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Direct activation of Ca2" channels by palmitoyl
carnitine, a putative endogenous ligand

'Michael Spedding & 2Anis K. Mir

Merrell Dow Research Institute, 16 Rue d'Aukara, 67084 Strasbourg Cedex, France

1 Palmitoyl carnitine, a lipid metabolite which accumulates in cytoplasmic membranes during
ischaemia, has been shown to resemble the Ca2" channel activator, Bay K 8644, in K+-depolarized
smooth muscle. Palmitoyl carnitine caused concentration-dependent (1-1 000 pmol 1') augmentations
in the sensitivity to Ca2" of K+-depolarized taenia preparations from the guinea-pig caecum. The (± )-
isomer was equieffective with the (-)-isomer, whereas carnitine was ineffective and palmitic acid
relaxed the tissues. The shift to the left of Ca2" concentration-response curves induced by palmitoyl
carnitine (100 pmol -') was additive with that of Bay K 8644 (1 iPmol 1').

2 The interactions ofpalmitoyl carnitine with the different classes ofcalcium-antagonist were similar
to those seen with Bay K 8644. Schild plots of the calcium-antagonist effects of nifedipine were shifted
to the right following preincubation of the taenia with palmitoyl carnitine (30-300 pmol l'). The
inhibitory effects of verapamil were especially sensitive to palmitoyl carnitine (100 pmol 1'). Whereas
the potency ofdiltiazem as a calcium-antagonist was reduced by palmitoyl carnitine (100 pmol 1'), the
inhibitory effects of the lipophilic class III calcium-antagonists, cinnarizine and flunarizine, were

entirely resistant to palmitoyl carnitine (100 pmol l').
3 Although palmitoyl carnitine has detergent properties in high concentrations and lyses red blood
cells, these effects were not Ca2"-dependent, nor were they modified by calcium-antagonists. Other
detergents did not have selective interactions with Ca2" channels.

4 Palmitoyl carnitine inhibited [3H]-nitrendipine, [3HJ-verapamil and [3H]-diltiazem binding to rat
cortical membranes with IC_, values (@mol 1') of 120 ± 1, 95 ± 17 and 120 ± 15 pmol I' respectively.
The inhibition showed little temperature-dependence, in contrast to that of Bay K 8644, except for a

small reduction in the IC50 value for [3H]-verapamil binding at 37°C (42 ± 5 Pmol I'). Palmitoyl
carnitine interacted selectively with the Ca2" channel, in that effects on ligand binding to a-
adrenoceptors, P-adrenoceptors and 5-HTIA receptors occurred only at 5-10 fold higher concentra-
tions.
5 It is concluded that palmitoyl carnitine, at concentrations which have previously been shown to
occur in the cytoplasm during myocardial ischaemia, may interact directly with Ca2+ channels and may
therefore be considered as an endogenous modulator of channel function. The site of action differs
from that of other agents.

Introduction

Increased free fatty acid levels have long been known
to increase both susceptibility to arrhythmias and the
severity of damage following ischaemia (Kurien &
Oliver, 1966; deLeiris & Feuvray, 1977; Katz &
Messineo, 1981; Neely & Feuvray, 1981; Corr et al.,
1984). Mitochondrial P-oxidation of fatty acids is
blocked during ischaemia resulting in accumulation of
acyl-CoA in mitochondria and of acyl carnitines in the
cytosol (Idell-Wenger et al., 1978; Liedtke et al., 1978;
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Neely & Feuvray, 1981; Knabb et al., 1986). Acyl
carnitines normally transport lipids into mitochondria
but during ischaemia, cytosolic concentrations can
reach up to 0.29 jmol g' dry weight or 75-
200;Lmol 1` (Idell-Wenger et al., 1978; Corr et al.,
1984).

Elegant work by Corr's group has shown that long
chain acyl carnitines, such as palmitoyl carnitine,
rapidly partition into the sarcolemma, and that
hypoxia causes a 70 fold increase in sarcolemmal acyl
carnitines with resultant electrophysiological distur-
bances (Knabb et al., 1986). Previously, these distur-
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bances have been linked to the detergent properties of
these amphipathic substances (Idell-Wenger et al.,
1978) and palmitoyl carnitine has been shown to exert
many effects, such as inhibition of Na+K+-ATPase
(Adams et al., 1979), Ca2"ATPase in myocardial
sarcoplasmic reticulum (Pitts et al.. 1978) and biphasic
effects on protein kinase C activation (Katoh et al.,
1981; Wise et al., 1982; Helfman et al., 1983; Wise &
Kuo, 1983). Nevertheless, Piper et al. (1984) con-
cluded that the non-specific detergent effects of pal-
mitoyl carnitine were insufficient to account for
mitochondrial disruption following ischaemia. In this
respect, we were interested by a report indicating that
palmitoyl carnitine increased myocardial Ca2+
current, acting perhaps by a surface charge effect
(Inoue & Pappano, 1983). Changes in surface charge
modify Ca2" channel function and markedly affect the
susceptibility of the channels to calcium-antagonists
(Spedding, 1984), presumably due to changes in
channel state.

