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Summary. Coronary dilation induced by infusion of adenosine, adenine nucleo- 
tides, dipyridamole, and papaverine was quantitated in the spontaneously beating 
isolated perfused guinea pig heart. Theophylline antagonized the effects of all the 
substances tested. The inhibition proved to be reversible and of a competitive type. 

Single injections of ADP and ATP induced flow increases which were more 
rapid in onset and of greater magnitude than these due to equimolar amounts of 
adenosine. Lowering the perfusate temperature prolonged coronary responses to 
AD1 ) and ATP more than those to adenosine. 

Papaverine produced greater maximal dilation than adenosine. Theophytline 
inhibited papaverine-induced dilation less effectively than dilating responses to 
adenosine and other compounds. In  the potassium arrested heart, the dilation 
caused by compound D 600 and papaverine was sensitive to the perfusate calcium 
concentration but that  due to adenosine was unaffected. Dipyridamole, which was 
equipotent to adenosine in the non-arrested heart, became less potent than adeno- 
sine in the arrested heart. 

The results favour the view that  all of the substances tested induce coronary 
dilation per se and that their effects are not mediated by adenosine. The dilator 
response to papaverine is assumed to be the result of two effects, one of which is 
inhibited by theophylline, the other by high extraeellular calcium. 

Key words: Coronary Dilation --  Adenosine --  Adenine Nucleotides --  Papa- 
verine --  Compound D 600 --  Extracellular Calcium --  Vascular Smooth Muscle. 

Adenos ine  has  been  p o s t u l a t e d  to  be  invo lved  in  the  co rona ry  di la-  
t ion  caused  b y  5 ' -aden ine  nucleot ides  [2,12] a n d  to  med ia t e  the  responses  
to  co rona ry  d i la tors ,  such as d ipyr idamole ,  hexobendine ,  a n d  l ido- 
flazine [16]. This concept  is in ag reemen t  wi th  the  observa t ions  t h a t  
in j ec ted  A T P  a n d  5 ' -AMP are  p a r t l y  d e p h o s p h o r y l a t e d  to  adenos ine  
dur ing  the i r  passage t h rough  the  h e a r t  [2,11,12] a n d  t h a t  d i l a t ion  due  
to  d ipyr idamole ,  hexobendine ,  a n d  l idoflazine can be inh ib i t ed  b y  
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t heophy l l ine  [1,16,18], a c o m p o u n d  which is k n o w n  to  also an tagon ize  
t he  vascu la r  effects of  adenos ine  [1, 3, 6,15,16,18].  

Since the  mechan i sm of  t he  inh ib i t ion  b y  theophyl l ine  has  no t  been  
ful ly  e luc ida ted ,  i t  is no t  poss ible  to  decide whe the r  adenos ine  ac tua l l y  
funct ions  as  a m e d i a t o r  of  the  d i l a t ion  p r o d u c e d  b y  these  subs tances  
or  whe the r  these  compounds  m a y  ac t  pe r  se v ia  a mechan i sm which can 
be b locked  b y  theophyl l ine .  

I n  th is  s t u d y  an  a t t e m p t  was made  to  d is t inguish  be tween  these  
possibi l i t ies .  Coronary  d i l a to r  responses  to  adenosine ,  adenine  nucleot i -  
des, papaver ine ,  a n d  d ipy r idamo le  were therefore  q u a n t i t a t e d  in  t he  
i so la ted  guinea  pig  h e a r t  in the  absence a n d  presence of  theophyl l ine .  
The  p rocedure  a l lowed t h e  d e t e r m i n a t i o n  of  t h e  t y p e  of  a n t a gon i sm  
be tween  theophy l l ine  a n d  the  vasoac t ive  subs tances  t e s ted .  To fu r the r  
eva lua t e  the  mechan i sm of  ac t ion  of  co ronary  d i la t ing  agents ,  t he  
influence of  t e m p e r a t u r e  a n d  ex t race l lu la r  calc ium concen t ra t ion  on 
the  vasod i l a to r  responses  was examined .  

