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Abstract It has been demonstrated in animal studies that
polyunsaturated fatty acids (PUFA) prevent ischemia-
induced malignant ventricular arrhythmias, a major cause
of sudden cardiac death in humans. To learn how these
PUFA, at low micromolar concentrations, exert their antiar-
rhythmic activity, we studied their effects in vitro on the
contractions of isolated cardiac myocytes and the conduc-
tances of their sarcolemmal ion channels. These fatty acids
directly stabilize electrically every cardiac myocyte by mod-
ulating the conductances of specific ion channels in their
sarcolemma. In this study, we determined the molar ratio of
PUFA to the moles of phospholipid (PL) in cell membranes
to learn if the ratio is so low as to preclude the possibility
that the primary site of action of PUFA is on the packing of
the membrane PL. [

 

3

 

H]-arachidonic acid (AA) was used to
measure the incorporation of PUFA, and the inorganic
phosphorous of the PL was determined as a measure of the
moles of PL in the cell membrane. Our results indicate that
the mole percent of AA to moles of phospolipid is very low
(

 

<

 

1.0) at the concentrations that affect myocyte contraction
and the conductance of voltage-dependent Na

 

1

 

 and L-type
Ca

 

2

 

1

 

 channels in rat cardiomyocytes and in 

 

a

 

-subunits of
human myocardial Na

 

1

 

 channels.  In conclusion, it seems
highly unlikely that these fatty acids are affecting the pack-
ing of PL within cell membranes as their way of modulating
changes in cell membrane ion currents and in preventing ar-
rhythmias in our contractility studies.

 

—Pound, E. M., J. X.
Kang, and A. Leaf.
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In the course of our exploration of the effects of free
nonesterified polyunsaturated fatty acids (PUFA) on ion
channel conductances in the sarcolemma of cardiomyo-
cytes, it appeared that PUFA blocked many specific ion
currents. Previously, Xiao (1) tested only a few ion cur-
rents in these cells, mainly the voltage-dependent Na

 

1

 

current (I

 

Na

 

) and the L-type Ca

 

2

 

1

 

 (I

 

Ca, L

 

), which we think
are the major channels affected by PUFA in preventing
malignant cardiac arrhythmias. Potassium channels have
also been measured. The two repolarizing potassium cur-

 

rents (I

 

to

 

), the initial fast outward repolarizing and the de-
layed rectifier (I

 

K

 

) currents are inhibited, whereas the
inward I

 

K1

 

 channel, which may stabilize the resting mem-
brane potential, is unaffected. However, Xiao (1) found
that the chloride current (I

 

Cl

 

) and the ligand-activated
acetylcholine potassium channel (I

 

Kachol

 

) also are inhibited
by low micromolar concentrations of PUFA .

In our search for the primary site of action of the PUFA
on ionic membrane currents in the heart, the fact that so
many diverse ion channels appear to be affected has been
puzzling. Beyond the voltage-gated ion channels, there
would be little amino acid and structural homology, sug-
gesting that the PUFA may not be binding separately and
specifically to each different type of ion channel. Another
possible primary binding site might be the phospholipid
(PL) cell membrane of the myocytes. It has been shown
(2) that the same PUFA, when applied at much higher
concentrations than those we have used to modify con-
ductances of ion channels, can affect the structure of the
PL membranes, which could, in turn, possibly affect all
transmembrane ion channels so as to inhibit their respec-
tive conductances.

This is a report of studies performed to learn how much
of the PUFA partition into plasma membranes when ap-
plied in the bathing medium at low micromolar concen-
trations at which we studied the in vitro effects of PUFA
on the contractions of isolated cardiac myocytes and the
conductances of their sarcolemmal ion channels.

MATERIALS AND METHODS

 

Although our intent in this study was to understand how add-
ing individual fatty acids to the bathing medium affected cul-

 

Abbreviations: AA, arachidonic acid; BSA, bovine serum albumin;
DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; PL, phos-
pholipid; PUFA, polyunsaturated fatty acids; RBC, red blood cells.
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tured neonatal or adult cardiomyocyte ion channels, these cells
were not appropriate models in which to determine the molar
ratios of the fatty acids to the PL of the plasma membranes.
These cells have very extensive intracellular PL lipids that would
also bind the fatty acids, and perceivably differently than would
occur in the sarcolemma alone. Only some 3% of the PL in car-
diac myocytes have been reported to be in the sarcolemma of
cardiac myocytes (3). Synthetic PL bilayers might be used, but
lacking the transmembrane proteins, the uptake of the fatty
acids might differ from that in an actual cell membrane.