If palmitoyl carnitine were to activate Ca2+ chan-
nels, either directly or indirectly by a surface charge
effect, then it may account for the deleterious Ca2+
overload which can occur following ischaemia, with
reperfusion. We have therefore compared the effects
of palmitoyl carnitine with those of Bay K 8644, a
dihydropyridine Ca2+ channel activator (Schramm et
al., 1983) in K+-depolarized smooth muscle. The K+-
depolarized taenia preparation from the guinea-pig
caecum has been shown to be very sensitive to Ca2+
channel activators and antagonists (Spedding, 1982;
Spedding & Berg, 1984) allowing quantitive analysis
of interactions between the compounds (Spedding,
1985a). Analysis of the affinity of palmitoyl carnitine
for the high affinity binding sites of 3H-labelled
calcium-antagonists was performed in rat cerebral
cortex membranes, where affinity of agents for VOCs
voltage-operated Ca2" channels) parallels inhibitory
potency in smooth muscle. Some of these results have
been published previously in abstract form (Mir &
Spedding, 1986).

Methods

Smooth muscle

Taenia preparations from the caecum of male guinea-
pigs (200-350 g) were set up in 10 ml isolated organ
baths containing Ca2+-free K+-Tyrode solution, ofthe
following composition (mmol I-'): NaCl 97, KC1 40,
NaHCO3 11.9, NaH2PO4 0.4, glucose 5.5. The solution
was gassed with 95% 02:5% CO2 and maintained at
35C. Contractions were measured with Bioscience
isotonic transducers, with 1 g load. Cumulative con-
centration-response curves for Ca2+ (0.1, 0.3, 1, 3,
10mmoll1') were obtained by increasing the Ca2"

concentration at 3-5 min intervals in logarithmic
increments; the curves were obtained at 40 min
intervals. The first Ca2" concentration-response curve
was only used to position the baseline and maximum
response on the chart paper. Nevertheless the sen-
sitivity of the first curve was similar to that of the
second curve which was used to establish the control
EC_, value. With this technique, the sensitivity to
calcium does not change with time for 5 h (Spedding,
1982). Preparations were incubated with the antagon-
ists for 25 min, in increasing concentrations. Ca2"
concentration-ratios are the Ca2" ECO in the presence
of the antagonist divided by the control EC,,. In
parallel experiments in which the effects of the
antagonists were assessed in the presence of palmitoyl
carnitine, the antagonists were added 5 min after
palmitoyl carnitine. Schild plots (Arunlakshana &
Schild, 1959) were made by plotting log (Ca2" concen-
tration-ratio - 1) against - log of the molar concen-
tration ofthe antagonist. The slopes ofthe Schild plots
were calculated by linear regression analysis and
compared by analysis of covariance (Winer, 1962).
The Ca2" concentrations quoted in the text refer to

CaCl2 added to the medium. The low phosphate
Tyrode solution used was designed for maximum Ca2+
solubility without the use of artificial buffers such as
HEPES, which reduce the number of reproducible
concentration-response curves obtainable (Spedding,
unpublished). The Ca2+ concentration was monitored
in some experiments with a Ca2' electrode (Philips)
and the Ca2+ concentrations were not significantly
(P>0.1) lower in the bicarbonate/phosphate buffer
than in distilled water. Ca2+ in the distilled water was
< 2 pmol 1-'. Nevertheless, the Ca2+ concentration in
the centre of the muscle bundles could be expected to
be higher than in the bathing medium.
The dihydropyridines (1 mmol 1') were dissolved in

ethanol before dilution in distilled water. The highest
concentration of ethanol which was used (0.1%) did
not cause significant antagonistic effects (Ca2+ con-
centration-ratio <2). The solutions were protected
from light. All the concentrations refer to the final
bath concentrations of the drugs. Mean values are
quoted ± s.e.mean.

