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When tone was raised by histamine (10 -6 M), field stimulation (0.2-8 Hz) induced relaxation of the rabbit anococcygeus muscle 
in the continuous presence of guanethidine (10 -5 M) and atropine (10-6 M). Similar relaxations could be induced by ATP and 
adenosine, which were approximately equipotent, but the non-hydrolyzable analogue fl-'t-methylene ATP was less potent and 
produced relaxations which were slower. Although PGE 2 was a potent relaxant in this muscle, release of endogenous prostaglandins 
does not appear to mediate the response to ATP since indomethacin (2 x 10 -5 M) pretreatment did not reduce responses to ATP. The 
specific ATP receptor antagonist, ANAPP 3 (10 -4 or 10 -3 M) did not reduce responses to nerve stimulation and only slightly reduced 
those to exogenous ATP. The results indicate that responses to ATP could be mediated partly by the products of its hydrolysis and do 
not support the proposal that ATP is the inhibitory transmitter in this muscle. 

Anococcygeus muscle Purine-receptor antagonist 

1. Introduction 

A non-adrenergic ,  non-chol inergic  inh ib i tory  
innerva t ion  has been  demons t r a t ed  in many  types 
of  in tes t ina l  smooth  muscle  (see e.g. Campbel l ,  
1970; Furness  and  Costa ,  1973; Campbe l l  and  
G i b b o n s ,  1979). Burns tock  and  others  have sug- 
gested that  A T P  could  be  the inh ib i tory  t rans-  
mi t t e r  and  they have p rov ided  extensive experi-  
men ta l  evidence in suppor t  of their  hypothes is  in a 
var ie ty  of  smooth  muscle,  inc luding  the guinea-pig  
taenia  coli and  the anococcygeus  muscle  of the 
r abb i t  (see Bruns tock  et al., 1970; Burnstock,  1972; 
Burns tock  e t  al., 1978). 

The  general  accep tance  of A T P  as the inhibi-  
tory  t ransmi t te r  in these tissues has been  h indered  
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by  the lack of  a specific A T P  antagonis t .  Recent ly ,  
however,  work  in our  l a bo ra to ry  on a photoaf f in -  
i ty label,  A N A P P  3 (a ry laz ido  a m i n o p r o p i o n y l  
ATP) ,  which is a s t ructura l  ana logue  of  ATP,  has 
ind ica ted  tha t  this c o m p o u n d  can specif ical ly 
an tagonize  responses  to A T P  ( H o g a b o o m  et al,, 
1980; F e d a n  et al., 1981) p r e sumab ly  by  b locking  
'P2 ' - type receptors  (as def ined  b y  Burnstock,  1978). 
Recent  work  on the guinea-pig  taenia  coli  by  
West fa l l  et al. (1982) showed that  A T P - i n d u c e d  
re laxat ions  of  this muscle  are b locked  by  A N A P P  3, 
while s imilar  re laxat ions  induced  by  field s t imula-  
t ion of  the inh ib i to ry  nerves were unaffected.  This  
work  s t rongly  suggests that  A T P  is no t  the inhibi-  
tory  t ransmit ter ,  even though the P2-receptor  is 
well  charac ter ized  in this t issue (Brown and  
Burnstock,  1981b). 

We  have now inves t iga ted  the effects of A N A P P  3 
on re laxat ions  of  the r abb i t  anococcygeus  muscle  
induced  by  A T P  and  inh ib i to ry  nerve s t imula t ion  
in order  to test the p roposa l  that  A T P  is the 
inh ib i to ry  t r ansmi t t e r  in this tissue. 
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2. Materials and methods 

2.1. General 

Albino, male rabbits (1.5-3.5 kg) were killed by 
a blow to the head and subsequently exsangui- 
nated. In the rabbit the anococcygeus muscles 
originate from the upper coccygeal vertebrae and 
run caudally behind the terminal colon before 
inserting, one on either side, into the smooth 
muscle of the terminal colon about a centimeter 
from the anal margin. When dissected and 
mounted the tissues were about 3-4  cm long. (For 
details of dissection see Creed et al., 1977). 

The tissues were mounted in a jacketed organ- 
bath at 37°C and bubbled with 95% 02, 5% CO 2 
in a physiological salt solution of the following 
composition (raM); NaC1 113; KCI 4.8; CaCI 2 
2.5; KH2PO 4 1.2; MgSO4 1.2; NaHCO 3 25; dex- 
trose 5.5. The bath had a volume of 1.3 ml and 
was continuously suffused at a rate of 3 ml/min.  

The anococcygeus muscle was passed through a 
pair of platinum ring electrodes. One end of the 
muscle was fixed and the other attached to a Grass 
force-displacement transducer (F.T. 03) for moni- 
toring tension. Contractile activity was recorded 
on a Grass polygraph. Field stimulation of the 
tissue was produced via pulses (0.5 ms, supramax- 
imal voltage) from a Grass $9 stimulator for a 
period of 30 s. Typically, an experiment was con- 
ducted as follows: the tissue was allowed to equi- 
librate for 30-60 min before a frequency response 
curve was obtained (2-64 Hz). Muscle tone was 
then raised by continuous suffusion with a solu- 
tion containing 10-6M histamine. The solution 
also contained 10-SM guanethidine (to block 
adrenergic nerve-induced responses) and 10-6M 
atropine (to block cholinergic nerve-induced re- 
sponses). Inhibitory responses were then obtained 
to field stimulation at various frequencies. Inhibi- 
tory responses to various doses of ATP, adenosine 
or fl-y-methylene ATP were obtained by adding a 
small volume of the drug-cohtaining solution while 
suffusion of the bath was temporarily interrupted. 
After washing out the histamine, atropine and 
guanethidine, the tissue underwent its experimen- 
tal treatment (e.g., ANAPP3, 10-aM for 30 rain). 
The solution containing histamine, atropine and 

guanethidine was then reintroduced and responses 
to field stimulation and the purines obtained as 
before. 

