking. 5 I.U. of the enzyme in 4 ml 
buffer W was used to treat a disk of cells. 

At the end of the incubations the disks were 
first extensively rinsed in buffer W and subse- 
quently in this buffer with 50 raM ethylenedia- 
mine tetra acetic acid (EDTA) (Merck) to stop the 
phospholipase activity, 

Labelling with trinitrobenzene sulfonie acid (TNBS) 
Cells were incubated with 1 and 2 mM TNBS 

(Sigma) in buffet W (pH &0) at 4°C for 30 rain. 

The incubation was stopped by removal of TNBS 
and replacement with buffer W containing 6 mM 
g]ycy~glycine (Merck) at room temperature in order 
to remove unreacted TNBS (twice 30 rain). After 
removal of the unreacted TNBS the lipids were 
extracted and analysed. 

In order to estimate whether TNBS penetrated 
intraeellularly labelling of whole cells was carried 
out for up to 60 rain with samples taken at 10 min 
intervals. Further more, y~as-dissected membranes 
were labelled with TNBS to estimate whether the 
phospholipicls in *he inner monolayer are able to 
react with TNBS. Under these conditions of pH 
TNBS does not react with the amino group of 
Tris. 

Control of cell lysis 
The extent of cell iysis during the treatments 

was determined by assay of the release of lactate 
dehydrogenase (LDH) from the cells [26]. The 
total amount of activity present in the incubation 
fluid was compared to the total activity present in 
the homogenate of a disk of cells. 

Electron microscopy 
The gas-dissected membranes were fixed with 

2.5~ glutaraldehyd¢ in 100 mM phosphate buffer 
(pH 7.4), post-fixed with 1% OsO4 and 1.5~ 
potassium ferrocyanide, dehydrated with the use 
of methanol and finally a capsule containing Epon 
was placed on the disk with the attached mem- 
branes. After polymerization the capsules were 
snapped from the disks and the adherent mem- 
branes were sectioned parallel or perpendicular to 
the plane of the disk, using a diamond katife. The 
sections were mounted on copper grids, stained 
with uranyl acetate and examined in a Phitips 301 
electron microscope. 

Results 

Characterization of the gas-dissected membranes 
The activity of typical marker enzymes present 

in the gas-dissected membranes and other char- 
actefisties of the membranes as compared with a 
homogenate of cultured cells are shown in Table L 
The sascolemmal marker, Na+/K+-ATPase was, 
due to the culturing of a pure population of 
myocardial cells, already enriched by a factor of 
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TABLE I 

CItARACTERIST|C$ OF THE OAS-DISSECTED MEMBRANES. COMPARED 1"O HOMOGENATE OF  CULTURED CELLS 

Data are giveu as mean 4. S.E.. number of dgterminations is given in parenthesis. 

Cells Membranes 

Phospholipid {nmol/disk) 171.8 ± 6.9 (10) 32.8 :t= 1.2 (36) 
Phmpholipid/pmteln (greet/ms} 0.24:t: 0.01 (10) L40 :t=0.14 (19) 
Cholest erol/phospholipid (nmoi/nmol) 0.35 + O.Ol (38) 0.49 ± 0.02 (18) 
A T P a s e ( 0 m M K + )  * 4.2 4-0,04 ~¢8) 20.3 =1=1.4 (8) 
ATPase (2DmMK+)  = g.O :t:O.04 ($) 59.4 +3.0 (g) 
Na +/K +-ATPase = 3.8 39.1 
Ca 2 +.-dependent vanadat~- 

i n s e n s i f i v e A ~  ~ 6.5 +0.2 (4) non detectabl¢ (4) 
Su~'inatedchydrogeaase t, 0,18±0.02 (5) 0.484-0,05 (5) 

a /tmol P , /mg  protein per h_ 
I, FmoI DC[PHz/m$ protein per h, 

6.8 as compared to whole tissue homogenate of 
adult heart, which had a specific activity of 0,77 
s m o f / n  per rag. Isolation of the sarenlemma pro- 
duecd a further 10-fold enrichment of this marker 
and thus a total specific activity increase of 50 was 
achieved. 46% of total cellular Na+/K+-ATPase 
activity was recovered. The marker enzyme of the 
sarcoplasmic reticuhim (vanadate-insensilive 
Ca2+-dependent ATPase) was not detectable in 
the gas-dissected membranes. The mitochondriat 
marker suecinate dehydrogenase was present with 
even a small mitochondrial 'enrichment" (see Dis- 
cussion). 13~ of total cellular suceinate dehydro- 
genase activity was retained. The cholesterol/ 
phosphollpid and phosphoUpid/protein ratios are 
increased (in the gas-dissected membranes as com- 
pared to whole cells) by 1 g and 5.g, respectively. 