Rat cortical membranes

Male Sprague-Dawley rats (250- 350 g) were killed by
decapitation and the brains quickly removed. Cerebral
cortex was dissected from the rest of the brain over ice
and stored at - 70°C. Membranes were freshly
prepared each day by homogenizing the tissue in ice-
cold Tris-HCl buffer (50 mmol I-', pH 7.4) at a con-
centration of 30mg tissue ml' with a Kinematica
polytron homogenizer (lOs, setting 3). The homogen-
ate was centrifuged at 4800g for 10 min and the pellet
subsequently washed twice (4800 g x Omin) with
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fresh buffer.
For competition experiments with [3H]-nitren-

dipine, aliquots (200pli) of the tissue homogenate
(100mg 3 ml-') were incubated in duplicate with
0.1 nmol 1' [3H]-nitrendipine. Incubations were
carried out under subdued light for 90 min at 25TC in
Tris-HCl buffer (50 mmol 1', pH 7.4) in a final
volume of 1 ml. Incubations were terminated by
addition of 3 ml ice-cold buffer and membrane-bound
and free ligand were separated by rapid filtration over
Whatman GF/C filters with a modified Brandel cell
harvester; they were subsequently washed with ice-
cold Tris buffer (20mmol 1-', pH 7.4, MgCl2,
lOmmoll1', 10% polyethylene glycol, 2 x 5ml).
Radioactivity retained on the filters was measured by
liquid scintillation spectrophotometry with a counting
efficiency of approximately 42%. Non-specific bind-
ing was determined in the presence of nifedipine
0.1lImolI 1 and specific binding represented about
85% of the total binding.
For [3H]-diltiazem, binding aliquots (400 pl) of the

tissue homogenate (200 mg 3 ml ') were incubated
with 2.5-3.0 nmol I' [3H]-diltiazem in Tris-HCl buf-
fer (50 mmol I1, pH 7.4) in a final volume of 1 ml at
25C and 37°C for 90min and 60min, respectively.
Membrane bound radioactivity was collected by rapid
filtration over Whatman GF/B filters and washed with
ice-cold Tris-HCI buffer. Specific binding was defined
as the binding inhibited by unlabelled (+)-cis-dil-
tiazem (10limol I') and represented about 70% and
58% of the total binding at 25°C and 37°C respec-
tively. To reduce the radioactivity attaching to the
filters, the filters were pretreated with 0.05% polyeth-
ylenimine and under these washing conditions, the
filter blank radioactivity was reduced and was not
displaceable by unlabelled diltiazem.
For [3H]-verapamil binding, aliquots (400 pl) of the

tissue homogenate (100mg 3 ml') were incubated
with 1.5-2.0 nmol 1-P' [3H]-verapamil in Tris-HCI buf-
fer (50 mmol 1', pH 7.4) in a volume of I ml at 25°C
and 37°C for 90 min and 60 min, respectively. Washing
procedures were the same as described above and the
filters were washed with 0.05% polyethylenimine
before the start of filtration, to reduce the binding of
radioactivity to the filters. Specific [3H]-verapamil
binding was defined as the binding displaced by
unlabelled (± )-verapamil (10 imol I') and represen-
ted 70-75% ofthe total binding. Results are expressed
as mean values ± s.e. of at least 3 separate
experiments.

Affinity of palmitoyl carnitine for a,- and ,-adren-
oceptors and for 5-HTIA receptors in cortical mem-
branes was assessed by use of [3H]-prazosin, [3H]-
dihydroalprenolol, [3H]-8-hydroxy-2-(di-n-propylam-
ino) tetralin (8-OH-DPAT) as described by Pal-
freyman et al. (1986).

Results

Effects in smooth muscle

Taenia preparations in K+-depolarizing Tyrode solu-
tion relaxed fully in Ca2"-free medium. Contractions
in response to Ca2" (0.1-3 mmol 1-') were reproduci-
ble and stable for long periods of time (up to 5 h).
Palmitoyl carnitine (l00pmoll1') and Bay K8644
(1 psmol 1') augmented established submaximal con-
tractions in response to Ca2" (1I00 jmol l'; Figure 1).
Furthermore, the preparations relaxed rapidly when
the exogenous Ca2" was chelated with EDTA
(150 jimol I'), indicating that neither palmitoyl car-
nitine nor Bay K 8644 interfered with the mechanisms
involved in relaxation, consistent with an effect involv-
ing facilitated Ca2" entry into the smooth muscle cells.
Following washout of the drugs from the baths, the
tissues showed a continued slight increase in sensitivity
to Ca2" (Figure 1) indicating that the drugs washed out
slowly from the tissues and that palmitoyl carnitine
did not adversely affect contractility.
The concentration-response curve for palmitoyl

carnitine, in increasing Ca2"-induced contractions is
shown in Figure 2. The effects of palmitoyl-(-)-
carnitine were not significantly different from those of
palmitoyl-( ± )-carnitine, which was used in all further
studies. The ECO for. palmitoyl carnitine was
75 ± 5 jtmol 1-'. Carnitine was inactive, whereas pal-
mitic acid relaxed Ca2+-induced contractions, albeit at
higher concentrations (Figure 2). Lysophosphatidyl
choline was more than 10 fold less effective than