Materials and Methods 

Adenosine and adenine nueleotides (except 2'-AMP) were obtained from 
Boehringer Marmheim GmbH, Malmheim. Possible contaminants in the commercial 
preparations of the cyclic adenine nucleotides (2',3'-AMP, 3',5'-AMP) were removed 
by paper chromatography according to methods described elsewhere [10]. Dipyrida- 
mole was a gift from Dr. K. Thomae GmbH, Biberach a. d. RiB. Compound D 600 
(a-isopropyl-a[(N-methyl-~V-homoveratryl) - y-aminopropyl]-3,4,5-trimethoxy - phe- 
nylacetonitrile) was generously supplied by Knoll AG, Ludwigshafen. All other 
chemicals from E. Merck AG, Darmstadt, were of the highest available purity. 

Stock solutions (1 mg/ml; theophylline: 20 mg/ml) of the vasoactive substances 
were prepared immediately before use. The compounds were dissolved either in 
0.90/0 NaCI or, in the cases of 3"-AM-P, 3",5"-AMP, papaverine, dipyridamole, and 
theophylline, in 0.90/0 NaCl: ethanol ~- 1 : 1, v/v. 

Spontaneously beating isolated guinea pig hearts were pcrfused according to 
the Langendorff technique using a non-recirculating system (hydrostatic pressure 
75 cm H~O). Perfusion medium was a modified Krebs-Ringer-bicarbonate solution 
containing 5.0 meq/1 Ca 2+, fortified by pyruvate (2.0 raM) and glucose (5.0 raM). 
The perfusate was equilibrated with 50/0 CO 2 and 95~ O 2 at  38 ~ C, pH 7.41--7.45. 
The hemodynamic and metabolic stability as well as the reactivity of the coronary 
system in this preparation have been described in detail [5]. 

Iu/usion Studies. To elicit decreases in coronary resistance aliquots of the 
concentrated stock solutions were added to the perfusion fluid. When the increase 
in flow reached a steady state, coronary resistance was calculated from the ratio 
coronary perfusion pressure: mean coronary inflow. Perfusion pressure was taken 
from a calibration curve relating coronary orifice pressure to different flow rates 
through the perfusion system. Decreases in coronary resistance were expressed in 
percent of a response to 250 tzg adenosine injected into the aortic cannula. 

In  hearts arrested with KC1 (30 meq/1) pressure-flow relations were determined 
by stepwise increases of perfusion pressure from 40 to 82.5 mm Hg at high (7.5 meq/1) 
and low (1.5 mcq/1) perfusate calcium concentrations. Perfusate osmolality was 
kept constant by adjusting the amount of NaCL 
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In]ectlon Studies. Small volumes (0.1 ml) of oxygenated perfusate containing 
3.8 nmol of adenosine, ADP, and ATP, respectively, were injected into the aortic 
cannula 50 mm above the coronary orifice. Injection t ime (0.5 see) was kept 
constant by use of an electromeehanical injection apparatus. The following para- 
meters of coronary inflow responses were measured: peak change of diastolic flow 
= maximal increase in diastolic inflow (ml /min .g  wet weight); t ime to half 
recovery = time interval between onset of response and return to 50~ of maximal 
diastolic flow change; latent period = t ime interval between injection artifact and 
the increase in either systolic or diastolic inflow. Left ventricular isovolumetrie 
pressure changes and spontaneous heart rate were continuously recorded (Beckman 
Dynograph). 

All data were statistically analyzed using the Student-t-test for unpaired, 
samples [14]. 

