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The present study demonstrates the presence of opioid receptors in the rat cardiac sarcolemma isolated by the hyimtonic 
LiBr-shoek procedure. Opioid binding was measured by using [3HiU69593, 13H](Z-D-penicillamine,5-D - 
penicillamine)enkephalin (13HIDPDPE) or 13HIID-AlaZ,MePhe4,Gly-(ol)Slenkephalin (13HIDAGO) as selective radio- 
ligands for K, 8 and /z opioid receptors, respectively. Both the K- and 8-selective ligands exhibited highly specific 
(75-86%) binding, saturable at a concentration of about 20 nM. No specific binding for the selective agonis* DAGO 
was observed. A marked increase in both laHIU69593 and 13HIDPDPE binding was observed after incubation of the 
sarcolemma with the a-adrennceptor agonist phenylephrine or with the /]-adrenoceptor agonist isoproterenol. These 
stimulatory effects were associated with an increase in the Bma ~ values, a decrease in the K d values, a n d  w e r e  

completely antagonized by the respective antagonists phentolamine and propranolol. 

Introduction 

Opioid peptides, such as enkephalins and dynorphin, 
have been reported to be present in both atria and 
ventricles of the heart [1-41. The presence of opioid 
receptors in the heart has been suggested by several 
studies [5-71. Moreover, low binding of opioid agonists 
and antagonists have been reported in the cardiac muscle 
from the whole hearts of guinea pigs and rats [8,9]. 
More recently, Krumls et al. [101 have detected appre- 
ciable opioid binding in the rat heart by examining 
individual chambers of the heart and have also shown 
inhibition of the opioid binding after hemorrhagic shock. 

However, these binding studies were performed on 
crude heart homogenates which do not localize subcellu- 
lar fraction of the opioid receptors. Since we have 
recently shown that opioid peptides interact with the 
cardiac sarcolemma by modulating the activity of dif- 
ferent enzymes of this membrane [11,12] and consider- 
ing the fact that the sarcolemma is the first membrane 
that interacts with any drug which influences the 
myocardial cell, in the present study we decided to 
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The following labeled substances: ]~H]U69593, 
[-~ H ](2-D-penicillamine,5-D-penicillamine}enkephalin 
([3H]DPDPE) and [3Hl|D-Ala2,MePhe4,Gly-{ol)5]en- 
kephalin ([3H]DAGO) were purchased from NEN-Du 
Pont de Nemours (F.R.G.); U69593 was obtained from 
Upjohn (U.S.A.); DPDPE and DAGO were from 
Peninsula Lab. (U.K.); L-pheny!ephrine hydrochloride. 
DL-isoproterenol hydrochloride, DL-propranolol hydro- 
chloride, bestatin and bacitracin were from Sigma 

evaluate the possibility that opioid receptors of different 
types may be located on the cardiac sarcotemma. We 
therefore performed binding studies by using ]3HI 
U69593, [3H]DPDPE or [3H]DAGO as !abeled opioid 
ligands, since they have been shown to bind selectively 
at K [13], 8 [141 and p [15] opioid receptors, respec- 
tively. 

To determine whether opioid binding to the sarco- 
lemma may be a dynamically regulated event, we have 
studied opioid binding in the presence of the a-agonist 
phenylephrine and the/~-agonist isoproterenol. This was 
because catecholamines activate the endogenous en- 
dorphin systems [16,17] and both regulate together the 
opioidergic system, the central and peripheral cardio- 
vascular system [17-201. 

Materials and Methods 
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Chemical Co. (U.S.A.); Phentolamine hydrochloride was 
a generous gift from Ciba Geigy (ltaly). 

Heart sarcolemma was isolated by the hypotonic 
shock-LiBr treatment as described previously [21,22]. 
Male Wistar rats (250-300 g) were decapitated, their 
hearts were quickly removed avd placed in ice-cold 10 
mM Tris-HCl buffer (pH 7.4). The ventricles were 
washed thoroughly, cut into small pieces, and then 
homogenized in an Ultra Turrax homogenizer (velocity 
setting 8 for 15 s) in 10 volumes of 10 mM Tris-HCl 
buffer (pH 7.4), containing 1 mM EDTA. The homo- 
genate was filtered through four layers of cheesecloth 
and centrifuged at 1000 × g for 10 min. The sediment 
was suspended in 10 vol. of 10 mM Tris-HCI buffer (pH 
7.4), stirred for 30 mix and centrifuged at 1000 × g for 
10 min, This procedure was repeated two more times, 
first by suspending the sediment in 10 mM Tris-HC! 
(pH 8.0), and then in 10 mM Tris-HCI buffer (pH 7.4). 
The resulting sediment was extracted for 4.*, min with 
0.4 M LiBr in 20 vol. of 10 mM Tris-HCI (pH 7.4) and 
centrifuged at 1000 × g for 10 min. The sediment was 
again washed and stirred for 20 rain in 10 mM Tris-HC1 
(pH 7.4), and then centrifuged at 1000 × g for 10 mix. 
The sediment was further purified by extracting for 30 
mix in 20 vol. of 0.6 M KCI containing 10 mM Tris-HCl 
buffer (pH 8.0) and centrifuged at 1000 X g for 10 min. 
This sediment was resuspended in 20 voL of 10 mM 
Tris-HC1 (pH 7.4) and again centrifuged at 1000 X g for 
10 rain. The final petlet was suspended in a medium 
containing 250 mM sucrose, 30 mM imidazole and 120 
mM NaCI at pH 7.4, All procedures were carried out at 
4 °C;  freshly prepared membranes were used in this 
study. 