EDTA
a V

a

PIrnitoyI

carnitine

B

ABay K8644

30 min

A A

Figure 1 Comparison of the effects of palmitoyl car-

nitine (100 ymol l-', *, a) and BayK 8644 (1 ;mol I-', E,
b) on Ca2"-induced contractions (A, 100 jsmol I') in K+-
depolarized taenia preparations from the guinea-pig
caecum. EDTA (V. 150JLmol l') was added to chelate
bath Ca2"; the preparations relaxed rapidly indicating
that relaxant mechanisms were not impaired by the
compounds. After washout (W) the sensitivity of the
preparations remained high to Ca2". Vertical calibration
bars represent the maximum response to Ca2"
(3 mmol I').
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Figure 2 Effects of palmitoyl-(±)-carnitine (A), pal-
mitoyl-(-)-carnitine (-), carnitine (0) and palmitic
acid (0) on submaximal contractions induced by Ca2"
(100 ,mol l-') in K+-depolarized taenia preparations
from the guinea-pig caecum. In one series of experiments
preparations were pretreated with Bay K 8644
(1 gmol I-', A) and the preparations submaximally con-
tracted with Ca2" (30;Jmol I'); in these preparations
palmitoyl carnitine further increased the Ca2"-induced
contractions.
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Figure 3 Shift to the left ofCa2" concentration-response
curves (0 control) in K+-depolarized taenia preparations
by palmitoyl carnitine (PC, 100 gumol I -', 0), Bay K 8644

(BK, 1 gumol I-') or a combination of the two agents (PC
+ BK, A). Vertical bars represent s.e.mean of 5

experiments.

palmitoyl carnitine (not shown). Palmitoyl carnitine
was capable of increasing Ca2"-induced contractions
in the presence of a maximally-effective concentration
of Bay K 8644 (Figure 2). Thus, when taenia prepara-
tions were incubated with Bay K 8644, using a concen-
tration (1 jimol I') previously shown to be maximally
effective (Spedding & Berg, 1984), and submaximally
contracted with Ca2" (30 pmol I'), palmitoyl car-
nitine caused a further increase in the Ca2" contraction
(Figure 1); Bay K 8644 (I-lOgImollI') did not aug-
ment a Ca2"-induced contraction under these condi-
tions.

Palmitoyl carnitine (100 pmol 1') shifted concen-
tration-response curves to Ca2+ to the left, as did Bay
K 8644 (1 pmol 1'; Figure 3). Combination of the two
agents caused a further shift to the left of the Ca2+
concentration-response curves.

Interactions with calcium-antagonists

Bay K 8644 has been shown to have distinct, selective
interactions with different subgroups of calcium-
antagonists (Spedding, 1985b) and a similar protocol
was used in the studies with palmitoyl carnitine.
Nifedipine has been shown to reduce the sensitivity to
Ca2+ in K+-depolarized taenia in a pseudo-com-
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Figure 4 Schild plot of the inhibitory effects of

nifedipine in K+-depolarized taenia preparations in the

absence (0) or presence of palmitoyl carnitine

(30 1molPl' A; l0OOLmoll' 0; 300firmoll' U).
Nifedipine was preincubated, in increasing concentra-

tions, for 25 min prior to cumulative addition of Ca2"
(0.1-10flmoll-'). Palmitoyl carnitine was added 5min
before nifedipine. The apparent pA2 values are listed in

Table 1; the slopes of the Schild plots were all 1.2 ± 0.2,
indicating a parallel shift to the right. Vertical lines

represent s.e.mean, n = 5.
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petitive manner (Spedding, 1982; 1985b), as the drug
shifted Ca2+ concentration-response curves to the
right, in parallel. In the present experiments,
nifedipine was found to have an apparent pA2 as an
antagonist of Ca2+-induced contractions of 9.7 ± 0.1
(slope 1.2 ± 0.2; Figure 4). Preincubation with pal-
mitoyl carnitine (30-300 tmol-1') increased the sen-
sitivity of the taenia to Ca2' and reduced the potency
of nifedipine as a calcium-antagonist (Figure 4),
shifting the Schild plots to the right, in parallel (Table
1). Bay K 8644 (10-1000 nmol 1-') has similar effects
(Table 1).
The calcium-antagonistic effects of diltiazem were

also reduced by palmitoyl carnitine (100 pmol 1'), in
that the Schild plot was displaced to the right, in
parallel (control slope 1.0 ± 0.1; palmitoyl carnitine
1.0 ± 0.1) and the apparent pA2 reduced (Table 1).
Palmitoyl carnitine (100,moll-') caused very

marked antagonism of the inhibitory effects of
verapamil with non-parallel depression of the Schild
plots (control slope 1.2 ± 0.3; palmitoyl carnitine
slope 0.5 ± 0.3) and a reduction of the apparent pA2
(Table 1).