The phospholipid composition of the gas-dis- 
sected membranes and of the cells is shown in 
Table IL Of interest is the fact that phosphatidic 
acid (PA) is present in the whole cells whereas it is 
non-detectable in the gas-dissected membranes. 
Since PA is an intermediate in phospholipid 
synthesis, most of which takes place in the 
sarcoplasmic retienlum, this observation is another 
indication of the absence of this intracellular 
organdie in the sareotemmal preparation. Nole 
that the membranes are somewhat enriched in 
sphingomyelin and consistent with the presence of 
succinate dehydrogenase activity (s¢¢ Table I), the 
mitochondria] marker enzyme, cardiolipin is pre- 
sent. We detected 172 nmol (±6.9,  n = 1 0 )  of 

phospholipid on a disk with ceils prior to gas-dis- 
section and 33 (:t:1.2, n = 3 6 )  nmol of phos- 
pholipid on a disk after membrane preparation. 

Treatment with sphingomyelinase C 
Incubation of  the whole cells with sphingomye- 

iinase C for up to 2 h gave no significant lysis of 
the ceils. Lactate dehydrogenase activity released 
in the incubation fluid was less than 2~ of  total 
activity, which was not significantly greater than 
that seen without the enzyme present. After at 
least 60 rain of  treatment sphingorayelin degrada- 
tion reached a plateau at a level of 55~ of total 
cellular sphingomyolin hydrolyzed (Table Ill). 
When sphingomyelinase C incubation was stopped 
and cells were subsequently gas-dissected, lipid 

TABLE II 

P H O S P H O L I P I D  C O M P O S I T I O N  OF  C U L T U R E D  
NEONATAL HEART CELLS A N D  "[HEIR GAS-DIS- 
SECTED MEMBRANES 

Sph, splfingomyelir~ 

Phospholipid composilion (~)  

Ceils (n = 7) Membranes (a  = 4) 

PE 26.2 ±0.8 28.0 4. 0,6 
• ..~ '~ 49.6 + 1.5 49.6 ~. 0,? 
PS/P!  9.0±1.6 6,'~ 4.1,0 
Sph 8.9+l .1 10.9±0.8 
( 'L 3,$+0÷3 2.54.0.2 
F A 1.54. 0.4 non detectable 
9 1.240.3 2.4±0.5 
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TABLE Ill 
ACCESSIBILITY OF PHOSPHOLIPIDS TO REAGENTS IN INTACT NEONATAL MYOCARDIAL CELLS 

"[he ace,~$ibility of PC and PE b.ftve been d0te.emitted by measuring the .2,.crc~':~c in PC o-  PE ann the increase of  the lyso comlmunds 
or labelled compound. In the case of ~phir, gomyelin the decrease of splLqgotayelin w~ used in detmmune the acccssibility. D.~.ta are 
expressed as mean percent of each phospholipid class-L-_ S.E. (n). 

Probe PC PE Pg/Pl 
Phosp~iolipaseA2 17.6±0.6 (7) 7.7--1.0 (g) 0.0 (8) 
PaI-AMPA 163 + 0.3 (ll) 10.9_+ 0.4 (3} 0.0 (tl) 
Sphingomyelinase C 
Tfinilrobanzene- 

sulfoaic acid - 93 ..1:0,3 (22) 0.0 (22) 

Sphingomydin 

55.3 ~- 1.0 (4) 

analysis showed that up to 90% of the sphingo- 
myelin present in the membranes was degraded. 
This clearly shows that sphingomydinase C has 
access to the attached surface of ~ e  eel! end thus 
interacts with the entire sarcolemmal surface. With  
the use of these data  the percentage of  cellular 
phospliolipids present in the sarcolemma can be 
obtained using the method of Chap et al. [27] (see 
Discussion). 

