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Cardiovascular Division, Department of Medicine, Brigham & Women's Hospital and
Harvard Medical School, Boston, Massachusetts 02115

Abstract

Peripheral vascular effects of opioid peptides are well known,
but direct myocardial effects have not been established. We
studied the inotropic response of spontaneously beating cultured
chick embryo ventricular cells to the enkephalin analogue [D-
Ala2jenkephalin. Amplitude of cell motion increased in a con-

centration-dependent manner with 0.53 MID-Ala2I-enkephalin
producing half-maximal response. The mechanism of this positive
inotropic effect was investigated by examining alterations in 4Ca
influx, cyclic AMPaccumulation and adenylate cyclase activity
in response to D-Ala2j-enkephalin. At maximally inotropic con-

centrations, the 4Ca influx rate increased 39%, adenylate cyclase
was stimulated by 30%, and cyclic AMPcontent rose more than
twofold. Thus, in contrast to neural tissue, receptors for enke-
phalin in cultured heart cells are coupled to adenylate cyclase
in a stimulatory manner. Occupancy of these receptors produces
an increase in cyclic AMPlevels and exerts a positive inotropic
effect via a verapamil-sensitive enhancement of Ca influx.

Introduction

In most receptor-effector systems, opiates and opiate peptides
have an inhibitory effect (1-4), although some exceptions have
been observed (5). Opiates have been demonstrated both to blunt
the physiological response to sympathetic stimulation (4) and
to inhibit directly adenylate cyclase activity in the absence of #-

adrenergic stimulation (2). Interaction of opiates with neuro-

transmitters regulating cardiac performance was suggested by
the early study of Kosterlitz and Taylor (6), demonstrating that
morphine reduced cardiac slowing produced by vagal stimula-
tion. Subsequently, a number of studies reported that enke-
phalins and opiates have direct or modulatory effects on the
heart (3, 4, 7-9).

Recent studies from our laboratory on the native opioid
peptides Met-enkephalin and Leu-enkephalin, as well as the sta-
ble synthetic enkephalin analogues (D-Ala2) Met-enkephalin
(DALA)' and (D-Ala2, D-Leu5) Leu-enkephalin (DADLE), dem-
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1. Abbreviations used in this paper: DALA, (D-Ala2) Met-enkephalin;
DADLE, (D-Ala2, D-Leu5) Leu-enkephalin; EC"0, effective concentra-
tion 0; FCS, fetal calf serum; Gi, inhibitory guanine nucleotide regulatory
subunit; G,, stimulatory guanine nucleotide regulatory subunit; IBMX,
isobutyl methylxanthine.

onstrated that these compounds increased the contractility of
cultured chick myocytes (a noninnervated preparation) in a
concentration- and time-dependent manner. The positive ino-
tropic effect of these compounds was antagonized by the opiate
antagonist naloxone but not by fl-adrenergic, a-adrenergic, Hi,
or H2 antagonists (10). Specific opiate receptors were character-
ized by ligand binding techniques in cell membranes. These ini-
tial observations led us to probe the cellular mechanism of the
positive inotropic effect of enkephalins.

In most cardiac systems, opiates and enkephalins appear to
have a negative modulatory effect. In neural tissue, receptors for
enkephalins have been demonstrated to be coupled to adenylate
cyclase in an inhibitory fashion. Wenow report quite different,
direct effects on noninnervated cultured cardiac myocytes. We
find that occupancy of enkephalinergic receptors stimulates ad-
enylate cyclase and exerts a positive inotropic effect by aug-
menting Ca"+ influx through the slow Ca channel.