In contrast, the inhibitory effects of flunarizine and
cinnarizine, lipophilic class III calcium-antagonists
(Spedding, 1985a), were resistant to palmitoyl car-
nitine (100ILmoll-') (Table 1). In this respect, pal-
mitoyl carnitine resembled Bay K 8644 which does not
reverse the inhibitory effects of this class of calcium-
antagonist (Table 1).

Detergent effects ofpalmitoyl carnitine

In high concentrations, acyl carnitines may act as
detergents and disrupt cell membranes. In this respect,
palmitoyl carnitine (100 ;mol I') caused submaximal
lysis of canine erythrocytes (Figure 5). However, the

100 _
CO

o _o O O O o
I I I I I

10 100 1000 10 000

Ca2" (pLmol I-)

Figure 5 Lysis of red blood cells by palmitoyl carnitine

(100plmollI') in the presence (A) or absence (0) of
verapamil (10lmoll1'); 50#1 of dog packed red blood
cells were added to 10ml tubes containing saline and
various Ca2+ concentrations. In some experiments pal-
mitoyl carnitine was not added (0). Note that palmitoyl
carnitine caused 80% lysis and that this was unaffected by
the Ca2+ concentration or by verapamil.

0

0*

0.
Co

Cd

W

>o

.0-

8

la

'0

cns

'0

'0

to

0

-
._

0

._

._

Co
Co

C)

a
co

0.

0
C)

Co

rQ v) kn C(

.N N

0o ICo Io I
+1 +1 +1 +1~ O I: C
r-

.

00r

.t_

s: +l
o

N -

I:z
E

9

C-

C)0

C)

+1

.4

q)

Nz
Q

1°°6 1°cI ° 1°C
+1 +1 +1 +1 +1
0ll 'f en N- Nl
r& r- r& r& r-:

*

*

r-

+l
0

-

+1
00

*

*

N N

6

+1 +1
00_

* *

* *

* * *

.* NNN

o

S +l +l1+1+l
or oo r-

*

^ en

+1 +1

*

*

+l +1

* *

* *

*r

+1 +1 +1 +1

r- 't c en

N 0'0 0
oR o~oco

00~~~

0 >b OW E 0 E E

*

I I I *
0.
6

bo

V
*
*

ol

0

0~~~~~~0

*

0

o

0.

C)

2

U -- -o U

F m̂ F 00~~0
. . . . . 0

cz cro ooofi a

N (N(N (N

00

= ~~~~~~~~oo

.0 00O

°EEE O e E 0

04

c

c

r

c



462 M. SPEDDING & A.K. MIR

lysis was independent of the Ca2" concentration and
was unaffected by verapamil (10 .tmol 1-'; Figure 5), or
by nifedipine (1 psmol1') or cinnarizine (1 ptmol 1-';
not shown). The degree of lysis was highly dependent
on the volume of erythrocytes added, in that doubling
the volume from 50 gld to 100 pi reduced the degree of
lysis from 80% to 20%. Other surface-active agents
which lyse erythrocytes did not resemble palmitoyl
carnitine in K+-depolarized smooth muscle (Figure 6).
Triton X-100, Tween 80 and saponin relaxed Ca2+-
induced contractions; saponin did not antagonize the
effects of nifedipine (Table 1). Although sodium
dodecyl sulphate augmented Ca2'-induced contrac-
tions, this agent did not reduce the potency of
nifedipine.

Interactions with 3H-ligands

Binding sites within the Ca2" channel for
dihydropyridines, diltiazem and verapamil are allos-
terically linked and the interactions between the sites
are temperature-dependent, allowing analysis of the
site of action. [3H]-nitrendipine bound with high
affinity to a single site in guinea-pig cortical mem-
branes, as previously described (Mir & Spedding,
1987). Nitrendipine, Bay K 8644 and palmitoyl car-

Saponin
v

SDS 10

nitine and palmitic acid displaced [3H]-nitrendipine
binding, but carnitine was ineffective (Figure 7). The
IC,, values are shown in Table 2; the IC., for palmitoyl
carnitine was similar to that required to augment
Ca2"-induced contractions in K+-depolarized smooth
muscle.
The effects of dihydropyridines on [3HJ-diltiazem

binding are very temperature-sensitive and nitren-
dipine and Bay K 8644 were found to increase specific
[3H]-diltiazem binding at 37°C but to inhibit binding at
25°C (Figure 8). In contrast, palmitoyl carnitine
inhibited [3H]-diltiazem binding at both 25°C and
37C. The EC-, and ICso values are listed in Table 2.
The dihydropyridines inhibited only a small propor-

tion of specific [3H]-verapamil binding, the proportion
of which is essentially unaffected by temperature
(Figure 9). Palmitoyl carnitine resembled verapamil in
that both agents caused a similar maximal dis-
placement of [3H]-verapamil binding (Figure 9). Fur-
thermore, palmitoyl carnitine was more potent in
displacing [3H]-verapamil binding than [3H]-nitren-
dipine or [3H]-diltiazem binding (Table 2).