Enzyme assays were performed as follows: N a + /  
K+-ATPase activity was studied as described by Lamers 
and Stinis [23]; ouabain-sensitive Na+/K+,.ATPase ac- 
tivity was taken as the activity inhibitable by 1 mM 
ouabain. The extent of ATP hydrolysis was followed by 
measuring the release of inorganic phosphate, according 
to the method of Le Bel e', al. [24]. The 5'-nucleotidase 
activity was measured by the procedure of Edwards and 
Maguire [25]. Succinate dehydrogenase, rotenone-insen- 
sitive NADH-cytoehrome-c reduetase and rotenone-in- 
sensitive NADPH-eytochrome-c  reductase activities 
were measured as indicated by Sottocasa et al. [26]; 
K+-EDTA ATPase activity was determined by the 
method described by Scholte [27]. Proteins were 
determined by following the method of Lowry et al. [28] 
using bovine serum albumin as a standard. 

The opioid binding was performed by incubating 250 
/xg of the sarcolemmal membrane proteins in 0.5 ml of 
50 m i  Tris-HC1 buffer (pH 7.4) in the presence of the 
indicated amounts of each selective labeled ligand and 
0.5 #M bestatln plus bacitracin (50 ~tg/ml). 

The binding reactions were allowed to run for the 
indicated times at 25°C and stopped by diluting 5-times 

with ice-cold Tris-HCi buffer (pH 7.4). The incubation 
media were then filtered over vacuum on Whatman 
G F / B  glass fiber filters followed by three wash with 10 
ml of ice-cold Tris-HC1 buffer. In all the experiments, 
the specific binding of [3H]U69593, [3H]DPDPE or 
[3H]DAGO was measured as the difference between 
binding in the presence and absence of 10 /xM of the 
corresponding unlabeled ligand. 

The effects produced on the opioid binding by the 
a-agonist phenylephrine or by the ~-agonist isoprote- 
renol were studied as indicated in the legends of the 
figures, by incubating the sarcolemma in the absence or 
presence of the respective antagonists phentotamine or 
propranolol. 

Statistical analysis was performed by calculating the 
variance (ANOVA), and considering a p value less than 
0.05 as significant. 

Results 

Table I shows the activity of marker enzymes of 
selected subcellular cardiac fractions. It is evident that, 
in the sarcolemma, both the ouabain-sensitive N a + /  
K+-ATPase and 5"-nucleotidase activities were about 
10-fold higher than in the original homogenate. In the 
sarcolemmal fraction, the activity of K+-EDTA ATPase 
and rotenone-insensitive NADPH-cytochrome-e  re- 
ductase were undetectable. Both suceinate dehydro- 
genase and rotenone-insensitive NADH-cytochrome-c  
reductase activities were extremely low in the sarco- 
lemma when compared to the activity in the homo- 
genate. 

Fig. 1 shows the specific binding of increasing con- 
centrations of [3H]U69593 and [3H]DPDPE in the 
cardiac sarcolemrna. Both these s,':lective ligands had 
saturable b;,nding at a concentration of about 20 nM. 
Specific binding ranged between 75% and 86% of the 

TABLE 1 
Fpecific enzymatic activities in the homogenate and sarcolemmal mem- 
bra~les o f  rat heart ~ttscle 

Enzymatic activities (b~molcs product formed/mg protein per h) are 
expressed as means+S.E, of duplicate determinations from four 
different sarcolemmal preparations. 

