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Potassium Channels in Cardiac Cells Activated by 
Arachidonic Acid and Phospholipids 

DONGHEE KIM* AND DAVID E. CLAP HAM^ 

Two types of potassium-selective channels activated by intracellular arachidonic acid or 
phosphatidylcholine have been found in neonatal rat atrial cells. In inside-out patches, 
arachidonic acid and phosphatidylcholine each opened outwardly rectifying potassi- 
um-selective channels with conductances of 160 picosiemens (IKAA) and 68 picosie- 
mens (IKPC), respectively. These potassium channels were not sensitive to internally 
applied adenosine triphosphate (ATP), magnesium, or calcium. Lowering the intracel- 
lular pH from 7.2 to 6.8 or 6.4 reversibly increased IK.AA channel activity three- or 
tenfold, respectively. A number of fatty acid derivatives were tested for their ability to 
activate IKAA. These potassium-selective channels may help explain the increase in 
potassium conductance observed in ischemic cells and raise the possibility that fatty 
acid derivatives act as second messengers. 

M ANY K+ CHANNELS ARE MODU- 

lated by intracellular second mes- 
sengers. Most regulatory mecha- 

nisms described to date have involved solu- 
ble second messengers such as adenosine 
3',5 '-monophosphate (CAMP). More re- 
cently, membrane-permeant lipophilic me- 
diators, specifically arachidonic acid or its 
metabolites, have been shown to mediate 
signal transduction in neuronal and cardiac 
cells (1, 2). In cardiac cells, inwardly rectify- 
ing K+ channels are controlled by intracellu- 
lar Na+ ( IK .N~)  (31, ATP (IK.ATP) (41, or 
guanine nucleotide binding protein (G) a 
and by subunits (IK.*ch) ( 5 ) .  The ounvardly 
rectifying transient outward current (ITo) 
(6) and the delayed rectifier current (IK) are 
regulated by phosphorylation via protein 
kinase A or protein kinase C ( 7 ) .  We now 
report nvo ounvardly rectifying K+ chan- 
nels in heart that open in response to certain 
fatty acid derivatives. We propose that lipid- 
soluble, intramembranous second messen- 

G proteins activate the inwardly rectifying, 
muscarinic-gated K+ channel (IK.*ch) via 
stimulation of phospholipase A2 (2). During 
our experiments with arachidonic acid, we 

Fig. 1. Whole-cell currents produced by arachi- 
donic acid. The pipette contained 140 mM K+, 
140 mM CI-, 5 m M  EGTA, 2 mM Mg2+,  10 
mM Hepes @ H  7.21, and 10 yM arachidonic 
acid. Extracellular solution contained 5 m M  K+, 
140 mM Na*, 1.0 rnM Co2+, 10 rnM Hepes, 2 
mM Mg2+, and 3yM tetrodotoxin (pH 7.2). (A) 
Control and arachidonic acid-induced currents in 
response to steps from a holding potential of -60 
mV. (B) I -V  relations. Immediately after the 
initiation of whole-cell recording, voltage ramps 
from - 120 to 50 mV were made every 5 s from a 
holding potential of -60 mV. The I- V relations 
were taken 10 s (control) and 3 min (AA) after 
the initiation of whole-cell recording. The sub- 
tracted I -V  relation (AA - control) is shown as 
the thick solid line. (C) BaC12 (1  mM) applied 
extracellularly, blocked the inwardly rectifying 
component of IK.AA. Intracellular recording with 
CsCl replacing KC1 blocked the outward compo- 
nent of IK.AA (separate recordtng). Rat heart cells 

ger pathways play an important role in were prepared by collagenase agestion of atria 

channel gating. from 1- to 2-day-old newborn rat (12). Isolated 
single atrial cells were plated on glass cover slips 

Kim et al, showed that the by subunits of and incubated in an aunos~here of 5% CO, and 
95% air at 37°C until use li to 26 hours later. AU 
experiments were performed at 22" + 2°C. Cur- 