 

Preparation of the red blood cell ghosts

 

Because we could not obtain pure sarcolemmal membranes
from our cardiac myocytes, we decided to use human red blood
cell (RBC) ghosts (outdated blood from Hospital Blood Bank,
used in accordance with Hospital regulations) carefully washed
three times with a 1.7 mM Tris buffered saline (BS) and spun
down at 18,000 rpm for 20 min after each wash. When cells were
free of hemoglobin, they were resuspended in BS solution and
lightly homogenized to permit later division into equal aliquots
of membrane fragments. The fragments were then incubated at
37

 

8

 

C for 30 min with 1.5 mg of trypsin to remove any protein on
the inner and outer cell membrane while leaving the transmem-
brane protein moieties intact. The conditions for removing ex-
tramembrane protein were tested at 15, 30, and 60 min of incu-
bation with trypsin, and no further protein was removed beyond
30 min at 37

 

8

 

C.
An equal amount of the deproteinated ghosts still in the

trypsin-containing medium was placed in separate Eppendorf
tubes and centrifuged at 18,000 

 

g

 

 for 20 min. The supernatant
was discarded and the pellets resuspended and washed once
with the BS, centrifuged again, and the excess liquid was re-
moved from the membrane pellet and sides of the tube with a
fine-tipped Pasteur pipette. The membrane fragments were then
frozen at 

 

2

 

20

 

8

 

C and used within 3 days to assure no microbial
growth.

After thawing the frozen membrane pellets, 500 

 

m

 

l of the BS
solution was added to each tube and the PL fragments were care-
fully resuspended with a Pasteur pipette. Five hundred micro-
liters of the [

 

3

 

H]arachidonic acid ([

 

3

 

H]AA)/AA/bovine serum
albumin (BSA) solutions, prepared as described below, was then
added to the tubes, gently mixed, and the PL fragments were
spun down at 18,000 

 

g

 

 for 20 min. The supernatant was removed
without disturbing the membrane pellet. The tubes were then
spun again for 5 min at 18,000 

 

g

 

 to collect any small droplets of
liquid that were adhering to the inside of the Eppendor f tubes,
which were then removed with a fine-tipped pipette. Two hun-
dred and ten microliters of the incubation medium (free of la-
beled and unlabeled AA) was added to the PL pellet and the
sample was then sonicated to ensure complete homogenization
of the suspension. The sample was then divided into four 50-

 

m

 

l
parts: two for the inorganic phosphate analysis and two for liq-
uid scintillation counting of the [

 

3

 

H]AA.

 

Moles of PL in ghosts

 

The PL in the RBC ghosts were quantified by a slight modifi-
cation of the method of Mrsny, Volwerk, and Griffith (4) that in-
volved measuring the moles of phosphate after digesting the or-
ganic components of the ghosts; this was accomplished by
heating the cell fractions with 70% perchloric acid in a sand
bath at 140

 

8

 

C, and allowing the sample to reflux overnight or for
a minimum of 6 h. After digestion, 3.0 ml of water, 1.0 ml of 2.5%
ammonium molybdate, and 0.5 ml of 10% ascorbic acid were
added to each tube, the latter being prepared with each use. The
mixture was vortexed and placed in an incubator at 37

 

8

 

C for 90

min. The inorganic phosphate was quantified colorimetrically
with a Shimadsu UV160U ultraviolet-visible recording spectro-
photometer (Kyoto, Japan) at 820 nm, and the quantity of inor-
ganic phosphate in the PL sample read from a standard curve.