Methods
Tissue culture. Monolayer cultures of beating chick embryo ventricular
cells were prepared as previously described (11). Briefly, 10-d chick em-
bryo hearts were removed under sterile conditions, and the ventricles
were cut into 0.5-mm fragments and placed in Ca++- and Mg++-free
Hanks' solution. The ventricular fragments were gently agitated in 10
ml of 0.025% (wt/vol) trypsin (Gibco, Grand Island, NY), and Ca+-
and Mg"+-free Hanks' solution at 370C for four or five cycles of 7 min
each. The supernatant suspensions of dissociated cells were placed in 20
ml of cold trypsin inhibitor medium containing 50% heat-inactivated
fetal calf serum (FCS) and 50% Ca++- and Mg++-free Hanks' solution.
The suspension was centrifuged at 150 g for 10 min, the supernatant
was discarded, and the cells were resuspended in culture medium con-
sisting of 6%heat-inactivated FCS, 40%M199 (Gibco), 0.1% penicillin-
streptomycin antibiotic solution, and 54% low potassium salt solution
containing (mM) NaCl, 116; NaH2PO4, 1.0; MgSO4, 0.8; KC1, 1.18;
NaHCO3, 26.2; CaCI2, 0.87; and glucose, 5.5. Final concentrations (mM)
in the culture medium were: Na+, 144; K+, 4.0; Ca", 0.97; HCO-, 18;
and Cl-, 131. The suspension of cells was diluted to S X I0O cells/ml
and placed in plastic tissue culture dishes containing 25-mm circular
glass coverslips (VWR; thickness #2). Cells for 3',5'-adenosine mono-
phosphate (cyclic AMP) studies were plated directly on multiwell plates.
Cultures were incubated in a humidified 5% C02-95% air atmosphere
at 37°C. Confluent monolayers in which at least 70% of the cells were
contracting developed by 2 d in culture. Studies on contractility and
cyclic AMPwere done at 3 or 4 d in culture; control experiments showed
no difference in results between day 3 and day 4. For cultures used in
contractility studies, plastic microspheres 2-3 ,um in diameter (3M Co.,
St. Paul, MN) were added to the cultures on the second day of growth.
The plastic microspheres became attached to the cell surface and moved
with contraction of individual cells in the monolayer. This provided an
improved image for contraction recording and quantitation.

Measurement of contractility. A glass coverslip with attached heart
cell monolayer was placed in a specially designed perfusion chamber
that permitted continuous flow of perfusing medium over the monolayer.
The chamber was placed on the stage of an inverted phase contrast mi-
croscope (Leitz Diavert, Rockleigh, NJ) enclosed in a Lucite box with

1436 S. Laurent, J. D. Marsh, and T. WSmith

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/86/05/1436/05 $1.00
Volume 77, May 1986, 1436-1440



controlled temperature (370±0.50C). The inlet to the perfusion chamber
was connected by tubing to four syringe pumps allowing perfusion of
the monolayer with a variety of prewarmed test media. Flow character-
istics of the chamber were estimated by inodcyanine green dye washout.
Using a flow rate of 0.96 ml/min, medium bathing a cell on the center
of a coverslip was exchanged with a time constant of about 15 s. Media
samples from the chamber were analyzed (pH-gas analyzer, Instrumen-
tation Laboratories, Lexington, MA), and consistently found to have a

P02 > 100 and a pH of 7.3. The optical apparatus was supported by an
air table to dampen building vibrations, and the cells were magnified
using a 40X objective. The image was monitored by a low light level
silicon TV camera (650 SSX, Dage, Michigan City, IN) attached to the
microscope observation tube with a 2X coupler. The TV camera video
output was connected to a video motion detector (Model 633, Colorado
Video, Boulder, CO) and displayed on a Conrac TV monitor (Conrac;
Covina, CA). The total magnification of the image on the monitor screen
was 2,OOOX. The TV camera had an interlace defeat producing an image
composed of 262 raster lines. The motion detector monitored a selected
raster-line segment and provided new position data every 16 ms for a
microsphere within the monolayer moving along the raster line. The
analog voltage output from the motion detector was filtered at 15 Hz
with a 48 db/octave lowpass active filter and was calibrated to indicate
actual umof motion. The analog tracing was recorded with a strip chart
recorder. Rate and amplitude of contraction were recorded periodically.
Previous studies (I 1-14) have demonstrated that changes in amplitude
and velocity of wall motion can be used to quantify the effects of a
variety of interventions on cell contractility.