Department of Pharmacology, Mayo Foundation, Roch- rents were recorded with a LIST model EPC7 
ester, MN 55905. patch-clamp amplifier and recorded on a digital 
*Present address: De arunent of Physiology, Chicago tape recorder. Records were with an 
Medical School, N o A  Chica o, IL 60064. eight-pole Bessel filter at 2 kHz and analyzed with 
? To whom correspondence s todd  be addressed. an INDEC 11173 computer (5). 

noted the appearance of previously unde- 
scribed K+ currents. These channels were 
distinct from atrial IK.ACh Figure 1A shows 
whole-cell records of a rat neonatal atrial cell 
before and after intracellular petfusion with 
arachidonic acid. The current-voltage (I- V )  
relation immediately after breaking-into the 
cell was similar to that measured in control 
cells (Fig. 1B) (n  = 8). As the arachidonic 
acid diffised into the cells, both inward and 
outward currents developed within 2 to 4 
min, increasing the slope conductance from 
0.8 to 2.8 nS at 40 mV and from 0.9 to 1.7 
nS at -120 mV. The increase in slope 
conductance was not due to nonspecific 
leakage. The inwardly rectifying current was 
completely blocked, and the outwardly recti- 
fying current was partially blocked by 1 mM 
extracellular BaC12 (Fig. 1C). The ounvard- 
ly rectifying current was not observed when 
intracellular CsCl replaced KCl, suggesting 
that arachidonic acid activated K+-selective 
ionic currents. To determine the relative 
contributions from the many K+ currents 
present, we studied currents at the single- 
channel level. 

When an inside-out patch was formed in 
the Dresence of 10 CLM arachidonic acid in 
the 'bath, a high' conductance channel 
(IK.**) often appeared within 3 min. We 
rarely (<2%) observed this channel in con- 
trol patches (n  > 100) not exposed to 
arachidonic acid. Figure 2A shows the grad- 
ual increase in the opening frequency of the 

50 mV -: --,;;; 
Control 

I 

i 
25 rns 
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large conductance channel at a holding po- 
tential of 40 mV. These channels appeared 
in 70% of inside-out patches exposed to 10 
kM arachidonic acid (n  = 30). Arachidonic 
acid did not activate the channels when 
added extracellularly or to the pipette in cell- 
attached patches. Once activated, I K . ~ ~  re- 
mained active for the duration of the patch 
recording (up to 30 min). The limiting 
single-channel conductance was 160 pS in 
the outward-current passing direction and 
70 pS in the inward-current passing direc- 
tion (Fig. 2, B, C, and D).  By comparison, 
IK.ACh and I K l r  nvo common cardiac K+ 
channels, had conductances of 35 -+ 5 pS in 
symmetrical 145 mlZl K+ at -80 mV. The 
mean open time was -1 ms at -60 mV 
(Fig. 2C, lower) and did not vary signifi- 
cantly with voltage. I K . ~ ~  was Kc-selective; 
varying the intracellular Kf concentration 
from 140 to 35 mA4 by substituting choline 
for K+ shifted the single-channel reversal 
potential according to the expected Nernst 
relation (Fig. 2D). A plot of the reversal 
potential versus the intracellular K+ concen- 
tration had a slope of -56 mV per decade, 
close to the expected slope of -58 mV per 
decade at 22°C (Fig. 2E). Replacement of 
K+ by Csf (intracellular surface) blocked 
the outward current. 

In contrast to I K . A C h r  I K . ~ ~  was not acti- 
vated [no increase in mean channel activitv. 