 

Incubation solutions

 

To determine the ratio of moles of AA to moles of PL, the fol-
lowing solutions and additions were prepared. The incubation
medium contained (in mM) NaCl, 133; KCl, 3.6; CaCl

 

2

 

, 1.2;
MgCl

 

2

 

, 0.3; glucose, 10; and HEPES, 10 titrated to pH 7.40. To
this basic incubation medium was added 

 

a

 

) high specific activity
[

 

3

 

H]AA to yield optimal counting levels at the final dilution; 

 

b

 

)
BSA to yield final concentrations of 33.3, 16.7, 8.3, 4.2, 2.1, 1.5,
1.0, or 0 

 

m

 

M; and 

 

c

 

) unlabeled AA to yield final concentrations
of 27, 22.5, 18, 13.5, 9.0, 4.5, and 1.25 

 

m

 

M. To keep the final vol-
ume and the concentration of [

 

3

 

H]AA constant, the volume of
unlabeled AA in solution was slightly varied to compensate for
the different volumes of BSA solution. Because of the variations
in the volume of unlabeled AA required, the reported final con-
centrations were corrected for the slight adjustments in the dif-
ferent dilutions. All determinations were run in duplicate for
each experiment. The molar ratios of AA to PL were calculated
and reported as such.

 

Calculation of the partitioning of AA
between albumin and PL

 

The partition coefficient is defined as the moles of free AA
per mole of PL divided by the moles of free AA bound per mole
of albumin. This describes the molar equilibrium distribution of
AA between the binding sites on RBC ghost membrane PL and
delipidated BSA. The mean quantity of PL for each concentra-
tion of albumin was calculated and that value was used as the
moles of PL in the calculation of the partition coefficients at that
concentration of albumin. For the concentrations of albumin
tested (1.0, 1.5, 2.1, 4.2, 8.3, 16.7, and 33.3 

 

m

 

M), the mean PL
values 

 

6

 

 SD were 160 

 

6

 

 34 nM (n 

 

5

 

 28), 164 

 

6

 

 21 nM (n 

 

5

 

 21),
158 

 

6

 

 19 nM (n 

 

5

 

 21), 192 

 

6

 

 34 nM (n 

 

5

 

21), 115 

 

6

 

 11 nM (n 

 

5

 

8), 205 

 

6

 

 5 nM (n 

 

5

 

 8), and 168 

 

6

 

 30 nM (n 

 

5

 

 8), respectively.
The volume of the aqueous phase was 1.0 ml in every experiment.

 

PUFA effects on cardiomyocyte contractility

 

Contractility experiments were performed with neonatal rat
cardiomyocytes to correlate the effects of varying molar ratios of
AA to PL on the function of the myocytes. The cells were pre-
pared and cultured on glass coverslips as reported (5). Effects
on the spontaneous beating rate of the myocytes were examined
while perfusing the cells at 0.33 ml/min with 5:1, 4:1, 3:1, 2:1, or
1:1.2 ratios of fatty acid to BSA. Docosahexaenoic acid (DHA),
eicosapentaenoic acid (EPA), and AA (all 10 

 

m

 

M) were sepa-
rately studied in these experiments with varying amounts of de-
lipidated BSA to obtain the stated ratios. With the AA experi-
ments, 20 

 

m

 

M indomethacin was added to the perfusion
medium prior to adding the AA. Indomethacin alone has no ef-
fect on the beating rate of the myocytes, but it will block the ar-
rhythmogenic effects on the beating rate of prostaglandins gen-
erated by the action of cyclo-oxygenase on the AA (5, 6).

The contractility experiments were conducted by first adding
the PUFA (10 

 

m

 

M) to the fluid perfusing the cultured cells as
soon as their rate of contractions became regular. When the
characteristic slowing of the beating rate was evident, the per fus-
ing solution was changed to one containing the PUFA (10 

 

m

 

M)
with delipidated BSA to produce the desired ratio of PUFA to
BSA. If the ratio of PUFA to BSA returned the beating rate to its
control rate prior to addition of the PUFA alone, such a result
indicated that the concentration of BSA was sufficient to with-
draw the PUFA from the myocytes reversing the slowing effect of
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the free PUFA on the myocyte. If that ratio of PUFA to BSA
failed to return the slowed beating rate back to the control rate
after 10 min of recording, another 10 

 

m

 

M BSA was added to the
perfusion fluid. This large excess of BSA would then return the
beating rate to the control level, indicating that the slowing had
been the result of free PUFA partitioned into the sarcolemma of
the myocyte. 

