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NUCLEOSIDES & NUCLEOTIDES , 5 (  5 )  , 493-501 ( 1 9 8 6 )  

NEGATIVE CHRONOTROPIC ACTION OF ADENOSINE I N  RAT ATRI4: 
EVIDENCE FOR ACTION AT A 1  RECEPTORS 

K. KURAHASHI* and D A V I D  M. PATON** 

Department o f  Pharmacology and C1 i n i c a l  Pharmacology, 
U n i v e r s i t y  o f  Auckland, Auckland, NEW ZEALAND. 

*Present address: Department o f  Pharmacology, Kyoto  U n i v e r s i t y  , 
Kyoto 606, JAPAN. ** To whom a l l  correspondence shou ld  be 
addressed. 

ABSTRACT. Adenosine produces i t s  n e g a t i v e  c h r o n o t r o p i c  a c t i o n  i n  r a t  
a t r i a  th rough a c t i v a t i o n  o f  a P I - p u r i n o c e p t o r  o f  t h e  A 1  sub-type. 

INTRODUCTION 
It has been known s ince  1929 t h a t  adenosine has a c t i o n s  on t h e  

h e a r t  i n v o l v i n g  t h e  coronary  vascu la tu re ,  c o n t r a c t i l i t y  and 

e l e c t r o p h y s i o l o g i c a l  a c t i v i  t y l .  The c a r d i a c  a c t i o n s  o f  adenosine have 

been r e c e n t l y  reviewed by Birrnstock* and Lubbe3. Adenosine has nega t i ve  
ch rono t rop i c  and i n o t r o p i c  a c t i o n s  on a t r i a l  muscle mediated th rough 

a c t i o n s  on d i s c r e t e  recep to rs .  The c l a s s i f i c a t i o n  o f  adenosine r e c e p t o r s  
has been reviewed r e c e n t l y  by a number o f  workers 2,4,5. 

I n  gu inea-p ig  a t r i a ,  adenosine has been shown t o  a c t  on P I - p u r i n o -  
c e p t o r s  o f  t h e  A 1  sub-type6. The aim o f  t h e  p resen t  study was t o  examine 
t h e  n a t u r e  o f  t h e  adenosine r e c e p t o r s  r e s p o n s i b l e  f o r  t h e  nega t i ve  

ch rono t rop i c  a c t i o n  o f  adenosine i n  r a t  a t r i a  and t o  a t tempt  t o  determine 

t o  which c l a s s  they  belong. A p r e l i m i n a r y  account o f  a p o r t i o n  o f  t h i s  
work has been presented  e l  sewhere7. 

Copyright 0 1986 by Marcel Dekker, Inc. 
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494 KURAHASHI AND PATON 

METHODS 

Tissue Prepara t i on  

Male Wis ta r  r a t s  (250-3509) were k i l l e d  by c e r v i c a l  d i s l o c a t i o n  and 

by exsangu ina t ion .  The ches t  was opened, t h e  h e a r t  r a p i d l y  removed and 

the  a t r i a  then d i ssec ted  from t h e  remainder o f  t h e  h e a r t .  The a t r i a  o r  

t he  l e f t  a t r i a  a lone were then mounted i n  a 5ml organ b a t h  f i l l e d  w i t h  a 

m o d i f i e d  Krebs s o l u t i o n  a t  30°C. 

Recording o f  r a t e  o r  f o r c e  o f  c o n t r a c t i l i t y  

A t r i a  were a t tached  t o  a f o r c e - d i  splacement t ransducer  (Grass FT03C) 

and tachograph (Grass 7PIF) , and i s o m e t r i c  c o n t r a c t i o n s  and h e a r t  r a t e  

were recorded on a po lygraph (Grass RPS7C8). P repara t i ons  were s e t  up 

under 500mg tens ion  f o r  a 60 min  e q u i l i b r a t i o n  p e r i o d  b e f o r e  s t a r t i n g  t h e  

experiments. Dur ing  t h i s  pe r iod ,  t h e  medium was rep laced  severa l  t imes 

and the  tens ion  read jus ted  t o  500mg as r e q u i r e d .  A f t e r  60 min, a t r i a  
were g e n e r a l l y  b e a t i n g  a t  a cons tan t  r a t e .  