Protocolfor contractility measurement. Coverslips with spontaneously
contracting monolayers were continuously superfused with 0.6 mMCa"
medium for 10 min and the amplitude of contraction of a selected cell
was continuously recorded. When the response had stabilized, the
monolayer was exposed to the test solution. For each cell studied, the
inotropic response was expressed as the percentage of the response to
3.6 mMCa". This Ca" concentration elicits a maximal inotropic re-
sponse and helps to normalize results from individual experiments.
Loading conditions for contraction caused by attachment of the cell to
the coverslip and to other cells, as well as the viscoelastic properties of
each cell, may vary from cell to cell. By expressing the contractile response
of a given cell as a percentage of its maximal response (I 1), differences
in loading conditions are normalized, and each cell serves as its own
control. Previous studies from this laboratory have demonstrated that
this method of assessing the inotropic state of cultured cells correlates
with other physiological parameters known to relate to the inotropic
state, such as alterations in monovalent and divalent cation fluxes (1 1).
Contractility measurements were made on one cell per coverslip. Several
coverslips were used from one plating and all experimental points include
data from two or more platings.

Synthetic enkephalin analogs DALAand DADLEhad effects similar
to native Met- and Leu-enkephalin on the contractile state of sponta-
neously beating cultured heart cells (10). DALAwas used in this series
of experiments because they are resistant to enzymatic hydrolysis (15,
16). For concentration-effect experiments, each cell was superfused by
only one concentration of enkephalin; each point is the mean±SEMof
data from at least three different preparations.

Ion flux measurements. To determine if the positive inotropic effect
of enkephalins could be correlated with calcium influx via the slow cal-
cium channel, we studied '5Ca" uptake at the maximally inotropic
DALAconcentrations in the presence and absence of the calcium channel
antagonist verapamil. The method for measuring "Ca" uptake rates
was as previously described (1 1). The rapid phase of calcium exchange
was measured by exposing beating cells to medium containing 5Ca++
(5 uCi/ml; [Ca]. = 0.6 mM) for 10, 20 or 30 s. This exposure to 45Ca++
labels the rapidly exchangeable calcium pool (I12). After appropriate pe-
riods of 45Ca++ uptake in the presence or absence of enkephalins and/
or verapamil, cells were washed twice for 8 s by gently agitating the glass
coverslips in 60 ml of ice-cold Hanks' balanced salt solution without
radiolabeled ions. Cells were then dissolved in medium containing 1%
sodium dodecyl sulfate and 10 mMsodium borate and aliquots assayed

by liquid scintillation spectrometry (Model 3330, Packard Instrument
Co., Downer's Grove, IL). Incubation for 24 h prior to the experiment
in L-[4,5-3H(N)J-leucine (0.1 sCi/ml), determination of the ratio of 3H
counts to protein concentration, and simultaneous counting of 3H and
45,a++ permitted normalization of calcium uptake data per milligram
cell protein on each coverslip.

Adenylate cyclase and cyclic AMPmeasurements. For measurements
of cyclic AMP, the medium for cells grown in multiwell plates was
changed to Hepes-buffered Hanks' balanced salt solution at 370C. Stim-
ulating drugs were added and cyclic AMPproduction permitted to pro-
ceed for 5 min. The reaction was then terminated by addition of ice-
cold 2%TCA. Well contents were quantitatively transferred to glass tubes
and centrifuged. The pellet was analyzed for protein content by the
method of Lowry et al. (17). The supernatant was extracted four times
with ether and the aqueous cyclic AMPwas acetylated and quantitated
by radioimmunoassay (18). The assay was linear from I to 20 pmol/
tube. All interventions affecting cyclic AMPcontent were performed in
triplicate and radioimmunoassays for each well were performed in trip-
licate.

To permit direct comparison of contractile measurements, cyclic
AMPmeasurements and 4SCa++ uptake, all experiments were conducted
using identical physiological buffer at 370C on replicate intact cell prep-
arations.

Adenylate cyclase activity was measured in homogenates of cultured
cells using a modification of the method of Krishna (19) as previously
described (13, 20). The maximal inotropic concentration of DALA (10
MM) was used and 10' Mguanosine triphosphate was present. Assays
were performed in triplicate.