 

Figures 1

 

 and 

 

2

 

 show representative experiments
testing EPA and DHA, respectively, at stated ratios with BSA in
this manner.

 

RESULTS

The average of all experiments performed with concen-
trations of delipidated BSA varying from 0 to 33.3 

 

m

 

M for
each of a number of concentrations of free AA varying
from 1.1 to 27.0 

 

m

 

M is shown in

 

 Table 1

 

 and in 

 

Fig. 3

 

. The
values recorded in Table 1 are the ratios of moles of free
AA per mole of PL in the lipid membrane. 

 

Table 2

 

 shows

the partition coefficient defined as the ratios from Table 1
divided by the moles of free AA per mole of albumin. This
is the equilibrium distribution of AA between albumin
and RBC ghost PL. All experiments performed with 

 

<

 

4

 

m

 

M BSA were done at least in triplicate.
Two things are notable from this data. First, in our prior

in vitro experiments on the contractility of neonatal rat
cardiomyocytes, on the whole-cell patch clamp studies of
the rat sodium and calcium channels, and on the human
myocardial sodium channels, 10 

 

m

 

M PUFA was the maxi-
mal concentration used, with rare exceptions. At 10, 5,
and 1.0 

 

m

 

M concentrations in the absence of BSA, there
were only 3, 1.6, and 0.35 mol% of AA per mole of PL, re-
spectively. At the two highest concentrations of BSA tested
(16.7 and 33.3 

 

m

 

M), the percent AA to PL ratios were es-
sentially zero. The concentration of BSA we have regularly
used to reverse effects of the PUFA on the myocytes by ex-
tracting the free fatty acids from the cardiac myocytes is
33.3 

 

m

 

M (equal to 2 mg/ml). The virtual absence of AA in
the PL membranes at this concentration of albumin con-
firms the adequacy of this usage of delipidated BSA.

Second, at 4.2 

 

m

 

M BSA, the concentrations of AA in the
PL rose to 1% of PL. With lower concentrations of BSA,
increasing amounts of AA were found in the lipid mem-
branes. With 2.1 

 

m

 

M BSA and 8–9 

 

m

 

M AA, AA is seen to

Fig. 1. Tracings of representative contractility experiments with
different molar ratios of EPA to BSA were tested to determine at
which ratio the typical slowing effect on the rate of spontaneous
myocyte contractions changed from “no return” to the control rate
of beating prior to the exposure to EPA (top tracing), and the ratio
at which there is a “return” to or toward the control beating rate.
Each tracing shows the rate and amplitude of spontaneous contrac-
tions recorded with an edge monitor from a single myocyte within a
small clump of some 10 to several hundred myocytes growing in a
syncytium adherent to a microscope coverslip. Following a brief re-
cording of the control rate of contractions, EPA (10 mM) was added
to the perfusate bathing the cultured neonatal rat cardiomyocytes.
When the slowing effect on the beating rate was manifest, the per-
fusate solution was changed to the same 10 mM EPA, but with BSA
added. The top tracing shows that when the slowing effect per-
sisted, a large concentration of BSA was added with increase in the
beating rate toward the control rate. This indicates that the persis-
tent slow beating rate following the exposure to EPA with BSA at a
ratio of 5:1 was due to sufficient free EPA still partitioned in the
phospholipid sarcolemma to maintain the slow beating rate. By
contrast, the lower tracing shows, in another myocyte on a different
coverslip, that at an EPA to BS ratio of 4:1, the beating rate re-
turned toward the faster control rate without any additional in-
crease in BSA. This indicates that at this ratio, the BSA extracted
the free EPA from the sarcolemma of the myocytes so that the slow-
ing effect on the beating rate of the EPA could not be sustained.
The variations in the amplitudes of contraction and of the baseline
are apparent spontaneous changes and are not explained by the ex-
perimental protocol. The bracketed gaps in the tracings were nec-
essary to allow showing of the salient features of the experiment
within a permissible length of tracing.

Fig. 2. A representative experiment with DHA showing results as
depicted in Fig. 1 for EPA. At the end of the lower tracing, there is
an abrupt increase in the beating rate, returning it close to the rate
at the start of the lower tracing. This abrupt increase was spontane-
ous. Note that the shift from “no return” to “return” occurred with
DHA at ratios of DHA to BSA between 4:1 and 3:1.