R e s u l t s  

A. Coronary Resistance Responses 
Decreases in coronary resistance in unloaded hearts induced by  

infusion of various vasoactive substances are shown as dose response 
curves in Fig. 1. Adenosine, ADP, and ATP were the most  potent  com- 
pounds with almost identical activities. 5'-AMP was slightly less effec- 
tive. The effects of the other adenine nucleotides decreased in the order 
2'-AMP ~ 3'-AMP ~ 2' ,3'-AMP ~ 3',5'-AMP. Dibutyryl-cAMP (N6-2 '- 

100  

80- 
A 

60- z 

LD 

cc 40. 
Z 

-~ 20  
w 
r ~  
o _ 

121 

0- 

-10- 

10'-7 10'-6 10'-5 10'-4 
CONCENTRATION (M) 

Fig. 1. Dose response relations for decreases in coronary resistance due to adenosine 
and adenine nucleotides in the isolated guinea pig heart. Mean values • SEM 
from 4--8  experiments. Adenosine o o, 5'-AMP u u, ADP ~ 4, 
ATP v v, 2'-AMP | | 3'-AMP [] [], 2',3'-AMP A A, 

3',5'-AMP . . ,  dibutyryl-cAMP �9 �9 
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Fig. 2. Dose response relations for decreases in coronary resistance due to adeno- 
sine o o, dipyridamole . ., papaverine �9 .,, and theophylline �9 �9 
in the isolated guinea pig heart. Mean values 4-SEM from 6--8 experiments 

O-dibutyryl-3' ,5'-AMP) in concentrations less than  10 -4 t~I was found to 
be vasoinactive. 

Fig.2 presents dose response curves for adenosine, dipyridamole, 
papaverine, and theophylline. The activities of adenosine and dipyrida- 
mole proved to be almost identical. Papaverine had to be used in higher 
concentrations than  adenosine to cause comparable decreases in coronary 
resistance, but  large doses of papaverine induced a greater reduction 
of resistance than  high concentrations of adenosine. Vasodilating effects 
of theophylline could only be elicited by  concentrations above 8 • 10 -b M. 

In  isovolumetrically beating hearts  increases of coronary flow were 
associated with an acceleration of spontaneous heart  rate  ( ~  10~ and 
an increase in left ventricular pressure ( ~  30~ These alterations were 
most  pronounced with theophylline in high concentrations ( ~  10 -3 M). 
Dibutyryl-cAMP did not significantly affect heart  rate  and left ventri- 
cular pressure. 

B. Competitive Inhibition by Theophylline 

When experimentally induced increases of coronary flow had reached 
a s teady state, vasoinactive doses of theophylline ranging between 
9 • 10 -7 M and 5.5 • 10 -51~I, were added to the perfusate. The resulting 
effects on coronary resistance are shown in Fig. 3, upper part .  Increasing 
concentrations of theophylline progressively inhibited the effects of 
adenosine, ATP, dipyridamole, and papaverine, respectively. Conversely, 
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raising the concentrations of  the vasodilators tended to overcome the 
antagonistic action of  theophylline. Furthermore, the effects of  theophyl- 
line proved to be reversible. The results therefore suggest an antagonism 
of  a competitive type. 

This assumption was confirmed by an analysis of  the data according 
to  Dixon [7], (Fig.3, lower part). I t  is evident that  the transformed 
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Fig. 4. Dose response relations for decreases in coronary resistance due to adenosine 
and ATP in the absence and presence of theopylline (5.5 x 10 -~ M). Dose response 
curves (upper panels) and plots according to Lineweaver-Burk (lower panels). 

Concentration M/I. Mean values 4- SEM from 6--8 experiments 

data  define pairs of straight fines which intersect left of the ordinate 
above the abscissa. Fur ther  evidence for competitive inhibition was 
obtained in additional experiments, in which dose response relations for 
adenosine and ATP were measured in the absence and presence of 
a constant concentration of theophylline (Fig.4). By  evaluating these 
data according to Lineweaver-Burk (Fig. 4, lower part) pairs of straight 
lines were obtained, which intersect on the ordinate. 