Materials. [D-Ala2]-enkephalin acetate salt, dl-propranolol, 1-isopro-
terenol, isobutyl methylxanthine and guanosine triphosphate were pur-
chased from Sigma Chemical Co., St. Louis, MO. Naloxone was obtained
from DuPont Co., Wilmington, DE. Antibody to succinylated cyclic
AMPwas the gift of Dr. Gary Brooker. Tissue culture supplies were from
sources previously described (21).

Statistical analysis. Statistical analysis of cyclic AMPcontent data
was by analysis of variance followed by paired t tests or by rank-sum
test if data were nonparametric. Analysis of adenylate cyclase activity
was by paired t test followed by Bonferroni correction for multiple com-
parisons. The significance level of P = 0.05 was utilized to reject the null
hypothesis. Other statistical methods were applied as specifically noted.

Results

To determine whether the positive inotropic effect of DALA
could be related to cyclic AMPproduction, we first measured
cyclic AMPconcentrations and contractile responses to graded
concentrations of DALA(Fig. 1). DALAincreased the amplitude
of contraction for cultured myocytes in a monotonic fashion.
Log-logit analysis yielded an Effective Concentration"e (ECso)
for the positive inotropic effect of 0.53 ,M. In an identical cul-
tured cell preparation, DALAproduced a concentration-depen-
dent increase in cyclic AMPcontent over a time course and
concentration range quite similar to that for the augmentation
of contractile state. The EC50 for augmentation of cyclic AMP
production was 0.60 MM(Fig. 1).

To confirm the specificity of the effect of DALA on cyclic
AMPcontent, we examined its effect on cyclic AMPcontent
after 10 AMnaloxone. Naloxone by itself was without effect on
cyclic AMPcontent, but it abolished the response to DALA.
Furthermore, 1 AMpropranolol was without effect on DALA
stimulation of cyclic AMPcontent, whereas it abolished the effect
of 0.1 MuMisoproterenol on the same preparation (Table I).

Positive inotropic effects of f-adrenergic agonists associated
with augmented cyclic AMPcontent of cardiac cells are mediated
by stimulation of transsarcolemmal Ca++ flux via voltage-de-
pendent Ca channels (22). To determine whether the enkephalin
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Figure 1. Concentration-effect curve for increase in amplitude of con-

traction (o) and intracellular cyclic AMPcontent (e) in intact cultured
heart cells in response to DALA. Each point is the mean±SEMof
three experiments. The concentration-effect curve for the positive ino-
tropic effect (EC50 = 5.3 X 10-7 M) was superimposable on the curve

for increased cyclic AMP(ECj0 = 6 X 10-7 M). The threshold concen-

tration for a measureable increase in cyclic AMPwas 10 nMDALA.

analogue DALA stimulated Ca"+ influx in cultured heart cells,
we measured 45Ca"+ uptake in response to 10 AMDALA, the
maximally inotropic concentration, as determined in Fig. 1.
DALAmarkedly increased 45Ca"+ uptake at this concentration,
with a significant increase in 45Ca"+ content evident by 10 s after
DALA exposure (Fig. 2). Wehave shown previously that ap-

proximately two-thirds of Ca uptake in this preparation is de-
pendent on the Na gradient and hence is thought to occur via

Table I. Cyclic AMPand Adenylate Cyclase Response

Intracellular Adenylate
cyclic AMP cyclaset Fold

Stimulating agent concentration activity stimulation

pmol cAMP/mg pmol cAMP/mg
protein* protein per 10 min

Basal 7.2±0.7 1,455±72
DALA (10 MM) 16.1±2.611 2,386±329§ 1.63
Naloxone (0.1 MM) 8.2±0.5
Naloxone (0.1 uM)

+ DALA (10 MM) 8.8±0.4
Isoproterenol (0.1 jIM) 28.3±4.51
Isoproterenol (I pM) 2,731±562§ 1.87
Propranolol (I MM) 7.8±4.5
Propranolol (I MM)

+ isoproterenol (1.0 IM) 8.5±0.6
Propranolol (I MM)

+ DALA (10 MM) 14.4±1.3§
Basal + IBMX (0.1 mM) 1,687±62
DALA (10 MM) + IBMX

(0.1 mM) 2,755±141§ 1.63

* Naloxone antagonism of DALA-induced increase in cyclic AMP. Intact cells
were preincubated with antagonists naloxone or propranolol for 10 min before
adding DALAor isoproterenol. Each point is the mean±SEMof three experi-

ments.
t Stimulation of adenylate cyclase activity by DALAat maximally inotropic
concentration.
§ P < 0.05 compared to control.
1" P < 0.01 compared to control.