 

TABLE 1. Molar ratios of AA to PL of RBC ghosts on exposure
to varying concentrations of AA and delipidated BSA

 

BSA

AA 0 1 1.5 2.1 4.2 8.3 16.7 33.3

 

m

 

M 

 

3

 

 10

 

2

 

4

 

1.1 38 6.03 1.78 1.67 0.51 0.03
4.5 138 38.7 22.6 13.3 6.05 7.54 1.15 0.96
9.0 282 115 91.7 49.7 11.4 18.8 2.77 2.20
13.5 383 238 182 118 21.9 17.6 5.27 3.45
18.0 531 380 291 244 41.7 30.6 8.63 4.69
22.5 730 556 449 348 74.3 35.6 12.9 5.94
27.0 759 568 491 139 46.1 18.0 7.18
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partition into the PL and its concentration rises signifi-
cantly above the baseline. Similar results occur at 4–5 

 

m

 

M
AA with 1.0 

 

m

 

M BSA. This occurs at ratios of AA to BSA of
approximately 3:1 or 4:1.

Having found what ratios of fatty acid to BSA were asso-
ciated with a significant increase of AA in the PL mem-
brane fragments, it became of interest to learn what ratio
would provide sufficient free fatty acid in the cardiomyo-
cyte membranes to effect a slowing of the beating rate. We
have found in spontaneously beating neonatal rat cardio-
myocyte cultures that all the antiarrhythmic PUFA charac-
teristically slow the spontaneous beating rate of these cells
(5). This correlates very highly with the antiarrhythmic ef-
fects of these same PUFA, whereas at similar concentra-
tions, monounsaturated or saturated fatty acids are not
antiarrhythmic and do not reduce the contraction rate of
the myocytes. Therefore, effects of AA, EPA, and DHA on
the spontaneous contractions of neonatal rat cardiomyo-
cytes in the presence of varying amounts of BSA were
tested to learn at what ratio of free fatty acid to albumin

the characteristic slowing of the rate of contractions
would be returned to its control rate. Figure 1 illustrates a
representative experiment with EPA of such a test, and
Fig. 2 illustrates a similar experiment with DHA. The results
are summarized in 

 

Table 3

 

. With AA as the test PUFA, it is
apparent that the typical slowing of the beating rate was
not returned to its control rate by the addition of albumin
to ratios of 8:1 and 5:1 of AA to BSA. This indicates that at
such high ratios of AA to BSA, sufficient free AA parti-
tioned into the PL membranes to exert its functional ef-
fect on contractions. At 4:1, however, the albumin bound
such a high proportion of the 10 

 

m

 

M AA that insufficient
free AA accumulated in the membrane PL to sustain the
slowing action of the AA. The beating rate, therefore, re-
turned to its faster control rate that existed prior to the
addition of AA. It can be seen in Table 3 that with EPA
and DHA, respectively, as the ratio of the fatty acid to al-
bumin was reduced, there was a transition from “slowing
with no return” to “slowing with return,” as occurred with
AA. It is of interest to note that with these three PUFA of
both n-6 and n-3 classes, the transition occurs at ratios of
approximately 3:1 to 4:1. The lower transition ratio for
DHA than for the other two PUFA suggests that DHA may
be more potent than AA, or that EPA may not be as tightly
bound to albumin.

We may now estimate the molar ratio of PUFA to PL just
sufficient to produce the functional consequences on car-
diomyocytes in which we are interested. This ratio should
be that at which the effect on myocyte contractility shifts
from “no return to control beating rate” to “return to con-
trol beating rate.” For both AA and EPA, this change oc-
curred between ratios of 5:1 and 4:1 of PUFA to PL. From
Table 1, we can estimate that with 10 

 

m

 

M AA and 2 

 

m

 

M
BSA (a ratio of 5:1 in the bathing medium), the molar
ratio of AA to PL was 0.008 (0.8% with respect to PL). At
an AA to BSA ratio of 4:1, the AA to PL ratio would be
even smaller: 0.0046 (0.46% with respect to PL). From the
data in Table 1, several sets of ratios of 5:1 and 4:1 may be

Fig. 3. The ratio of moles of AA to moles of delipidated BSA is
shown for increasing concentrations of AA. The molar ratios are in-
dicated on the ordinate and the concentrations of free AA are indi-
cated on the abscissa. Each drawn line shows the ratios at increasing
concentrations of AA to the single concentrations of BSA indicated
for each line at the right. The standard error vertical bars are
shown at the concentrations of AA actually tested.