Coronary dilation caused by  papaverine proved to be less sensitive 
to the antagonistic action os theophylline than  responses to other com- 
pounds. According to the data in Table 1 the resistance response to 
papaverine was inhibited only by  42 ~ whereas responses to equieffective 
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Table 1. Comparison of the inhibition by theophylline (5.5 • 10 -~ M) of equieffective 
concentrations of coronary dilating substances in the isolated guinea pig heart. 

lYIean values • SE~5 from 4--6 experiments 

Decrease in resistance a Inhibition by theophylline b 

~ ~ 

Papaverine (3.9 x I0 -~ M) 
Adenosine (5.0 • 10 -~ M) 
ATP (8.4 • 10 -7 M) 
3'-AMP (5.5 • 10 -6 M) 
Dipyridamole (5.0 • 10 -7 M) 

72.5 ~= 3.6 41.9 • 3.4 
74.6 • 1.7 63.9* -4- 7.1 
72.2 =E 0.9 56.8* =~ 4.4 
77.0 • 2.4 57.5** -F 2.8 
71.3 • 1.6 67.6*** =L 4.9 

Calculated in percent of the resistance response to 250 ~g adenosine. 
b Calculated in percent of the resistance response in the absence of theophylline. 
* P ~ 0.025, ** P ~ 0.005, *** z u ~ 0.0025. 

amoun t s  of  adenosine,  ATP, 3 ' -AMP,  a n d  d ipy r idamole  were r educed  
b y  more  t h a n  57 ~ 

I t  is in te res t ing  ~o no te  t h a t  p roprano lo l  and  a t rop in ,  which inh ib i t ed  
co ronary  d i la t ion  induced  b y  isoprenal ine  a n d  acetylchol ine,  respec- 
t ive ly ,  d id  no t  influence the  effects of  adenosine,  ATP ,  or  d ipyr idamole .  
On the  o the r  hand ,  theophyl l ine  d id  no t  an tagonize  d i l a to r  responses  to  
i soprenal ine  a n d  acetylchol ine.  

C. Influence o/Temperature 
Table  2 summar izes  the  resul ts  f rom exper imen t s  in  which th ree  

p a r a m e t e r s  of  phas ic  coronary  inflow were measu red  dur ing  responses  
to  adenos ine  a n d  5 ' -adenine  nucleot ides .  A t  38~ the  l a t en t  per iod  of  
the  adenos ine  response  was longer  t h a n  t h a t  of  reac t ions  to  A D P  a n d  
ATP .  Fu r the rmore ,  the  peak  increase in  flow was smal les t  in the  case 
of  adenosine.  R e d u c t i o n  of  per fusa te  t e m p e r a t u r e  increased  the  l a t en t  
per iods  a n d  reduced  the  peak  flow responses,  b u t  the  differences be tween  
the  effects of  the  agents  r ema ined  a lmos t  unchanged.  Moreover,  t ime  to 
ha l f  recovery ,  which  was s imilar  for the  th ree  compounds  a t  38 ~ C, 
increased  more  in  t he  eases of  A D P  and  A T P  t h a n  in the  case of  adeno-  
sine a t  26 ~ C. Thus,  the  response to  adenos ine  was slower in onset  and  
less p ronounced ,  a n d  low per fusa te  t e m p e r a t u r e  h a d  a smal ler  effect on 
the  t ime  to  ha l f  recovery .  

D. In/luenee o/Calcium 
Pressure-f low re la t ions  in the  presence of  var ious  d i l a to r  subs tances  

were d e t e r m i n e d  in  hea r t s  which h a d  been  equ i l ib ra ted  for  30 mi~  wi th  
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Table 2. Comparison of the effects of equimolar (3.8 nmol in 0.I ml) amounts of 
adenosine, ADP, and ATP on the coronary flow parameters at normal and reduced 
perfusate temperature in the isolated guinea pig heart. Mean values d: SEM from 

5 experiments 

Latent period Peak change of Time to half recovery 
see diastolic flow see 

ml/min �9 g 

38 ~ 26 ~ 38 ~ 26 ~ 38 o 26 ~ 

Adenosine 2.4 3.9 7.3 4.7 14.5 29.5 
• 0.2 ~= 0.2 =L 0.5 • 0.3 =~ 1.2 • 2.5 

ADP 1.5"* 2.6*** 9.6*** 6.5*** 16.8"* 46.3*** 
-4- 0.1 • 0.1 :~ 0.7 -4- 0.4 • 0.7 • 3.0 

ATP 1.9" 3.2* 9.0*** 6.1"** 15.3 40.3*** 
0.2 i 0.1 ~= 0.6 J= 0.3 ~= 3.0 q- 3.0 

* P < 0.025, ** P < 0.0025, *** P < 0.0005 relative to adenosine. 