2 ,  

Np,, the product of the number of channels 
( N J  and the probability of channel opening 
(p,)] by products of arachidonic acid me- 
tabolism. 5-Hydrox\.eicosatetraenoic acid (5- 
HETE) , 5- hydroperoqdcosatetraenoic acid 
(5-HPETE), 15-HETE, 12-HPETE, 12- 
HETE, and leukotrienes B4, C4, D4, and 
E4 (10 kI\/P) did not activate I K . ~ ~  in inside- 
out patches ( n  2 5). Indomethacin (10 kn/I) 
and nordihydroguaiaretic acid (10 p w ,  
blockers of the cyclooxygenase and lipoxygen- 
ase pathways, respectively, did not prevent 
activation. channel activity was not atfected 
by the addition of the detergent 3-[a-cholami- 
dopropyldimethylammonio] - 1 -propane- 
sulfonate (CHAPS) up to 200 k!W, ATP (4 
mM), Mg2+ (0 to 10 mlW, guanosine thio- 
triphosphate (GTPyS, 1 to 10 p,121), guano- 
sine triphosphate (1 to 100 klW, or by 
increasing the free Ca2+ concentrations of the 
bath to 100 kM. Many other lipid-soluble 
membrane comDonents have structures relat- 
ed to arachidokc acid, which is normally 
generated by the action of phospholipase A2 
(PLA2) on membrane phospholipids. We ex- 
amined whether other fatty acids also activat- 
ed the channel. Linoleic acid (10 k1w ( n  = 4) 
but not oleic, palrnitic, stearic, or myristic acid 
(10 to 50 kL2/1) (n = 4) activated the charnel 
in inside-out ~atches of membrane. These 
results suggest that the opening of these latent 
K+ channels is not a nonspecific effect 

of hydrophobic compounds on the channel. 
Ischemia increases arachidonic acid and 

other free fatty acids, depresses pHi, and 
increases the K+ conductance in cardiac cells 
(8). I K . ~ ~  activity increased with a decrease in 
intracellular p H  (Fig. 3). After induction of 
I K . ~ ~  with 10 mu arachidonic acid, the p H  
was changed sequentially from 7.2 to 6.0 and 
back to 7.2 in 0.2 pH unit steps. Mean 
channel activity increased tenfold when the 
pH was lowered to 6.4. Activity was only 
slightly increased when the p H  was lowered 

Fig. 2. Single-channel cur- 
rents activated b!. arachi- 
donic acid in inside-out 
patches of neonatal rat atrial 
cells (IK.AA) The pipette 
and bath solution contained 
140 mM K+, 140 mM CI-, 
5 mM EGTA, 2mW Mg2+, 
and 10 m:M Hcpes @H 
7.2). (A) Single-channel 
currents induced by 10 KIM 
arachidonic acid applied to 
the inside surface of the 
patch. Holding potential, 
+40 mV; cutoff frequency, 
2.5 kHz. (B) Single-channel 
records at patch potentials 

further to 6.0. The acidificauon-induced rise 
in channel activity reversed when normal p H  
was restored. Channel activity is plotted 
against pH in Fig. 3B with half-maximal 
activation occurring at p H  6.7. The p H  
dependence of channel activity was not af- 
fected by addition of ATP, addition of Ca2+ 
(0.1 M ) ,  or removal of Mg2+. All solu- 
tions were pH-adjusted in Hepes buffer after 
addition of fatty acid. Thus, I K . ~ ~  was not 
simply H+-gated. 

Free fatty acids are generated from phos- 

"- 

E loo 
i200 L 2 0 

0 
Current (PA) 

ranging f rok -80 to +40  ZOO 
mV. Dotted lines indicate 
zero-current level. Reversal 
potential is -0 mV. (C) 
Amplitude (4.5 ph)  and 
open time histograms [time 

n constant ( 7 )  = 1.13 ms; 
-80 .... 5 0 binned maximum likelihood 

fit] of channel openings ob- 0 2 4 6 8 1 0  Duration (ms) 
sewed at -60 mV. (D) Sin- 
gle-channel I- V relations at DArachidonic acid E 
three different intracellular 
K+ concentrations as indi- 
cated (fittcd by eye). (E) 
Semilogarithmic plot of the 
single-channel reversal po- 
tential versus intracellular 
K+ concentration. The fit- - 
ted line (solid circles) has a 
slope of - 56 mV per decade 
and is compared to the theo- 
retical (Nernst) relation 
(open circles). A small offset was present in this set of experiments. 