Enzyme activities Homog- Sarcolemma Enrich- 
enate meat 

Na ÷/K +-ATPase 
(ouabain-sensltiv¢) 1.70:1:0.09 22,7 +0.64 13.3 

5'-Nucleotidase 0.84 +0.10 7.4 +0.30 8.8 
K+-EDTA ATPase 3.60 4-0.10 n.d. 
NAOPH-cyi-c reduetase 

(rotenone-insensitive) 0.0174-0.01 n.d. 
NADH-cyt-c reductase 

(rotenone-insensitive) 0.26 4-0.19 0,48+0.11 1,S 
Succinate dehydrogenase 7.80 4-0.47 0.784-0.16 - 
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Fig. t. Binding of [3H]U69593 and [~H]DPDPE in cardiac sarco- 
leramal membranes. I ,  [:tHlU69593; I .  [~HIDPDPE. Each point is 
the mean of duplicate determinations from four different sarcolemmal 

preparations. 
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Fig. 3. Competition of unlabeled U69593 and DPDPE with [ ~H169593 
and ['~ H]DPDPE binding to the cardiac sarcolemma. I ,  [ 3 HIU69.593; 
o. I:~Hll)PDPE. Each point is the mean of duplicate determinations 

f¢om four different sareolemmal preparations. 

total hound. No  specific binding for the p-selective 
agonis t  D A G O  was observed at the  concen t ra t ions  of  
0 . 5 - 3 0  n M  (da ta  no t  shown).  T h e  S~ ' :Jard plots  o f  the  
specific 13H]U69593 (Fig. 5A) and  t ' H ] D P D P E  (Fig. 
5B) b ind ing  were l inear and  character ized by a single 
dissociat ion cons tan t  in the n M  range.  In Fig, 2, it is 
evident  tha t  the  specific b ind ing  o f  bo th  [3H]U69593  
and  [ a H ] D P D P E  rapidly increased du r ing  the first 15 
rain of  the  incuba t ion  period and  reached a p la teau at  
30 rain. The  b ind ing  was  cons t an t  unti l  60 rain and  then  
slightly decreased du r ing  the following 30 rain. U69  593 
o f  D P D P E  compe ted  in a dose -dependen t  m a n n e r  with 
the  cor respond ing  labeled agonis t  for the  b ind ing  to the 
cardiac sa rco lemma (Fig. 3). The  high degree o f  
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Fig. 2. Time-course of [3HlU69593 and [3H]DPDPE binding in the 
cardiac sarcolernma. I [3HIU69593; Q. [3HI DPDPE' Each point is 
the mean of duplicate determinations from four different sarcolemmal 

preparations. 

specificity of  the  opioid b inding  was conf i rmed  in these 
compet i t ive  inhibi t ion studies,  s ince more  than 70% of 
the total [3H]U69593 or [-~H]DPDPE binding  was dis- 
placed by 10 n M  of  the cold agonist ,  The  incubat ion  of  
the  sa rco lemmal  m e m b r a n e s  in the presence o f  increas- 
ing concent ra t ions  o f  the e~-agonist phenylephf ine  or of  
the /]-agonist  isoproterenol  p roduced  a dramat ic  and  
dose -dependen t  s t imula t ion  in the specific b ind ing  o f  
bo th  the K- and  ~$-selective agonis t  (Fig, 4). Th is  effect 
was already signif icant  at a concent ra t ion  of 0.1 n M  
and  reached a p la teau  at 1 p.M. The  s t imula tory  act ion 
elicited by the  two adrenergic c o m p o u n d s  was associ- 
a ted with an increase in the Bm~, values, together with a 
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Fig. 4. Mc~lulation of sarcolemmal opioid binding by phenylephrine 
and isopraterenol. D, I :~ 1-1]U69593; o ,  [3EIlU69503 + phenylephrine: 
~.. [~HlU69593+isoproterenol :  I I~HIDPDPE"  I .  [ 3 H | D P D P E +  
phenylephrine: , ,  13 H]DPDPE + isoprotcrenol. Each point is the mean 
of duplicate determinations from four different sated|emma| prop- 

arations. 
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Fig. 5. Effect of phenylephrine and isoproterenoi on the binding parameters of [3H]U69 593 (A) and [3HIDPDPE (B) in the cardiac sarcolemma. 
I ,  Control; Q, + l  ~M phenylephrine: • ,  + l  tiM isoproterenol. Data are the means+ S.E. of duplicate determinations from four different 

sarcolemmal preparations. * Significantly different from the control. 

s ignif icant  decrease  in the  K a va lues  (Figs.  5A a n d  fib). 
The  effects  p roduced  by  p h e n y l e p h r i n e  o r  i sopro te renol  
were comple te ly  an tagon ized  by  p re incuba t ion  o f  the  
s a r co l em m a  wi th  the respect ive  an t agon i s t s  phen to l a -  
mine  or p roprano lo l  (Table  II). 