Table 3. Pressure-flow relation at high and low perfusate calcium concentrations 
in the potassium arrested isolated guinea pig heart. Mean values -4- SEM from 

26 experiments 

Perfusion pressure Coronary flow (ml/min �9 g)* Significance 
mm Hg 

Ca 2+ 7.5 mcq/l Ca 2+ 1.5 meq/1 

40 0.72 • 0.05 0.92 ~ 0.10 P < 0.05 
55 1.05 ::I: 0.08 1.49 • 0.16 P < 0.01 
82.5 1.77 ::1:: 0.13 2.39 ~ 0.29 P < 0.025 

*Dry weight in percent of wet weight was 8.9 4-0.15~ (Ca ~+ 7.Smeq/1) 
and 9.0 • 0.18 ~ (Ca a+ 1.5 meq/1). 

high (7.5 meq/1) and  low (1.5 meq/1) calcium concentra t ions .  The effects 
of calc ium-induced changes of cardiac cont rac t i l i ty  a nd  subsequent  
a l tera t ions  of ex t ravascular  pressure on coronary  resistance were 
abolished b y  arrest ing the  hear ts  wi th  potassium. 

Table  3 presents  pressure-flow relat ions a t  the two levels of calcium 
in  the  absence of the vasodi la t ing substances.  The addi t ion  of compound  
D 600, papaver ine,  and  adenosine produced vasodilation0 b u t  dipyrida-  
mole even in  high concentra t ions  proved to be a lmost  vasoinact ive 
(Fig. 5), though i t  was equ ipo ten t  to adenosine in  the  non-ar res ted  hear t  
(see l~ig.2 and  Table  1). The extracel lular  calcium concent ra t ion  had  
a remarkable  effect on the  di la t ion caused b y  D 600 a nd  papaver ine  b u t  
did no t  influence t h a t  produced by  adenosine.  
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Fig. 5. Effects of high (, ,, 7.5 meq/1) and low (o o, 1.5 mcqfl) perfusate 
calcium concentrations on coronary pressure-flow relation in the presence of 
different vasoactive substances. Heart arrested with potassium. Mean values =k SEM 

from 4--6 experiments 

Discussion 

The metabolic and hemodynamic stability and the coronary reac- 
t iv i ty  of the preparat ion used (see reference [5]) made it  possible to 
perform studies which contribute to further clarify the mechanism by  
which various vasoactive substances induce coronary dilation. 