10 20 30

seconds

Figure 2. 45Ca uptake by spontaneously beating cultured heart cells
under control conditions (0); in response to I X l0-s M(DALA) (.);
I X 10-6 Mverapamil (A); or I X 10-6 Mverapamil + 1 X 10-5 M
DALA (o). These curves are representative of three replicate experi-
ments. Statistical analysis was performed by analysis of variance fol-
lowed by Student's t test for unpaired data. Each point is the
mean±SEMof seven determinations. *P < 0.05 compared to control
values.

Na-Ca exchange. The remaining one-third can be blocked by
Ca channel blockers such as verapamil or nifedipine (1 1, 12).
Weexamined the effect of 1 uMverapamil on DALA-stimulated
Ca`+ uptake. Verapamil abolished the effect of DALA on Ca
uptake, indicating that most of DALA's effect was on Ca channel-
dependent Ca flux (Fig. 2).

To examine the point in the pathway at which cyclic AMP
levels are affected by enkephalins, we determined the effect of
the phosphodiesterase inhibitor isobutyl methylxanthine (IBMX)
on the contractile response to DALA. IBMX by itself increased
the contractile state of the cultured heart cells in a time- and
concentration-dependent manner. When cells were exposed to
a threshold concentration of DALA (1 X 10-8 M), contractility
increased by 5±2%. If cells were first exposed to 1 MtM IBMX,
then 1 X 10-8 MDALA, then contractile response was 14±2%
(n = 4). Thus the phosphodiesterase inhibitor markedly aug-
mented the contractile response to an enkephalin. This finding
is consistent with the view that there is a causal relationship
between augmentation of cyclic AMPcontent and the positive
inotropic effect observed.

As a second approach to determining whether enkephalins
stimulate adenylate cyclase or augment cyclic AMPcontent by
inhibiting its hydrolysis, we measured adenylate cyclase activity
in cultured cell homogenates. 10 MDALAstimulated adenylate
cyclase activity 1.63-fold, a response nearly as great as the re-

sponse to 1 MMisoproterenol in the same preparation (Table I).
IBMX at 100 AMdid not alter the stimulation of adenylate
cyclase activity by DALA. Taken together, these observations
support the hypothesis that enkephalins stimulate adenylate cy-
clase. While it is not necessary to postulate a second, independent
effect of enkephalins on phosphodiesterase activity, such an effect
cannot be excluded by the present data.

Discussion

There are several mechanisms by which a positively inotropic
agent might exert its effect. These include elevated [NaJ]i leading
to increased [Ca++]i via Na-Ca exchange (12); enhanced con-

tractile element sensitivity to Ca"+; or elevation of intracellular
[cyclic AMP] either by adenylate cyclase stimulation or phos-
phodiesterase inhibition. The principal observation reported here
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is that the positive inotropic effect of enkephalins on cultured
chick embryo myocardial cells is correlated with adenylate cy-
clase stimulation and consequent increases in cyclic AMPand
calcium influx.

The effects of opiates in most experimental settings studied
previously are inhibitory (1, 23). Enkephalins inhibit the release
of acetylcholine from myenteric nerves and inhibit spontaneous
contraction in the guinea pig ileum (24, 25). Enkephalins have
also been reported to inhibit the release of norepinephrine at
the neuroeffector junction (24, 26). Since enkephalins may be
stored in the same granules as catecholamines (27), they are in
a position to exert direct postjunctional effects as well.

A number of lines of evidence suggest that enkephalinergic
modulation of cardiac performance may occur. Enkephalinergic
innervation of the heart has been shown in the guinea pig (27,
28), and in the rat heart substantial amounts of preproenke-
phalin-messenger RNAhave been found (29).