 

TABLE 2. Partition coefficient

 

a

 

 for AA between
albumin and ghost PL

 

BSA

AA 1 1.5 2.1 4.2 8.3 16.7 33.3

 

m

 

M 

 

3

 

 10

 

2

 

4

 

1.1 5.68 6.84 12.5 7.59 0.80
4.5 10.0 8.22 6.52 5.80 14.2 4.29 7.13
9.0 16.1 18.3 12.7 5.47 17.7 5.17 8.19
13.5 24.6 26.0 21.4 7.02 11.0 6.57 8.54
18.0 31.9 33.0 36.2 10.2 14.4 8.09 8.72
22.5 40.9 44.6 43.0 14.8 13.4 9.67 8.83
27.0 51.1 48.2 53.5 24.0 14.5 11.3 8.90

 

a

 

Partition coefficient 

 

5

 

 (AA

 

PL

 

/PL)/(AA

 

Alb

 

/Alb), where PL is the
moles of phospholipid in the ghost cell membrane, Alb is the moles of
BSA, and AA is the moles of AA in the PL and Alb, respectively.

 

TABLE 3. Effects of AA, EPA, and DHA on the spontaneous rate 
of contractions of cultured neonatal rat cardiomyocytes before and 
after the addition of increasing concentrations of delipidated BSA

 

BSA

Molar Ratio of
Fatty Acid

to BSA

Effects of 
Fatty Acid on
Beating Rate n

 

a

 

m

 

M

 

AA (10 

 

m

 

M) 1.3 8:1 Slowing with no return

 

b

 

2
2.0 5:1 Slowing with no return 2
2.5 4:1 Slowing with return 4

EPA (10 

 

m

 

M) 2.0 5:1 Slowing with no return 5
2.5 4:1 Slowing with return 7
3.3 3:1 Slowing with return 4
5.0 2:1 Slowing with return 1

12.5 0.83:1 Slowing with return 2

DHA (10 

 

m

 

M) 2.5 4:1 Slowing with no return 3
3.3 3:1 Slowing with return 5
5.0 2:1 Slowing with return 3

 

a

 

Number of experiences.

 

b

 

Slows with the addition of fatty acid and doesn’t return to control
rate with the addition of the respective ratio of fatty acid to BSA.
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calculated. The average of four such paired calculations at
BSA concentrations of 1.1, 1.5, 2.1, and 4.2 gave mean ra-
tios of 4.7 3 1023 and 3.7 3 1023, respectively, with P , 0.01
for difference of means. The estimates for DHA would be
even lower. The free fatty acid concentrations at such low
ratios would be attained in the absence of BSA at about 1.0
mM EPA or DHA.

The partition coefficients in Table 2, which describe the
equilibrium distribution of AA between BSA and RBC
ghost PL, are all ,1.0. This indicates a stronger affinity of
albumin for the AA than of the PL membranes.

DISCUSSION

The aim of this study was to quantify partitioning of the
antiarrhythmic PUFA into the PL plasma membranes of car-
diac myocytes when bathed in the concentrations at which
we studied their in vitro effects. This information will help
evaluate the mechanism by which these fatty acids modulate
ion channels in the sarcolemma in a manner that prevents
ischemia-induced malignant arrhythmias in animals (1, 7–
9) and humans (10–12). The primary site of action of these
fatty acids has not yet been identified; it could be directly on
the channel proteins, or it could be on the PL of the cell
membrane. It has been shown that these same fatty acids
can alter the physical structure of PL membranes (2) that
secondarily might affect the transmembrane ion channels.