D i s c u s s i o n  

T h e  sa rco lemmal  f ract ion used  in these  e x p e r i m e n t s  
was  ob ta ined  by  a h ypo ton i c  shock-LiBr  t r ea tmen t .  
Th i s  k ind of  m e m b r a n e  p repa ra t ion  ha s  been  repor ted  
to possess  a h igh  con ten t  of  "cell sur face  mate r ia l '  
[29,30], shown  to p lay  an  i m p o r t a n t  role in vi tro expres-  
s ion  of  func t iona l  charac ter i s t ics  o f  the  s a r c o l e m m a  
[31-33]  which  is absen t  in m o s t  p repa ra t ions  ob ta ined  
by  a sucrose  dens i ty  grad ien t  m e t h o d  [34,35]. In  agree-  
m e n t  with o the r  s tudies  which  uti l ized s a r co l emmal  
m e m b r a n e s  p repared  by  the  LiBr m e t h o d  [29.30], o u r  

TABLE ii 

Effect of phentolamine and propano!.i on the adrenergic-stimulated 
opioid binding in the cardiac sarcolemma 

Adrenergic agonists and antagonists were used at a concentration of 1 
/tM. Data are the means =!= S.E. of duplicate determinations from four 
different sareolemmal preparations, 

Bma x (fmol/ K a 
protein) (nM) 

{3H]U69593 (A) 156.37 =t= 9.10 6.30+0.18 
(A) + phcnylephrine + phentolamine 160.05+12.01 6.11+0.16 
{A ) + isoproterenol + propranolol 159.t2 :I: 1g.51 6.O2+0.21 
[ 3H]DPDPE (B) 134.51 :t:_ 11.61 "/.51 + 0.25 
(B) + phenylephrine + phemolamine 135.43 =i= 10.98 7.12+0.30 
(B) + isoprotcrenol + propranol 140.12 + 1 i 30 7,35 + 0.40 

s a r c o l e m m a l  p r epa ra t i on  exhib i ted  a h igh  degree  of  
pur i ty ,  s ince  the  act ivi ty o f  the  m a r k e r  e n z y m e s  
ouaba in - sens i t i ve  N a + / K + - A T P a s e  a n d  5 ' -nuc leo t idase  
was  a b o u t  10- t imes  h igher  in the  s a r c o l e m m a  t h a n  in 
the  or ig inal  h o m o g e n a t e .  Lack  o f  c o n t a m i n a t i o n  by  
myof ibr i l s  a n d  sa rcop lasmic  re t icular  m e m b r a n e s  was  
ind ica ted  by  m e a s u r e m e n t s  o f  the  activi t ies o f  the  re- 
spec t ive  m a r k e r  e n z y m e s  K + - E D T A  A T P a s e  a n d  
ro t enone - insens i t i ve  N A D P H - c y t o c h r o m e - c  reductase ,  
which  were  b o t h  unde t ec t ab l e  in the  s a r co l emmal  frac- 
t ion. C o n t a m i n a t i o n  d u e  to inner  a n d  ou te r  m i t o c h o n -  
drial  m e m b r a n e s  in the  s a r co l emmal  f rac t ion was  
m i n i m a l  as ind ica ted  by the very low activit ies obse rved  
o f  m a r k e r  e n z y m e s  succ ina t e  d e h y d r o g e n a s e  a n d  
ro t enone - insens i t i ve  N A D H - c y t o c h r o m e - c  reductase .  

T h e  p r e sen t  s t u d y  d e m o n s t r a t e s  the  p resence  o f  K 
and  8 opio id  recep to r s  in the  ca rd iac  s a r c o l e m m a  of  
vent r icu lar  origin.  T h e  fai lure to de tec t  any  specif ic 
b i n d i n g  wi th  the  p-select ive agon i s t  [ 3 H ] D A G O  indi-  
ca tes  tha t  the  hea r t  s a r c o l e m m a  lacks  /t sites. Th i s  
obse rva t ion  agrees  wi th  the  resul ts  ob t a ined  by  Krurn i s  
e t a | .  [10] in hea r t  h o m o g e n a t e s .  T h e  l ineari ty o f  the  
Sca tcha rd  p lo t  o f  [ 3 H ] U 6 9 5 9 3  or  [ 3 H ] D P D P E  b i n d i n g  
d a t a  is cons i s t en t  wi th  label l ing o f  a s i n ~ e  type  o f  site 
a n d  is in a g r e e m e n t  wi th  the  h igh  degree of  selectivity 
o f  these  r ad io l igands  [13,36]. T h e  ca lcu la ted  p a r a m e t e r  
for the  s a r c o l e m m a l  opio id  b i n d i n g  are  c o m p a r a b l e  to 
those  obse rved  for the  selective l igands  in the  b ra in  
[36,37]. 