Incubation with phm~holipase A., 
Since phospholipase A z is a smaller molecule 

than  sphingomyelinaz¢ C ( M  r 13600 and 38000, 
respectively) and sphingomyelinase C has com- 
plete access t o  the entire sareolemmal surface it is 
likely that phospho!ipase A 2 also interacts with 
the entire sareolemmal surface, Phospholipase Aa 
treatment of the cultured neonatal cells did not  
cause a significant lysis of  the ceils (less then 
2.0%). A plateau was reached after 60 rain of  
incubation at which time 17.6% of the total cellu- 
lar PC was degraded (Table III). A subsequent 
incubation of 60 rnin, with the addition of sphin- 
gomyelinase did not increase this hydrolysis per- 
centage. In whole cells 7.7% of total. PE was 
hydrolysed by phospholipase A 2 treatment. No  
degradation of file negatively charged phospholi- 
pids PS and PI could be detected (Table Ill). 
Incubation of gas-dissected membranes with phos- 
pholipase A~ resulted in a complete degradation 
of  the glycemphospholipids indicating full acti'Aty 
of the enzyme preparation and complete accessi- 
bility of the phospholipids after gas-dissection. 

Incubations with pal-~4 MPA 
Treatment  of the cells with this phospholipase 

A 2 did not cause any significant lysis of the cells 
either. A plateau of phospholipid hydrolysis was 
reached after 15 rain of incubation, at which time 
16.7% of total cellular PC was degraded. Of the 
total cellular PE 10.9% could be degraded. No 
degradation of the negatively charged pho~pholi- 
pids PS and PI could be delected (Table lll). 

Labelling with TNBS 
At tow temperature (40C) and at concentra- 

tions o[ 1 and 2 mM the amine-probe TNBS did 
not penetrate the sarcolcmma, s imx a plateau of 
PE labelling is reached after 20 rain of incubation 
with an excess of TNBS present. Labelling of the 
goz-dissected membranes resulted in labelling of 
88% of the PE present. It could, thereiore, be used 
to localize PE and PS in the intact myocacdial 
cells. In the lipid extracts of  previously labelled 
cells 9.5% of the total PE was labelled. No label- 
ling of PS could be detected (Table Ill). 

Diseu~,sion 

Purity of the sarcolernmal preparation 
Isolation of the sarcolemma of cultured 

myocardial cells has the advantage that the iso, 
latcd plasmamembrane fraction will not be con- 
laminated by plasma membrane fractions of endo- 
thelial cells or  fibroblasts. Comparison of the data 
summarized in Table I with other reported pre- 
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paratio~qs [8,9,10] shows that our sarcolemmal pre- 
paration is highly purified. The 50-fold enrich- 
ment of the Na+/K+-ATPase is one of the higher 
ones reported. The cholesterol/phospholipid and 
phosphotipid/protein ratios are increased com- 
pared to whole cells and are comparable to other 
reported values. 

Contamination of the gas-dissected membranes 
with sarcoplasmic reticulum could not be detected 
(no vanadate insensitive Ca2+-ATPase actixdty) 
and the absence of PA in the gas-dissected mb~n- 
braues indicates little retention of this intraceflu- 
lar organdie. The recovery of cellular N a + / K  % 
ATPase activity in membranes is 46%, This is 
extremely high compared to other reports (20%, 
[10]; 4.35, [9]; 26%, [8]), and is in agreement with 
the high protein yield of 4.6~ in the gas-dissected 
preparation. 

The mitochondrial marker succinate dehydro- 
geaase was somewhat enriched (2.7-fold, Table I) 
_;!~ the gas-disse~ted membranes,/-dlea~ng a small 
'co-purification' of mitochondria. However, it is 
important to note that the specific activity found 
in the membrane is comparable to other reported 
wdues [8]. Because of the presence of succinate 
debydrogenase-activity in the membranes it is not 
surprising that we find cardiolipin in the gas-dis- 
sected membranes (Table It), since eardiolipin is a 
phospholipid which is characteristic of the 
mitochondria [28]. Others have reported the pres- 
ence of eardiolipin in sarcolemma and the ques- 
tion arises whether all the cardiolipin found in the 
gas-dissected membranes is of mitochondrial origin 
or whether there is, indeed, cardiofipin present in 
the sarco]enmm. Therefore, we compared the 
recovered suceinate dehydroganase.activity in the 
gas-dissected membranes with the cardiolipin 
retention. 14~5 of total cellular cardiolipin was 
present in the membranes as compared to 13% of 
tot',d succinate debydrogenase activity. These al- 
most identical values and the fact that both are 
present in the inner mitochonddal membranes 
indicate very strongly that all the CL present in 
the gas-dissected membratzes is of mitochonddal 
origin. The specific activity (tzmol/h per nag pro- 
tein) of succinate dehydrogenase in terms of pro- 
tein content is indeed increased (Table !), but if 
one expresses the specific activity based on phos. 
pholipid content (/~mol/h per #mol P~) a decrease 

TABLE IV 

"PURIFICATION" OF T H E  (~AS-D|SSEC'I'ED MEM- 
BRANES 

Sph. ~phingomyefin. 