PHI A B Fig. 3. Ac~d~fication increases IK fre- 

7 2  1 
, -- 7 3  quencv of openlng Single-channel cur- 

11 l ; rents were Induced bv perfus~on of the 
- ~nside-out patch with 10 pM arachldonic 

' O - " T T j  I 1 '  / ac~d When the channel acticlnr reached 
stead), state, the p H  of the perfus~on 

'Tjhj;;ll~TI-~'f7"il"'+ o 4 
medlum was changed sequentlallv from 

E 0 2  7 2 to 7 0 , 6  8 , 6  6 , 6  4, and then to 7 2, - and the channel actlcinr was measured at 
W f i P f I T , T , ~ ~ ~ f l -  O 6 7 2 7 6 each p H  Holdlng potential, -60 mV 1n 

PHI 
svmmetrical 140 m W  K+ (A) Single- 

-jflAU/flM{firjT/fjTfl~Ti;~- 
channel currents at fire different p H  cal- 

HL ues, showlng progresslvelv lncreaslng actlcin7 as p H  was 
decreased (B) Plot of the relatire channel actlvity cersuspH 

- d , B T j m ~ T  '0° ms Channel actirlnT obta~ned at p H  6 0 is taken as 1 0 Channel 
activlw 1s expressed as aceraged lVp, Channel current is 

integrated orer tlme and divided bv currcnt amplitude ( I )  to obtaln 1Vp, Each point 1s the mean offour 
experiments (+ Sl)), and points were fitted with a s~gmoid cunc 
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pholipids by the action of PLA2. During our 
investigation of the role of phospholipids in 
activating I K . ~ ~ ,  we found that 10 plkf 
phosphatidylserine (PS) or phosphatidyl- 
choline (PC) activated a second K+ channel 
when applied to the intracellular surface of 
the patch. This channel was K'-selective, as 
judged by a -60 mV per decade change in 
slope in the plot of intracellular K+ concen- 
tration versus reversal potential. The limit- 
ing single-channel conductance was 68 pS in 
the outward direction and 44 pS in the 
inward direction with a mean open time of 
-1 ms. In cell-attached patches, 10 to 50 
/AM PC or PS did not cause channel activa- 
tion when added to the bath or to the 
pipette. Lysophosphatidylcholine, a product 
of the action of PLA2 on PC, activated this 
channel in one patch out of six. Arachidonic 
acid and its metabolites mentioned above 
(HPETEs, HETEs, and leukotrienes) had 
no effect on channel activation. It is unlikely 
that protein kinase C was involved in chan- 
nel activation because phorbol esters at 10 
pM [phorbol myristate acetate (PMA) and 
1-oleoyl-2-acetylglycerol (OAG)] (n  2 183) 
did not open either of these K+  channels. 

The K' channels found in this studv mav , , 
play an important role in protecting against 
cell damage caused by ischemia, which is 
known to elevate intracellular levels of cer- 
tain fatty acids, including arachidonic acid 
(9). Ischemia or hypoxia can reduce the 
duration of the actidi potential and thereby 
cause early repolarization of cardiac cells 
(10). Opening of the K+ channels reported 
here would cause rapid hyperpolarization of 
the cell and limit additional entry of Ca2+ 
via voltage-sensitive Ca2+ channels as well as - 
minimize energy consumption by consenr- 
ing ATP. A decrease in intracellular pH 
together with the opening of the K+ chan- 
nels by arachidonic acid would contribute to 
more rapid repolarization of the cells by 
increasing the K+ channel activity, further 
protecting the cells from ischemic damage. 
We cannot yet generalize our results to adult 
human cardiac cells, so the importance of 
these channels in ischemia remains specula- 
tive. Alternatively, these K+ channels may 
be part of newly discovered second messen- 
ger pathways involving lipophilic com- 
pounds, as suggested by other reports of 
arachidonic acid metabolites in gating chan- 
nels (1, 2). The role of these compounds as 
part of a physiological second messenger 
system is supported by the fact that the 
existence of these K+ channels may not be 
limited to heart cells. Arachidonic acid ( 5  to 
40 p w  and certain fatty acids activate two 
types of K+ channels in gastric smooth 
muscle cells (1 1) when added extracellularly. 
We do not know whether our channels are 
activated directly by farty acids such as ara- 