Our data show that the molar ratios of fatty acid to PL at
the concentrations generally used in our in vitro studies
remain very low: generally, 0.01 or less. Furthermore, Xiao
et al. (13, 14) obtained classic inhibitory sigmoidal curves
relating the concentration of the applied PUFA to the in-
hibition of ion currents starting at low nanomolar concen-
trations of the PUFA. Such low concentrations would be
unlikely to change the physical state of sarcolemmal PL
membranes in the manner demonstrated by Klausner and
associates (2). They showed that to the extent they were
tested, these same PUFA affect the physical state: the pack-
ing of PL in the membrane PL bilayers. However, the ap-
plied concentrations of fatty acids were >10-fold of those
we have shown to suppress currents through the mem-
brane ion channels. Also, we have found that the methyl
or ethyl esters of the PUFA have no antiarrhythmic effects
(5), although their effects on the membrane PL packing
might be expected to be similar to that of the free fatty
acids. Cholesterol, which compresses PL membranes, or
phytanic acid, which expands them, also had no effect on
the action of PUFA when added to the myocyte perfusate
(1). Our present finding of very low ratios of PUFA to PL
allow more confidence in rejecting the possibility that a
primary action of the n-3 PUFA is on the physical state of
the sarcolemma. This does not, however, exclude the pos-
sibility of a primary effect on the packing of membrane
PL in limited domains of the sarcolemma in which are
embedded the transmembrane ion channel proteins,
changing the latter allosterically.

Because of the extensive intracellular PL membranes
within cardiac myocytes, we chose to use human RBC

ghosts as a model for the plasma membrane. We deter-
mined the molar ratios of PUFA to PL in carefully washed
fragments of erythrocyte ghosts to quantify the extent of
partitioning that occurs just in the plasma membrane of a
cell. This is, of course, based on the assumption that for
this kind of inquiry, the RBC ghost and the sarcolemma of
a cardiac myoctye would be comparable. We appreciate
that the class of PL comprising the membrane (15, 16),
their structural fatty acids (17, 18), and possibly the distri-
bution of the PL in the membranes (19) may affect the af-
finity of the PL for free fatty acids. We think, however, that
such factors would not affect the order of magnitude of
the values herein reported.

It is of interest to us that at 33.3 mM delipidated BSA
in the bathing medium, the concentrations of AA parti-
tioned into the PL were barely detectable by the meth-
ods used. This was the case even when initial concentra-
tions of 25 mM free AA were present in the aqueous
phase prior to the addition of the PL. This indicates the
adequacy of our use of 33.3 mM (2 mg/ml) of delipi-
dated BSA to reduce free PUFA in our cultured rat cardi-
omyocytes during studies on myocyte contraction or on
ionic currents to such low levels that these functional ef-
fects of the fatty acids were lost. However, as the ratio of
the fatty acid to albumin was increased, there was a tran-
sition in the contractility studies (Table 3 and Figs. 1 and
2) from “slowing, no return” to “slowing, with return” as
occurred with AA, EPA, and DHA. It is also of interest
that with these three PUFA, both n-6 and n-3, that the
transition occurs at ratios of approximately 4:1 or 3:1
molecules of fatty acids per molecule of albumin. This
we would interpret as signifying the presence of at least
three fatty acid binding sites per molecule of albumin,
which have higher affinity for the PUFA than do the
membrane PL. This finding from our simplistic experi-
ments fits surprisingly well with the more sophisticated
studies performed by Cistola, Small, and Hamilton (20)
of the number of high-affinity binding sites determined
by nuclear magnetic resonance (NMR) using nonper-
turbing 13C-carboxy-labeled fatty acids, as well as those of
Kamp and Hamilton (21) by fluorescence spectroscopy.
These studies showed three binding sites with high and
nearly equal affinities at room temperature for three
fatty acids per albumin molecule.

In conclusion, the major finding of this study is that the
ratios of free fatty acid to PL attained at the PUFA concen-
trations we have been studying for their effects on cardiac
arrhythmias are so low (,1.0%) that it seems unlikely that
PUFA are affecting the packing of PL within cell mem-
branes as their way of modulating changes in cell mem-
brane ion currents. This finding does not preclude the
possibility that PUFA may concentrate within domains of
the membrane through which the transmembrane seg-
ments of ion channels penetrate and, thereby, affect the
ion channel conductances. Also, in accord with much
more direct and precise NMR and fluorescence measure-
ments, our functional studies are in accord with a number
of highest binding affinities for free fatty acids per mole-
cule of albumin of 3.
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