Gas-dissected Milochoadria 'Purified' 
membranes (Daum {29]) sareolemma 

PL nmol ~ PL nmol nmol 9b PL 
(a) (b) (r) (d) {b-  d) 

CL 2.S 2.5 12.0 2.5 0.0 0.0 
PE 28.0 28.0 40.0 8.3 19.7 24.9 
PC 49.6 4916 41,0 8l~ 41.1 .52.0 
PS/P| 6.5 6.5 4.0 0.8 5.7 7.2 
~Sph 10.9 10.9 1.0 0.2 10.7 13..5 
? 2.4 2.4 2.0 0.5 1.9 2.4 

Total 100.0 lO0+O IU0.O 2IX~, 79.'1 100.0 

is found. This indicates that the mitochondtia that 
are retained have been broken up and soluble 
mjtc~zhondrial protein as well as other soluble 
cellular protein has been washed away. 

We undertook several approaches to remove 
the mitochondrial con(amination, but were not 
successful. Therefore we 'purified' the gas-dis- 
sected membranes in an artificial manner: purified 
rat heart mi tochondda contain about 12~ 
cardiolip~ [29] and our gas-dlssected membranes 
2.5~. This implies that the mitochondrial mem- 
branes have been 'diluted: 4,8-fold and thus that 
20.8~ of the phosphofipid of the gas-dissected 
membranes is of mitochondfial origin. Table IV 
shows the sequence used for "purification', which 
is possible because the mitochondrial phosphofi- 
pid composition [29] as well as the percentase of 
mitocbondrial contamination of the gas-dissected 
preparation is known. The 20.8~ of phospholipids 
present in the gas-dissected membranes is distrib- 
uted over the phospholipid classes according to 
the mitochondrial phospholipid composition (col- 
uams c and d). Substraction of column d from 
column b gives the phosph01ipid content of the 
' purified' sarcolemma. 

Mitochondriat phospholipids are not hydro- 
lysed during the phospholipasc A 2 and sphin- 
gomyelinase C treatment of the whole cells since 
the phospholipases have access only to the outer 
monolayer of  the sarcolemma. Thus, the per- 
centage of degraded phospholipids in the saree- 



lemma is underestimated because of the 
mitochondrial contamination. For exawple, cor- 
rection for this contamination shows that in the 
'purified membranes', obtained after treatment 
with sphingomyelinase C, 12.4-% (instead of 9.9~g) 
of the total phosphofipids is degraded. 

Percent of cellular ph~pholipfda present in the 
sarcolemma 

With the use of the data obtained after the 
sphingomyelinase C treatment one can estimate 
the percentage of cellular phosphofipid present in 
the satcolemma. This is necessary in order to 
calculate the lipid distribution of the sarcolemma 
on the basis of the probes used on whole cells, 
since these cells possess a consid~able amount of 
intra,~ellulax membrane. The percentage of cellular 
phospholipid present in the sareolemma can be 
calculated using the method of Chap et al. [27]. 

Sphingomyelin hydrolysis occurred under non- 
lyric conditions and the sphing0myelinase C activ- 
ity was blocked at the end of the incubation. This 
means that the degraded sphingomyelin is derived 
solely from the phosphofipid pool of the plasma 
membrane. If one expresses the hydrolysed 
sphing0myelin as percentage of total phosphoEpid 
of whole cells (4.7$) and of 'purified sarcolemma ) 
(12.4~), one can deduce the moun t  of phos- 
pholipid present in the sarcolemma, relative to the 
whole cells. Thus, the percentage of sphin$omyelin 
degraded in whole cells divided by the percentage 
of sphingomyelln degraded in pure sarcolemma 
4.7/12.4 = 0.38. Thus, 38~ of total cellular phos- 
pholipid is located in the saree]emma. With this 
value one can estimate the amount of each phos- 
phofipid ctass in the sarcolcnmm. 