Adenosine and adenosine analogs were added t o  t h e  b a t h  c u m u l a t i v e l y  
when preceed ing  
c o n c e n t r a t i o n  o f  adenosine o r  analog. The % i n h i b i t i o n  o f  t h e  c o n t r o l  
r a t e  o f  c o n t r a c t i o n  produced 30% i n h i b i t i o n  o f  t h e  c o n t r o l  r a t e  o f  

c o n t r a c t i o n  ( IC30) was determined by l i n e a r  reg ress ion  u s i n g  a Hew le t t -  

Packard HP-85 computer f o r  each separa te  p r e p a r a t i o n  s tud ied ,  and i s  

expressed e i t h e r  as t h i s  c o n c e n t r a t i o n  ( w i t h  95% conf idence l i m i t s )  o r  as 

t h e  negat ive  l o g a r i t h m  o f  t h i s  concen t ra t i on .  

t h e  maximum i n h i b i t i o n  o f  r a t e  had been produced by t h e  

Medium 
The composi t ion o f  t h e  m o d i f i e d  Krebs s o l u t i o n  was (mM): NaCl, 116; 

KC1, 5.0; CaC12, 1.5; MgC12, 1.2; NaH2P04, 1.2; NaHC03, 22.2; D-glucose, 
11.2; NaZEDTA, 0.04 i n  d i s t i l l e d ,  de ion i zed  water.  The medium was 

main ta ined a t  30°C, and e q u i l i b t r a t e d  w i t h  95% 02/5%CO. 

Drugs 
The drugs used i n  t h i s  study were ob ta ined  f rom t h e  i n d i v i d u a l s  o r  

o rgan iza t i ons  shown, those i n d i c a t e d  by an a s t e r i s k  b e i n g  generously 

donated: N-cycl opropyl  -adenosi ne-5' -uronami de (NCPCA)* (Abbot Labora- 
t o r i e s ) ;  L-adenosine* (Dr. N.J. Citsackl; I.1G-R-[1-phenyl-2-propyl]- - 
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ADENOSINE RECEPTORS 495  

adenosine (R-PIA)* - and N6-S-[l-phenyl - -2-propyl ladenosine (S-PIA)* - (Dr. 
J.W. Daly; adenosine 5 ' -acetate*,  N6-(benzyl )adenosine*, cycl ic -2 '  ,3'- 
thiocarbonate adenosine*, 2-fluoro-adenosine* and N6-(2-hydroxylethyl 1- 
adenosine* (National Cancer I n s t i t u t e )  and er i tadenine* (Dr. T.  T ros t ) .  
All other  drugs and chemicals were obtained from Sigma Chemical Co. 

S t a t i s t i c a l  Analysis o f  Data 
Results were expressed as  the mean f standard e r r o r  of the  mean 

(S.E.M.) and as geoaetr ic  
mean 2 S.E.M. f o r  IC30 values. The s ignif icance of d i f fe rences  was deter-  
mined using Student ' s  I t '  t es t .  Differences were considered s i g n i f i c a n t  
when ~ ~ 0 . 0 5  ( two-tai led t e s t ) .  

fo r  changes i n  rate or force o f  cont rac t ions ,  

RESULTS 

Effec t  of adenosine on spontaneously beating a t r i a  and on s t r i a  
accelerated by p-tyramine o r  (-)-noradrenal ine 

In spontaneously beating a t r i a ,  the addi t ion of adenosine - 
10-4M) produced a concentration-dependent negative chronotrcpic ac t ion .  
A t  10-4Fl, adenos.ine caused arrhythmias or cardiac s t a n d s t i l l  i n  3 of ? 

preparat ions,  and in  the  remaining preparat ions only reduced heart r a t e  
by 46%. Consequently, i t  wzs n o t  possible  t o  determine an IC50 value fo r  
adenosine i n  spontaneously beating a t r i a .  Instead the IC30 value f o r  
adenosine and analogs was determined in  a l l  subsequent s tud ies ,  and was 
found t o  be 28.8pM f o r  adenosine (Table 1). 

Addi t 
i ncreascd 
(Table 1 
within 10 
adenosine 

on of - p-tyramine (1-30pM) o r  of (-)-noradrenal ine (0.01-l.OpK) 
the ra te  o f  contract ion in a concentration-dependent manner 
, the  increased r a t e  o f  contract ion reaching a steady r a t e  
min and  being maintained f o r  a fu r the r  20 min. The addi t ion of 

t o  such accelerated preparat ions during t h i s  period produced a 
concentration-dependent negative chronotropic response, and the  IC36 for 
adenosine was determined by cumulative addi t ion.  I t  was found t h a t  the 
negative chronotropic act ion of adennsine was s ign i f i can t ly  increased i n  
preparations whose rate had been accelerated by - p-tyramine ( l - l O u M )  
( - ) -noradrenal ine (0.03-1.Ot~M), the maximal increase i n  potency of 

o r  
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KURAHASHI AND PATON 496 

TABLE 1 
Negative chronotropic act ion of adenosine in  spontaneously beating 

rat  a t r i a .  I C 3 0  values were ca lcu la ted  from cumulative dose-response 
curves. The number of observations i s  shown in  parentheses.  *. ~ ( 0 . 0 5 ,  
compared t o  spontaneous preparation. 