The cultured heart cell preparation utilized in our studies
contains no neural elements and no endogenous neurotrans-
mitters. Therefore it is well suited for examination of direct
myocardial effects of enkephalins. In more complex systems such
as intact rat atria, which contain endogenous sympathetic and
parasympathetic neuroeffectors, enkephalins have been reported
to have no net effect on contractility (30). This finding might
be attributed to balanced opposing influences, lack of specific
opiate receptors, or other factors. The cultured myocardial cell
preparation obviates many such problems.

The effect of opiates on Ca"+ uptake has been studied in
several preparations. Extensive evidence indicates that opiates
inhibit the uptake of Ca"+ into nerve terminals (31). In contrast,
Leu-enkephalin has been reported to increase norepinephrine-
stimulated 45Ca++ uptake (7) in guinea pig atria. In the studies
reported here, we show that DALA directly increased 45Ca++
uptake into a rapidly exchangeable Ca" pool in intact beating
heart cells. While blockade by naloxone was not tested, this in-
crease in Ca influx is likely mediated by stimulation of adenylate
cyclase and cyclic AMP-dependent phosphorylation of a mem-
brane protein or proteins. The ability of DALAto augment cyclic
AMPcontent closely parallels the inotropic response in the same
preparation, suggesting that the inotropic response is cyclic AMP-
mediated. Furthermore, the DALA-induced increase in cyclic
AMPwas antagonized by naloxone but not by propranolol, sup-
porting a specific enkephalin action at opiate receptors on the
chick embryo ventricular cell.

Studies on opiate modulation of adenylate cyclase (which
have primarily been conducted in neural tissue) have usually
demonstrated an inhibition of adenylate cyclase and a decrease
in cyclic AMP(2), although there have been exceptions to this
general finding (32, 33). One must consider the possibility that
the stimulatory effect of enkephalins reported here may simply
be due to species or developmental differences of chick embryo
heart cells. While such possibilities are difficult to exclude ab-
solutely, a large number of studies from this and other labora-
tories on the physiological and pharmacological properties of
embryonic chick heart cells have yielded results qualitatively
similar to those reported for mammalian species (34, 35).

At least two types of guanine nucleotide regulatory subunits
modulate adenylate cyclase (36): the stimulatory guanine nu-
cleotide regulatory subunit G, and the inhibitory subunit Gi.
The inhibitory opiate effects are presumed to be mediated by
Gi. Some studies on the interaction of opiates with the myo-
cardium are also consistent with adenylate cyclase inhibition

through Gi (3, 4, 9). However, some effectors (e.g., catechol-
amines acting through the alpha, receptor) can either stimulate
(37) or inhibit (38, 39) adenylate cyclase, depending on exper-
imental conditions and the preparation studied. An additional
important factor that may alter an effector's action is the state
of innervation of tissue (40). The absence of neural elements in
the cultured ventricular cell preparation may be of importance
with respect to our finding that opiates stimulate adenylate cy-
clase. Steinberg et al. (41) recently reported that in cultured rat
myocytes devoid of neural elements, the al-adrenergic receptor
is coupled to the beating rate response in a stimulatory manner.
Whenthe myocytes were cocultured with sympathetic neurons,
they acquired Gi (as judged by the appearance of pertussis toxin
substrate) and al-adrenergic stimulation became coupled to the
beating rate response in an inhibitory manner. Hence, the al-
ternative possibility that the stimulatory effect of opiates in the
cultured myocardial cell system is related to absence of inner-
vation and/or absence of Gi deserves study. Whether opiates
might stimulate myocardial contractility in conditions of ac-
quired denervation such as cardiac transplantation is also a
question of potential interest.

If the direct effect of enkephalins on the myocardium in vivo
is indeed stimulatory, then the resulting physiological response
of the intact heart to enkephalins may be a combination of direct
excitation and indirect neurally mediated inhibitory effects. The
direct effect tends to produce a positive inotropic response and
the indirect effect a decrease in contractility through inhibition
of norepinephrine release (24).

In summary, the positive inotropic response of cultured heart
cells to opioid peptides is associated with, and probably caused
by, increased adenylate cyclase activity, increased cyclic AMP
content and increased Ca flux via the slow Ca channel.
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