Percent of each sarcolemmal phospholipM class in 
the cell 

The percent of each of the sarcolemmal phos- 
pholipids of total cellular phospholipid is derived 
from: (percent of class in 'purified' sarcolemma 
(last column Table IV)) x (percent of to~al cellular 
phospholipid in sarcolemma (38~)). 2he values 
appear in the first column of Table V, "l~ae p~rcent 
of each class of the total of that particular class in 
the cell is then dedved from: (value in first col- 
unto of Table) : (percent of class in the whole cell 
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TABLE V 

PERCENT OF EACH SARCOLEMMAL PHOSPHOL1P1D 
CLASS II'.I THE CELL 

Sph, ~phingomyelin. 

% of tola] cellulax % of each 
phosphofipid phosphcfiipid class 

PE 9.5 36.1 
PC 19.8 39.g 
PS/PI  2.7 30.0 
$ph 53 57,3 
? 0.9 75.3 

(first column, TaMe ii). These are listed in the 
second column of Table V. 

Membrane recovery 
We calculate that about 57% of cellular 

sphingomyelin i~ present in the sarcolemma, which 
is 5.1~ of total cellular phospholipid (Table V). 
The average amount of phospholipid on a disk of 
cultured cells is 172 nmol (Table I). Thus, there 
are 8.7 nmol sphingomyelin in the sarcolemma of 
these cells, in the 'purified' gas-dissected sa~-co- 
lemma 3.5 nmot sphingomyelin is present. This 
~ives a 'purified . . . . . . . .  c,f 4r~ ,~c, ] ] LI~IILUI ~ J,t~ t ¢~- t ~ l l  U U I ]  °TV, ,.~ 2[/ 

(3.5: 8.7). This is in agreement with the high 
plasma membrane marker enzyme Na+/K ~- 
ATPase recovery of 46% in the preparation. 

Transbilayer distribution of phospholipids in the 
SO#'CO~RJtD~d 

Tables 111 and V summarize the data from 
which the i~ansbflayar distribution of the sarco- 
lemmal phosphoEpids can be obtained. From the2e 
data we derive the fraction of ~.rcol©mmal phos- 
phohpid present in the outer monolayer from: 

TABLE v [  

RELATIVE AMOUNTS (%) OF SARCOLEMMAL PHOS- 
PHOL|PIDS PRESENT IN THE OUTER MONOLAYER 

Sph. sphingomyelin. 

Probe PC PE FS/P!  Sph 

Phospholip~e A 2 4A,~ 21,3 0,0 
PaI-AMPA 42.D 30.0 0.0 
Trinilrobenzene-mlfonic acid 26,3 0.0 
SphlngomyelinHe C - 93.0 
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~ 5 0  TPL 

l ' l-- 
Fig. 2. Phospholipid con:lc~sifion arid tratlsbJlayer distribution 
in the sarcolemma af cultured rat heart cells, (TPL, total 

phospholilfids: SplL sphingomyelinL 

(fraction of particular phospholipid class accessi- 
ble to probe in the who]e cell (Table Ill) : (fraction 
of its class present in the sareolemma (Table V)). 
The values found with the various probes are 
summarized in Table VI and outside/inside ratios 
presented in Fig. 2. It can be seen that PS and PI 
are exclusively located in the inner monolayer of 
~ ¢  :arcole~_~.~ ~ d  ~phingor~ye}in is almost ex- 
clusively located in the outer monolayer. PE is 
preferent.;flly present in the inner monolayer, 
whereas about 43% PC is in the outer monolayer. 

Comparison of the phosphofipid asymmetry of 
the sareolemma from cultured rat heart cells with 
the phosphnlipid distribution in plasma mem- 
branes of other cell types shows the same tend- 
ency. The negatively charged phospholipids (PS 
and PI) and PE are preferentially pre~ent in the 
inner monolayer 1"11,12] and the choline-contain- 
ins phospholipids (PC and spbingomyelin) have a 
preference for the outer monolayer, Despite dif- 
feren~s among several cell types this general dis- 
tribution seem~ to be present in all. 