Palmitoyl carnitine selectively interacted with
ligands binding to the Ca2" channel, because the
binding ofagents at a-adrenoceptors, P-adrenoceptors
and 5-HTIA receptors was inhibited only by concentra-

100

20 min
m_

Triton X 100

V Tween 80

v

Figure 6 Effects of sodium dodecyl sulphate (SDS, 10 and lO0 ymol l-'), saponin (1000g ml'), Triton X 100(0.3%)
and Tween 80 (0.3%) on submaximal contractions of K+-depolarized taenia preparations induced by Ca2"
(100pLmol I'). The vertical bars represent the maximal contractions of the tissues.
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Figure 7 Effects ofpalmitoyl carnitine (A), palmitic acid (A), carnitine (0), nitrendipine (-) and Bay K 8644 (-) on
[3H]-nitrendipine binding to rat cerebral cortex membranes, at 25C. Vertical lines represent s.e.mean, n = 3-7.

Table 2 Comparison of the potencies of nitrendipine, Bay K 8644 and palmitoyl carnitine in affecting the binding of
radioligands to rat cerebral cortex membranes

IC30 or EC_,, pmol I' ± s.e.mean (n)
25°C 37°C

[3H]-nitrendipine binding
Nitrendipine
Bay K 8644
Palmitoyl carnitine
Palmitic acid

0.0006 ± 0.0001
0.022 ± 0.005

120 ± 1 06
170 ± 1 06

[3H]-diltiazem binding
Nitrendipine
Bay K 8644
Palmitoyl carnitine

[3H]-verapamil binding
Nitrendipine
Bay K 8644
Verapamil
Palmitoyl camitine

[3H]-prazosin binding
Palmitoyl carnitine

[3(H-8-OH-DPA T binding
Palmitoyl carnitine

[3HJ-dihydroalprenolol binding
Palmitoyl carnitine

0.0013 ± 0.0003 (3)
0.0133 ± 0.0002 (3)

120± 15 (4)

0.00085 ± 0.0015 (5)
0.0071 ± 01.0036 (5)
0.057 ± 0.012 (5)

95 ± 17 (4)

0.0004 ± 0.0001 (3)
0.017 ± 0.005 (3)

173 ± 17 (4)

0.00142 ± 0.000056 (4)
0.038 ± 0.005 (4)
0.116 ± 0.017 (4)

42 ± 5 (4)

437 ± 60 (4)

447±60 (3)

398 ± 46 (4)
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Figure 8 Effects of palmitoyl carnitine (A), nitrendipine (-) and Bay K 8644 (-) on [3HJ-diltiazem binding to rat
cerebral cortex membranes at 37°C (a) or 25C (b). Vertical lines represent s.e.mean, n = 3-4.

tions of palmitoyl carnitine that were much higher
(Table 2).

Discussion

Receptor sites may be located directly on ion channels,
as is the case for the nicotinic receptor (Hille, 1984).
VOCs have been shown to have high affinity receptor
sites for calcium-antagonists, yet no endogenous
ligand has been shown to interact directly with the
Ca2+ channel, as yet. The predominant control of

a b
1O0 -#- - a I~ZZ

80
<O

-,\

40 \

9
0 9 8 7 6 5 4 3 10

VOC function is by changes in membranal polariza-
tion (Reuter, 1967) or surface charge (Spedding, 1984;
Hille, 1984), with further indirect modulation occur-
ring via channel phosphorylation (heart; cyclic AMP
dependent protein kinase, Tsien et al., 1972;
Speralakis & Schnieder, 1976; Brum et al., 1983;
neurones: protein kinase C, Harris et al., 1986;
Messing et al., 1986; Osugi et al., 1986; Wakade et al.,
1986) or interactions with G proteins (Holz et al.,
1986). We were therefore interested by the report of
Inoue & Pappano (1983) indicating that palmitoyl
carnitine increased Ca2" current in avian ventricular
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Figure 9 Effects of palmitoyl carnitine (A), nitrendipine (0), Bay K 8644 (U) and verapamil (0) on ['HJ-verapamil
binding to rat cerebral cortex membranes at 37°C (a) and 25°C (b). Vertical lines represent s.e.mean, n = 4-5.
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muscle; palmitoyl carnitine might therefore be con-
sidered as a potential endogenous ligand.