E x per i me n t a  1 
s i t ua t ion  before addi t ion 

Heart rate Adenosine, I C 3 0  value (MI 

o f  adenosine Mean (95% confidence 1 i n i  t s  
( b e a t s h i  n )  

Spontaneous 125 f 5 (12)  

Presence o f  - p-tyramine 
i l ! lM)  153 * 7 ( 7 ) *  

( 3 .  SUM 228 * 9 ( 9 ) *  

(10IlM1 278 f 9 ( 6 ) *  
(30v.M) 281 2 6 (8)"  

Presence o f  ( - )-noradrenal i ne 
(O.ol!lrl) 146 k 4 (8)* 
( 0.03l l f I~ 174 f 7(13)* 
( 0 . 1. Id4 ) 198 f 6(12)*  

(1.0 LM) 256 * G (6)* 

2.88 (2.10-3.92 ) x ! O - ~  

1.09 (0.85-1.39)~10- '*  

2.86 (2.29-3.56 ) x ~ O - ~ *  

1.39 ( 1.21-1.61 ) x ~ O - ~ *  
3.11 (2.75-3.52 ) x ~ O - ~  

1.70 (0.84-3.32 ) x ~ O - ~  

4.54 ( 2 , 7 5 - 7 . 4 8 ) ~ 1 0 - ~ *  

2.81 (1.99-3.97 ) x I O - ~ *  
5.84 (5.32-6.43 ) x ~ O - ~ *  

adenosine 
- p-tyramine or O.lpM ( - ) -noradrenal ine (Table 1 ) .  

Effect  o f  theophylline on act ion o f  adenosine 
The addi t ion of l O v M  iheophylline did n o t  a l t e r  the r a t e  o f  

contraction in spontaneoiis preparat ions o r  in preparation accelerated by 
3.8vM - p-tyrami ne. However addi t ion o f  40vM and 100vM theopbyl 1 i ne 
.increased the  r a t e s  of contract ion o f  b o t h  spontaneous a n d  accelerated 
preparations.  

being about ten-fol d i n t i  ssues cont i  nuously exposed t o  3.8pM 

In scbsequent s tud ies ,  a t r i a  were exposed t o  !OvF1 theophylline prior 
t o  the determination o f  the I C 3 0  concentrat ion fo r  adenosine. In a t r i a  
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ADENOSINE RECEPTORS 497 

with a n  increased r a t e  of contract ion due t o  exposure t o  3.8yM - p- 
tyrani  ne , lOvM theophyl 1 i ne s i  g n i  f i can t ly  reduced the negative 
chronotropic act ion of adenosine being 1.0 (0.8-1.3) x 10-5M and 2.9 
(2.3-3.6) x 10-6F.1 in the presence and absence of theophylline 
respect ively.  I n  spontaneously beating preparation, 10pM theophyll ine did 
not s ign i f i can t ly  a l t e r  the negative chronotropic act ion of adenosine. 

S t ruc ture-ac t iv i ty  r e l a t ions  f o r  the negative chronotropic act ion of 
adenosine in  spontaneously beating a t r i a  and in a t r i a  accelerated by 
3.8uM p- tyrami ne. 

S t ruc ture-ac t iv i  ty  r e l a t ions  fo r  t he  negative chronotrcpic ac t ions  o f  
adenosine were examined using 24 adenosine analogs in both spontaneously 
beating preparations and i n  a t r i a  accelerated by t h e  addi t ion o f  3.8pM - p- 
tyramine (Tables 2 and 3 ) .  
Analogs w i t h  subs t i tu t ions  a t  the C2 o f  the purine moiety were 
considerably more potent than adenosine. An amino group a t  C6 o f  the 
purine moiety was essent ia l  fo r  a c t i v i t y  s ince analogs without such a 
group were i nacti  ve (e.  g . 6-mercaptopuri ne r i  bosi de , 6-methoxypuri ne 
r ibos ide ,  purine r ibos ide ,  inosine)  , while d isubs t i tu t ion  a t  the N 6  
posi t ion (e .g .  N6-dimethyladenosine) resu l ted  in  a ccnsiderable  lo s s  of 
a c t i v i t y .  The N6 subs t i tu ted  compound - R-PIA was an extremely potent 
analog, being well over 900-fold more potent t h a n  adenosine. The 
diastereomer, - S-PIA was about f i f t y - f o l d  l e s s  potent  t h a n  5-PIA. 