The most  interesting finding seems to be the observation tha t  the 
inhibition by  theophylline of the coronary effects of adenosine and 
dipyridamole [1,3, 6,15,16,18] is of a competitive type and tha t  a com- 
petitive antagonism also exists between theophylline and the coronary 
responses to ATP, 3'-AMP, and papaverine. These results suggest tha t  
adenosine induces coronary dilation by  a mechanism which seems to 
be not  different from that responsible for the effects of ATP, 3'-AMP, 
dipyridamole or papaverine. Such a mechanism can be also held responsible 
for the dilator responses to other adenine nueleotides (2'-AMP, 2',3'- 
AMP, 3',5'-AMP), since their effects are likewise inhibited by  theophyl- 
line (unpublished observations). As indicated by  the positions of the 
dose response curves in Figs. 1 and 2 the sensitivity of this mechanism 
is similar and greatest  for adenosine, 5'-adenine nucleotides, and dipy- 
ridamole, whereas it  is less in the cases of the other adenine mono- 
nucleotides seemingly dependent on the structure of  these molecules. 
I n  addition, since adenine nueleotides cannot penetrate across normal 
cell membranes,  these substances may  be assumed to act  on or near the 
surface of the membrane of the coronary smooth muscle cell. 
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On the other hand, participation of adenosine in the coronary 
responses to the adenine nueleotides [2,12] and dipyridamole (see for 
instance [16]) could also explain the competition between these com- 
pounds and theophylline. However, dilator responses to injected ADP 
and ATP appear sooner and are of greater magnitude than those to 
equimolar doses of adenosine. Since these differences remain the same 
and the duration of the responses to ADP and ATP is augmented to 
a greater extent  at  lower perfusate temperature, it  seems unlikely that  
dephosphorylation of the nucleotides to adenosine during the passage 
through the heart  [2,11,12] is a necessary prerequisite for the dilator 
activity of these substances. Consequently, the nueleotides can be as- 
sumed to cause vasodilation per se. Also in the renal vascular system 
ATP exhibits hemodynamie effects which cannot be mediated by 
adenosine, since it  causes vasodilation whereas adenosine induces vase- 
constriction [17]. Furthermore, latent  periods subsequent to injections 
of adenosine and equieffeetive doses of papaverine proved to be identical 
both at  normal and reduced temperature (unpublished data). These 
observations, too, do not  favour the view that  adenosine participates 
in the coronary dilator response to papaverine. Thus, the competitive 
type of inhibition by theophylline can be explained by the concept of 
a coronary dilator mechanism which is common to adenosine, adenine 
nucleotides, dipyridamole, and papaverine and which is blocked by  
theophylline. 

The perfusate calcium concentration influences the dilator response 
to papaverine but  not  tha t  to adenosine. This apparent disagreement 
with the fact tha t  theophylline acts as an antagonist of the effects of 
both substances might be explained by the assumption that  dilation 
induced by  papaverine is the result of dual effects of this substance, 
one of which is influenced by theophylline, the other by  extracelhilar 
calcium. Such a concept is compatible with the findings that  papaverine 
induces a greater maximal dilator response than adenosine and that  
theophylline inhibits less effectively vasodilation due to papaverine than 
to adenosine and other compounds. This, too, suggests tha t  the total  
dilatory response to papaverine is the result of a calcium sensitive and 
a theophylline sensitive process. 

Dilating agents like iproveratril and its derivative D 600 have been 
shown [8,13] to inhibit calcium penetration across cellular membranes. 
I t  is the calcium antagonistic effect of these compounds which is as- 
sumed [9] to be directly responsible for the reaction of the coronary 
vessels. In  support of this concept is our finding that  the coronary dila- 
tion induced by  compound D 600 is influenced by  the extracelhilar cal- 
cium concentration. Since calcium has a similar but  smaller influence on 
papaverine-indueed dilation it  is possible tha t  the response to papaverine 
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resu l t s  in  p a r t  v ia  t he  same mechan i sm as t h a t  respons ib le  for  t he  effect 
of  c o m p o u n d  D 600. On the  o ther  hand ,  there  is no congruency  be tween  
the  mechan i sm of  ac t ion  of  compound  D 600 a n d  adenos ine  since the  
ex t race l lu la r  calc ium concen t ra t ion  does no t  influence the  d i l a to r  
response to  adenosine .  Desp i te  these  differences i t  m u s t  be  a s sumed  
t h a t  adenos ine  a n d  the  o ther  compounds  f inal ly  induce  vasod i l a t ion  
b y  decreas ing the  effective calc ium concen t ra t ion  in  the  env i ronmen t  
of  the  t r opon in - ac tomyos in -ATPase  sys tem,  as has  been  r ecen t ly  out-  
f ined b y  Bohr  [4]. The  means ,  however ,  b y  which such a d iminu t i on  of  
in t raee l lu la r  ca lc ium is ac tua l l y  b rough t  a b o u t  needs  fu r the r  clarifica- 
t ion.  
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