Palmitoyl carnitine resembled Bay K 8644, in that it
increased the sensitivity of smooth muscle to Ca2,
under depolarizing conditions, without impairing the
ability of the tissue to relax, findings which are
consistent with selective activation of VOCs. Pal-
mitoyl carnitine and Bay K 8644 had additive effects,
which might point to different molecular sites of
action in the Ca2" channel. However, this difference
might be secondary to the fact that Bay K 8644 is not a
full activator and has a bell-shaped concentration-
response curve (Spedding & Berg, 1984; Thomas et al.,
1984; Spedding et al., 1987). Thus the additive effect of
palmitoyl carnitine with Bay K 8644 might be con-
sequent upon high concentrations of palmitoyl car-
nitine having less antagonistic effects at VOCs than
Bay K 8644.
Bay K 8644, by virtue of its affinity for the

dihydropyridine site, has selective interactions with
the different classes of calcium-antagonists in smooth
muscle (Spedding, 1985a,b). Under constant
depolarizing conditions, the calcium-antagonistic
effects ofother dihydropyridines such as nifedipine are
competitively antagonized by Bay K 8644 (Su et al.,
1984; Spedding, 1985a). The effects of the class II
antagonists such as verapamil and diltiazem are
reversed non-competitively (Schramm & Towart,
1984; Su et al., 1984; Spedding, 1985a), which is
consistent with the allosteric linkage between the
binding sites for these drugs in the Ca2" channel (Janis
& Triggle, 1984; Glossmann et al., 1986). In complete
contrast, Bay K 8644 does not reverse the inhibitory
effects of class III calcium-antagonists such as cin-
narizine or flunarizine (Spedding & Berg, 1984); this
discrepancy is consequent upon these agents having a
molecular site of action which may either be in VOCs
(Godfraind & Miller, 1983), trapping the channels in a
state which has low affinity for dihydropyridines, or be
at other sites (Spedding, 1985b; Grima et al., 1986).
Identical interactions occur in the heart (Boddeke et
al., 1987) and may be considered as a powerful tool to
dissect the molecular site of action of an activator or
an antagonist at VOCs.

Palmitoyl carnitine also had selective interactions
with the different calcium-antagonists. First, the cal-
cium-antagonistic effects of nifedipine were antagon-
ized, although the extent of the antagonism was not as
great as with Bay K 8644, presumably because pal-
mitoyl carnitine is not selective for the
dihydropyridine site. Secondly, the reversal of the
effects of verapamil and diltiazem was very similar to
that seen with Bay K 8644, even to the extent that the
Schild plot for diltiazem was displaced in a parallel
manner by both substances whereas the plot for
verapamil was flattened (see Spedding, 1985a). Thir-
dly, palmitoyl carnitine, like Bay K 8644, was ineffec-

tive in reversing the calcium-antagonist effects of
cinnarizine and flunarizine, which is powerful
evidence for palmitoyl carnitine having a site of action
at VOCs.

These findings are supported by the ligand binding
studies where the concentrations of palmitoyl car-
nitine required to displace [3H]-nitrendipine, [3H]-dil-
tiazem and [3H]-verapamil binding were similar to
those required to reduce the calcium-antagonistic
effects ofthese drugs. Palmitoyl carnitine was selective
for agents binding to the Ca channel. It is likely that
palmitoyl carnitine may interact with the binding site
for verapamil. [3H]-verapamil binding was most sus-
ceptible to palmitoyl carnitine, and the calcium-
antagonist effect of verapamil were also very suscepti-
ble. Palmitoyl carnitine, unlike the dihydropyridines,
displaced all the specific [3H]-verapamil binding. Fur-
thermore, verapamil reduces [3H]-nitrendipine binding
and [3H]-diltiazem binding in rat cortical membranes
in a manner which is not markedly temperature-
dependent (Mir & Spedding, 1986), like the effects of
palmitoyl carnitine. Nevertheless, although these find-
ings point to a direct interaction at the verapamil
binding site, certain reservations must be made. Pal-
mitoyl carnitine is a lipophilic amphipathic substance
which will incorporate into cell membranes and
change a variety of functional parameters (Bigard &
Spedding, 1986), including Ca2" binding. The
verapamil site is particularly sensitive to changes in
surface charge (Spedding, 1984), membrane
depolarization (Linden & Brooker, 1980; Spedding et

al., 1986) and to cytosolic Ca2" (Reynolds et al., 1983;
Galizzi et al., 1985) and this protein may be the voltage
sensor for the channel. It is therefore probable that the
changes induced by palmitoyl carnitine in the binding
and in the calcium-antagonistic potency of verapamil
are consequent upon a direct interaction with the Ca2"
channel or tightly associated lipids, but may not

necessarily be due to direct competition with
verapamil for its site of action.