Subs t i tu t ions  a t  the 2 '  and/or 3 '  posi t ions on the r iboside moiety 
generally resu l ted  i n  a reduction i n  or a l o s s  o f  a c t i v i t y .  By con t r a s t ,  
the  El-cycl opropyl adenosi ne-5 ' -uronami de ( N C P C A )  was an extremely potent 
analog, being over 350-fold more potent t h a n  adensoine. L-adenosine was 
inac t ive .  

DISCUSSION 
The c e l l u l a r  electrophysiological act ions o f  adenosine on cardiac 

t i s s u e  have been recent ly  reviewed8. In the  mammalian atrium, adenosine 
suppresses the inward calcium content and increases  the outward potassium 
cur ren t .  These r e s u l t  in a shortened ac t ion  potent ia l  and 
hyperpol a r i  zat ion o f  the r e s t ing  membrane potent i  a1 . 

The  negative chronotropic act ion of adenosine was s ign i f i can t ly  
grea te r  in a t r i a  accelerated by e i t h e r  ( -  1 -noradrenal i ne or - p-tyrami ne 
than in spontaneously beating preparations.  Similar ly  in guinea-pig a t r i a  
veratramine had a grea te r  negative chronot.ropic act ion i n  a t r i a  
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498 KURAHASHI AND PATON 

TABLE 2 
Structure-act ivi  ty re la t ions  for  negative chronotropic act ions of 
spontaneously beating r a t  a t r i a  and in  a t r i a  accelerated by 3.8pM p- 
tyramine. Mean f S.E.M. of n o t  l e s s  t h a n  5 preparations. MA, analog 
f a i l ed  to  produce 30% inh ib i t ion  rate a t  100vM. 

-log IC3,,value ( M I  ” 
Analogue Spontaneous Tyrami ne 

Accelerated 

Adenosine 

Purine modified 
2-chl oroadenosine 
2-fl uoroadensoine 
El -(methyl ladenosine 
N -(dimethyl )adenosine 
N - (benzyl Iadenosi ne 
N -(2-hydroxyethyl ladenosine 

6 
6 
6 
6 
6 
6 

N -R-PIA 
N -S-PIA 

Riboside modified 
2 -deoxyadenosi ne 
2 I -0-methyl adenosine 
3 I -deoxyadenosi ne 
cycl ic-2’  ,3‘-thiocarbonate adenosine 

adenosine 5‘ -ace ta te  
NCPCA 

4.46 2 0.14 

6.67 f 0.24 
6.46 f 0.23 

4.75 f 0.14 

NA 
5.01 f 0.22 
6.71 4 Q.15 
8 .11  f 0.16 

6.45 * 0.07 

NA 
NA 

4.87 f 0.25 
NA 

5.10 f 0.21 
7.58 f 0.07 

5.52 f 0.09 

7.32 f 0.15 
7.12 f C.24 
5.78 f 0.12 
4.48 f 0.27 
6.05 f 0.09 

7.77 * 0.11 
8.47 * 0.66 

6.77 f 0.19 

4.98 f 0.24 
4.89 ? 0.06 

5.96 f 0.23 
5.43 +- 0.09 

5.66 f 0.12 
8.09 f 0.03 

accelerated by noradrenal i ne or histamine t h a n  in  spontaneously beating 
a t r i a 9 .  These workers concluded t h a t  there was a physiological antassnism 
between veratramine and cardio-accelerator  agents ra ther  than a 
pharmacological antagonism. Adenosine a1 so inhibi ted the cardio- 
accelerator  action of histamine in  guinea-pig a t r i a l .  

In the present study, the negative chronotropic action of adenosine 
i n  r a t  a t r i a  was inhibi ted by theophylline, while fo r  a c t i v i t y  an amino 
group a t  position 6 on t h e  purine moiety and hydroxyl groups a t  the 2 ’  
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ADENOSINE RECEPTORS 499 

TABLE 3 

Adenosine analogs t h a t  f a i l e d  t o  produce a n e g a t i v e  c h r o n o t r o p i c  a c t i o n  

a t  l O O v M  i n  spontaneously b e a t i n g  a t r i a  o r  i n  a t r i a  a c c e l e r a t e d  by 3.8pM 
- p- t y rami  ne . 