T h e  p re sen t  s t u d y  d e m o n s t r a t e s  tha t  opioid b i n d i n g  
in the  ca rd iac  s a r c o l e m m a  is m o d u l a b l e  by the  a - a g o n i s t  
p h e n y l e p h r i n e  a n d  by  the  f l -agonis t  i soproterenol .  Both  
these  s t imu la to ry  effects  were a c c o m p a n l e d  by  an  in-  



crease in Bma x values and by a significant decrease in 
Kd values for the opioid binding. These data suggest 
that, under  basal conditions,  most  of  the sarcolemmal 
opioid receptors are scarcely accessible to their ligands 
and may by dynamically regulated by catecholamines 
which appear  to iperease both  the number  and specific 
affinity of  K and 6 opioid receptors in the sarcolemmal 
membranes .  

These findings agree with the general concept that 
the cardiac sarcolemma is a dynamic excitable structure 
[38,39] and that the number  of receptors at the cell 
surface is not  fixed [40]. Moreover,  the fact that the a- 
and l - an tagon i s t s  prevented the effects induced by 
phenylephrine and isoproterenol on opioid binding 
clearly indicates the specificity of  their action at the 
level of  the respective a and ,B sarcolemmal receptors. 

A number  of  experimental  evidence suggests a close 
interaction between adrenergic and opiate receptor sys- 
tems both  at the level of  the central and peripheral  
nervous system. It  is interesting to note that B-en- 
dorphin  like substances  are released from the brain-s tem 
of spontaneously  hypertensive rats in the presence of 
elonidine, a central adrenoceptor  agonist  [41]. More-  
over, Williams et al. [42] recently conf i rmed these find- 
ings also in normotensive  animals,  showing  that the 
injection o f  clonidine into the cerebral aqueduct  of  cats 
eliminated the increase in blood pressure dur ing fatigu- 
ing muscular  contractions.  This effect was antagonized 
by the specific opioid antagonist  na loxone and by 
yohimbine,  an a -adrenoceptor  blocker. Fur thermore ,  a 
link between adrenergic and opiate receptor systems has 
also been demonst ra ted  in the peripheral nervous  sys- 
tem. Enkephalins have been reported to be contained in 
sympathet ic  nerve fibers, sympathet ic  ganglia and pre- 
ganglionic sympathet ic  neurons  [19,43,441 and the co- 
storage of  catecholamines and enkephal ins  in many  of  
these peripheral nervous s tructures has been dem- 
onstrated by -mmunohistochemical  and biochemical 
methods  [44-46]. Moreover,  multiple experimental  evi- 
dence indicates that  an increase in sympathoadrenergic  
outflow, occurring in different experimental ly-induced 
shock or  stress models,  significantly enhances the 
cardio-depressant  effects elicited by the opioids [47-50]. 

The  data  reported in the present  study indicate the 
existence of  specific 8 and K opioid receptors located 
on  the cardiac sarcolemma, which can be st imulated by 
catecholarnine interaction with ~ and .8-adrenoceptors. 
At  the present,  the mechanism(s)  for adrenergic st imula- 
tion of opioid binding in the sarcolemma,  as well as its 
possible implications for the heart function remain to 
be established. However, the fact that a-  and /~-recep- 
tots  are implicated suggests that bo th  the cAMP- and 
CaZ+-dependent mediators  could be involved in the 
st imulat ion of opioid binding even if we cannot  exclude 
that the adrenergic activation changes some propert ies  
of  the sarcolemmal membrane ,  for example its reactivity 

with the opioids. Another  interesting aspect is that the 
presence of  m R N A  for preproenkephalin A in the heart 
tissue is more  abundan t  than in the brain [51] suggest- 
ing that the myocardial cell has the potential for the 
local synthesis of opi0ids. The fact that in the heart of 
cardiomyopathic  hamsters,  the m R N A  for preproen- 
kephalin A progressively increases with the develop- 
ment  of the card iomyopathy [52] provides evidence that 
alterations in the intracellular levels of  enkephalin pre- 
cursors  may be associated with the development of  
cardiac hyper t rophy and failure. We therefore suggest 
that sarcolemmal opioid receptors may have a role in 
the regulation of  the myocardial function, especially 
under a condit ion of adrenergic stimulation. Further  
experiments  are in progress to study the possible bio- 
chemical implications of the interaction of opiolds at 
the sarcolcmmal |evel. 
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