Implications of the data 
Since we now know the phospholipid composi- 

tion of the sarenlemma of the cultured neonatal 
myocardial cobs and we know the amount of 
Ca 2. bound to these membranes, one can estimate 
the stoiehiometry of the Ca 2÷ phospholipid bind- 
ing. Predcus results [14] showc~, that the gas-dis- 
sected membranes contained 19.1 /~g protein/rag 

dry cell weight per disk, which means that the 
average disk (32.4 ~g protein) contained 1.7 mg 
dry weight of whole cells. Lanthanum (La ~+) has 
been u~,d to displac~ Ca 2. bound at the surface 
of intact cells, which was shown to be the equiv- 
alent of Ca d+ displaced from the outer as well as 
the inner surface of gas-dissected membranes [14], 
This probe displaces 3.3 rranol/kg dry weight cells 
([Ca2÷]D = 1 raM) or 5.6 nmol Ca 2÷ per disk of 
ceils. One disk of whole cells contains 65 nmol of 
sarenlcramal phospholiplds (0.38 × 172 nmol) of 
which 20 nmol is PI, PS and PE, the possible 
candidates for Ca 2+ binding, This gives a phos- 
phol ipid/Ca 2+ stoichiometry (at [Ca2+]o = 1 mM) 
of 3,6 (20/5.6), a value which is not unreasonable. 

The presence of all the negatively charged 
phospholipids and most of the PE in the inner 
mono!ayer of the sarcolemma has serious implica- 
tions for the Ca z÷ binding to these phospbolipids 
and for their possible role in excitation-contrac- 
tion coupling. It has been shown that the Ka o[ 
this sarcolemmal bound calcium is about 1 mM 
[30]. lntraceUutar Ca 2+ concentration in the 
myocardium varies between 5 • 10 -6 and 10 -7 M 
and therein lies a problen'L At these Ca z+ con- 
centrations only a small percentage of the putative 
inner monolayer Ca 2+ binding sites would be oc- 
cupied. It might be speculated that close to the 
inner monolayer a micro-environment exists in 
which there is a much higher Ca 2+ concen~ation. 
A candidate for the micro-environment region is 
the space between the junctional sarcotubular sys- 
tem and the inner sarcoietmnal leaflet, the space 
in which the 'foot.like' processes exten ,drag from 
the sarcotubules to the sarcolemma are found 
[31,32]. 

With respect to the localization of the anionic 
phospholipids in the inner monolayer it should be 
noted that both the Na+ / C a  ~+ exchanger and the 
sarcoLemmal Ca 2+ pumps are markedly stimulated 
by the addition of anionic phospholipid to vesicu- 
lar prepaxations in vitro [33,341. 1[ this interaction 
between anionic pbosphollpids and the transport 
systems is also present the in vivo situation, then 
the present study would suggest that such interac- 
tion is at the inner monolayer. 

Under pathological conditions Ca 2+ has been 
suggested to induce membrane damage [35]. Dur- 
ing isehemia Ca z+ is lost from the Sarcolenmaa 
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[361 and restoration of perfusion with repletion of 
Ca z- is associated with Ca z* influx into the cells 
[37]. The changes observed by electron mi- 
erosoopy, aggregatio~ of tlte intramembranons 
par t ic les  o f  the  s a r c o l e m m a  a n d  the ex t rus ion  of  
l ip ids  [2,38] c a n  on ly  be  in te rp re ted  b y  a s s u m i n g  
that the negatively charged phospholipids, i.e. PS 
and PI, are asymmel,,ically distributed, The pre- 
sent study clearly confirms tttis lipid asymmetry. 
All PS a n d  P l ,  a n d  m o s t  o f  the  non-bilayer prefer- 
ring p h o s p h o l i p i d  P ~  a re  p resen t  in  the inner  
mono laye r .  This  m a k e s  i t  poss ib le  t ha t  the  in-  
crease in intracdlular Ca 2÷ upon reperfusiort can 
produce the okserved destabilization and disrup- 
tion of the sarcolemma by interaction with nega- 
tively charged phospholipids in the inner mono- 
layer of the sareolemma. 

In summary, this study shows that the phos- 
pholipids of the sarcolernma of myocardial ceils 
are asymmetrically distributed. The negatively 
charged phospho]ipids are exclusively and the 
zwitterionic PE is preferentially located in the 
cy top la smic  leaflet .  Th i s  l ip id  a s y m m e t r y  m a y  have  
s igni f icant  impl ica t ions  wi th  respec t  to  the  c o n t r o l  

of Ca 2+ movements at the sareolemma. 
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