chidonic acid. The pathway is apparently K. B. Walsh and R. S. Kass, Sc~ence  242,67 (1988). 
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Arachidonic Acid and Other Fatty Acids Directly 
Activate Potassium Channels in Smooth Muscle Cells 

Arachidonic acid, as well as fatty acids that are not  substrates for cyclooxygenase and 
lipoxygenase enzymes, activated a specific type of potassium channel in freshly 
dissociated smooth muscle cells. Activation occurred in excised membrane patches in 
the absence of calcium and all nucleotides. Therefore signal transduction pathways that 
require such soluble factors, including the NADPH-dependent cytochrome P450 
pathway, d o  not  mediate the response. Thus, fatty acids directly activate potassium 
channels and so may constitute a class of signal molecules that regulate ion channels. 

A RACHIDONIC ACID (AA) AFFECTS 

the behavior of biological systems in 
two ways. First, the liberation of 

this fatty acid (FA) from cell membrane 
phospholipid, via receptor-mediated activa- 
tion of phospholipases, leads to the genera- 
tion of biologically active AA metabolites 
(that is, products of cyclooxygenase, lipoxy- 
genase, and cytochrome P450 metabolic 
pathways) (1). Such metabolic conversion of 
AA can result in the activation of K+ chan- 
nels (2). A second class of responses is 
elicited by AA itself and by other FAs. These 
responses do not proceed through the meta- 
bolic pathways for AA and are referred to as 
"direci' FA effects. The most convincing 
demonstration of this second class of re- 
sponses is the direct activation of purified 
enzymes by FAs (3-6). FA modulation of 
cellular processes (7-1 1) may reflect similar 
direct interactions of FAs with proteins. 
Here we report that both AA and certain 
other FAs, at concentrations similar to those 
required for both metabolically mediated (I ,  
2, 12) and direct (4-6, 7-10) effects of FAs, 
directly activate specific Kt channels in 
smooth muscle cells. Thus certain FAs, lib- 
erated by receptor-regulated lipases or by 

other processes, may be second messenger 
molecules for the regulation of ion channels. 
Some of these results have appeared in 
preliminary form (13). 

The effects of FAs were examined in 
smooth muscle cells, isolated from the stom- 
ach of the toad Bufo mavinus, by using tight- 
seal, whole-cell and patch recording tech- 
niques (14). In the whole-cell configuration, 
AA (10 to 40 pM) rapidly and reversibly 
activated an outwardly rectifTving K +  current 
(Fig. 1) .  In a typical experiment, the mem- 
brane potential was intermittently stepped 
to values negative and then positive to the 
calculated equilibrium potential for K+ 
(EK). The activated K+ current was seen as a 
divergence in the current trace with inward 
current generated at - 110 mV (negative to 
EK) and outward current at -60 mV (posi- 
tive to EK) (Fig. 1A). At a constant internal 
(patch pipette) K+ concentration, current- 
voltage (I- I/) relations for AA-activated cur- 
rent were obtained at different external K+ 
concentrations (Na' exchanged for K+)  
(Fig. 1B). A plot of the reversal potentials 
for AA-activated current as a function of the 
extracellular K+ concentration (Fig. 1C) 
approximated that predicted for a K+ cur- 
rent. 

To determine whether activation of K+ 
Department of Phys~ology, Univers~n. of Massachusetts 
Medxal School, 55 Lake Avenue North, Worcester, MA current required of 'y- 
01655 clooxygenase or lipoxygenase, we took ad- 
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