I n a c t i v e  analogs 

Pur ine  m o d i f i e d  

6-mercaptopur ine r i b o s i d e  
6-methoxypurine r i b o s i d e  

8-bromoadenosine 

p u r i n e  r i  bos ide  

adenine 

i nos i  ne 

R i  bos ide  m o d i f i e d  

L-adenosine 

2’,3’-isopropylideneadenosine 
2 ’ ,3 ’ -d iace ty ladenos ine  
e r i  t aden i  ne 

and 3’ p o s i t i o n s  on t h e  r i b o s i d e  moie ty  were requ i red .  These cha rac te r -  
i s t i c s  i n d i c a t e  t h a t  t h e  adenosine r e c e p t o r  i n  r a t  a t r i a ,  r e s p o n s i b l e  f o r  

t h e  r e d u c t i o n  i n  h e a r t  r a t e ,  can be c l a s s i f i e d  as a P1 pur inocep to r ,  as 

suggested p r e v i o u s l y l l ,  and t h a t  i t  possesses - R s i t e  c h a r a c t e r i s t i c s  as 

proposed by Samet and Rut ledge lz .  

The ques t i on  a r i s e s  as t o  whether t h e  r e c e p t o r s  can be f u r t h e r  

c l a s s i f i e d  as A 1  o r  A2 i n  type. It i s  app rec ia ted  t h a t  n o t  a l l  

i n v e s t i g a t o r s  agree on how, o r  indeed whether, adenosine r e c e p t o r s  shou ld  

be c l a s s i f i e d  as A 1  o r  A2 on t h e  b a s i s  o f  pharmacological  s t u d i e s  only5.  
I n  general ,  such a t tempts  have u t i l  i s e d  t h e  rank o r d e r  o f  potency o f  N6 
s u b s t i t u t e d  analogs such as  - R- and - S - P I A  and N6-cyclohexy1adenosiney t h e  

2 -subs t i  t u t e d  ana log  2-chloroadenosine, and t h e  adenosine-5’ -uronamides 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
4
4
 
2
7
 
J
a
n
u
a
r
y
 
2
0
1
1



KURAHASHI AND PATON 500 

N-ethyladenosine-5'-uronamide (NECA) and NCPCA13. I n  t h e  p resen t  study, 

t he  rank o r d e r  o f  potency found was: - R-PIA>NCPCA>Z-chloroadenosine>S- - 

PIA>adenosine, w h i l e  - R - P I A  was more than 50 - fo ld  more p o t e n t  then - S - P I A .  

These fea tu res  suggest t h a t  t h e  r e c e p t o r s  i n  r a t  a t r i a  respons ib le  f o r  

t h e  nega t i ve  ch rono t rop i c  response t o  adenosine may be c l a s s i f i e d  as A1 
i n  type. The marked potency o f  t h e  adenosine-5'-uronamides a t  p u t a t i v e  A 1  

recep to rs  has a1 so been observed i n  o t h e r  t i s s u e s  6,13314. 

The adenosine recep to rs  respons ib le  f o r  t h e  nega t i ve  c h r o n o t r o p i c  and 

i n o t r o p i c  a c t i o n s  o f  adenosine i n  gu inea-p ig  a t r i a  have a l s o  been 
repo r ted  t o  belong t o  t h e  A 1  and s u b - t y p e 6 ~ ~ ~ ,  as have those respons ib le  

f o r  t he  nega t i ve  i n o t r o p i c  a c t i o n  o f  adenosine i n  r a t  atr ia16,17. 

I n  i s o l a t e d  c a r d i a c  p repara t i ons ,  adenosine i n h i b i t s  b o t h  t h e  

p o s i t i v e  ch rono t rop i c  and i n o t r o p i c  responses t o  catecholamines18,*0. 

Th is  e f f e c t  has been r e p o r t e d  by some workers t o  r e s u l t  p redominant ly  o r  

e n t i r e l y  f rom t h e  i n h i b i t i o n  o f  adeny la ie  cyc lase  a c t i v i t y  by 
adenosine19,20, whereas o the rs  have concluded t h a t  t h i s  a c t i o n  i s  n o t  

r e l a t e d  t o  changes i n  t i s s u e  c o n t e n t  o f  e i t h e r  c y c l i c  AMP o r  c y c l i c  

GMP18. I s l e t - a c t i v a t i n g  p r o t e i n  i s o l a t e d  f rom B o r d e t e l l a  p e r t u s s i s  t o x i n  
a t tenua ted  t h e  negat ive  c h r o n o t r o p i c  a c t i o n  o f  adenosine i n  spontaneously 

b e a t i n g  r a t  a t r i a  and i n  a t r i a  acce le ra ted  by i sop rena l i ne21 .  T h i s  

p r o t e i n  has been found t o  b lock  t h e  e f f e c t  o f  hormones and drugs t h a t  

i n h i b i t  adeny la te  cyc lase ,  apparen t l y  as a r e s u l t  o f  ADP r i b o s y l a t i o n 2 * .  
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