It is unlikely that the effects of palmitoyl carnitine
can be related simply to its detergent effects, even

though these overlap the higher end (0.1-1 mmol I-')
of the concentration-range we have used. The degree
of lysis of erythrocytes was totally dependent on the
volume of erythrocytes added, indicating that
accumulation into the cell membranes is a crucial
factor. However, we observed no significant change in
the EC5o for augmentation of Ca2+-induced contrac-

tions between small (<5mg) or large (6-10mg)
taenia preparations (data not shown). Only sodium
dodecyl sulphate of the detergents tested increased the
sensitivity of the taenia to Ca2" and this agent did not

reduce the sensitivity ofthe preparations to nifedipine.
The increased Ca2` sensitivity of the tissues presuma-
bly reflects the affinity of sodium dodecyl sulphate for
the Na+/Ca2" exchanger (Philipson, 1984; Philipson et
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al., 1985) and not affinity for VOCs. Palmitoyl CoA
and lysophosphatidyl choline have similar, or greater
potency to lyse erythrocytes compared with palmitoyl
carnitine (Brecher, 1983; Eskelinen & Mela, 1984;
unpublished observations) yet both agents were con-
siderably less potent than palmitoyl carnitine in
enhancing Ca2"-induced contractions in the taenia.
Both agents cause electrophysiological disturbances in
the heart, with some augmentation of Ca2` current
(Corr et al., 1981; 1982), but the present findings
indicate that palmitoyl carnitine is more selective for
the Ca2` channel, at least under constant depolarizing
conditions where effects on outward currents will be
minimized.

Nevertheless, these findings should not be taken as
an indication that the effects of palmitoyl carnitine on
VOCs are independent of the detergent properties of
the molecule. Adams et al. (1979) considered pal-
mitoyl carnitine to be a 'naturally occurring detergent'
with biphasic effects on a variety of ion transport
systems, following incorporation into the membrane.
We found decanoylcarnitine to be considerably less
effective than palmitoyl carnitine in causing lysis of
erythrocytes and in augmenting Ca2`-induced con-
tractions. It is likely that the VOCs may be particularly
sensitive to the physico-chemical properties of pal-
mitoyl carnitine and in this respect the calcium-
antagonist verapamil has been considered to exert its
use-dependent effects by relatively simple physico-
chemical interactions with a subunit of the Ca2+
channel (Mannhold et al., 1984). Selective 'detergent-
like' effects of palmitoyl carnitine within VOCs may
therefore explain the selective interactions seen in
smooth muscle.
As acyl carnitines have been shown to accumulate in

high concentrations in the myocardium, and to

increase Ca2" current (Corr et al., 1981; 1982; Inoue &
Pappano, 1983), to exert positive inotropic effects
(Inoue & Pappano, 1983; Duncan et al., 1986) and to
reverse the inhibitory effects of nisoldipine and
verapamil (Duncan et al., 1986), they may therefore be
considered as endogenous Ca2" channel activators.
Any selectivity for VOCs compared with other sites
may be dependent on the amount of acylcarnitines
incorporated into the sarcolemma compared with
other organelles, and on the experimental conditions.

This effect will therefore have considerable clinical
import for the pathogenesis of ischaemia. For exam-
ple, in ischaemia VOCs activated by acyl carnitines
would be relatively resistant to compounds such as
verapamil, diltiazem and nifedipine, although not to
class III calcium-antagonists (calcium-overload
blockers). Acyl carnitines may therefore be responsi-
ble for some of the massive Ca2" overload which
follows reperfusion of ischaemic tissues. Indeed,
infusion of palmitoyl carnitine (50 pmol 1') into the
coronary artery of cats produces ST segment eleva-
tion, arrhythmias, ventricular fibrillation and death;
the effects were similar to, and had the same time
course as, coronary ligation (Bentham et al., 1986).
Lysophosphatidyl choline was also infused during
these experiments and although similar arrhythmias
occurred, there was not the same extent ofST segment
elevation, perhaps due to less myocardial work.

In conclusion, palmitoyl carnitine, an endogenously
occurring lipid metabolite, has been shown to resem-
ble Bay K 8644 in a variety of interactions at VOCs,
although the molecular site of action does not appear
to be at the dihydropyridine binding site. Palmitoyl
carnitine may be considered to be an endogenous
activator of VOCs.
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