As described by Hogaboom et al. (1980), 
ANAPP 3 becomes an irreversible ATP antagonist 
when irradiated with visible light. In all the experi- 
ments described below, ANAPP 3 was added to the 
bath containing the tissue and irradiated with a 
tungsten halogen projector lamp (DVY, 650W, 
3,400°K) for 30 min. 

2.2. Drugs 

The drugs used in this study (and their sources) 
are listed below: atropine sulphate (Sigma Chemi- 
cal Company, St. Louis, MO); histamine diphos- 
phate (Schwartz-Mann Research Labs, Orange- 
burg, N.Y.); guanethidine sulphate (CIBA-Geigy 
Corp., Summit, N.J.); adenosine 5'-triphosphate, 
disodium salt, fl-y-methylene adenosine 5'-triphos- 
phate, sodium salt, and adenosine hernisulphate 
(Sigma Chemical Company, St. Louis, MO); P GE 2 
(Upjohn Company,  Kalamazoo, Mich); in- 
domethacin (Merck, Sharp and Dohme, West 
Point, PA). ANAPP 3 was synthetized according to 
the method of Jeng and Guillory (1975). 

2.3. Calculation of resuhs 

The inhibitory responses are expressed as the 
reduction in tension produced by the applied 
stimulus as a percentage of the total tone existing 
in the muscle immediately before the stimulus was 
applied. This is expressed on graphs as '% relaxa- 
tion'. The points on the graph represent means 
--+ S.E.M. 

3. Results 

The anococcygeus muscle responded to field 
stimulation with contraction over a range of fre- 
quencies from 2-64 Hz and, after tone was raised 
with histamine, with relaxation over a range from 
a single pulse to 4 Hz in most preparations (fig. 1). 
These responses were completely abolished by 3 × 
10-TM tetrodotoxin. ATP also produced rapid 
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Fig. I. Responses of the rabbit anococcygeus muscle to field 
stimulation and to ATP. Top panel: contractile responses were 
obtained before the introduction at (0) of histamine (10 -6 M) 
guanethidine (10 -5 M) and atrpoine (10 -6 M). Middle panel: 
inhibitory responses could be obtained with a single pulse, and 
usually reached maximum at 4 Hz. Bottom panel: the muscle 
usually responded to ATP over a range from 5 × l0 -7 to about 
5× 10 -4 M. All responses are from the same muscle. On this, 
and all subsequent figures, frequency is expressed in Hz and 
drug concentrations in/xM. 

re laxat ions  over a dose  range from 5 × 10 -7  to 
5 × 10 -4  M (fig. 1). 

In  p re l iminary  exper iments  tissues were exposed  
to 1 0 - 4 M  A N A P P  3 and  i r rad ia ted  for 3 - 1 0  rain. 
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In  none  of  these exper iments  was there any 
not iceable  an tagon i sm of  re laxat ions  p r o d u c e d  by  
field s t imula t ion  or  ATP,  even though such treat-  
men t  b locks  responses  to A T P  in bo th  vas de- 
ferens and taenia  coli  of  the guinea pig  (Fedan  et 
al., 1981; West fa l l  et al., 1981). 

Therefore  in all the exper iments  descr ibed  be- 
low we increased the pho toac t iva t ion  per iod  to 30 
rain to p roduce  greater  pho toac t iva t ion  of  the 
compound .  In none  of 14 exper iments  pe r fo rmed  
was A N A P P  3 (10 -4  M) able  to an tagonize  
responses  to field s t imulat ion.  Even when the 
A N A P P  3 concen t ra t ion  was increased to 1 0 - 3 M  
there was no effect (figs. 2 and  3). Responses  
to A T P  were no t iceab ly  reduced  af ter  A N A P P  3 
in only 4 of the 14 exper iments  with 1 0 - 4 M  

A N A P P  3, and  in 4 exper iments  with 1 0 - a M  
A N A P P  3, again only  mode ra t e  an tagon i sm was 
observed  (figs. 2 and  4). 

A poss ib le  reason for the inabi l i ty  of A N A P P  3 
to b lock  the response  to A T P  in this tissue could  
be that  the response  is not  wholly  med ia t ed  via 
P2-receptors.  We  therefore  examined  the relat ive 

po tency  of  ATP,  adenosine,  and  fl-~,-methylene 
A T P  (an ana logue  of  A T P  which is res is tant  to 
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Fig. 2. The effect of ANAPP 3 (10 -4 M) on inhibitory responses to ATP and nerve stimulation, Control responses (top panel) to nerve 
stimulation and ATP were obtained after histamine (10-6 M), guanethidine (10-5 M) and atropine (10-6 M) had been added (0). 
The drugs were then removed and the tissue exposed to l 0 -4M ANAPP 3 and irradiated for 30 rain. Histamine etc. were then 
reintroduced (0) and the responses to nerve stimulation and ATP repeated as before (bottom panel). All responses are from the same 
muscle. 
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Fig. 3. The effect of ANAPP 3 on the frequency-response curve 
of the rabbit anococcygeus to field stimulation of the inhibitory 
nerves. Inhibitory responses were obtained to field stimulation 
under the conditions illustrated in fig. 2, i.e. in the presence of 
histamine, etc. The results are plotted as % relaxation as 
described in the Methods section. The results show that treat- 
ment with either 10 -4 M ANAPp~ (11, n =  14), or with 10 -3 M 
ANAPP~ (&, n=4)  had no effect when compared with control 
responses (O, n = 20). 
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Fig. 5. Dose-response curves for ATP (O, n -  18-48), adeno- 
sine (11, n=8-12)  and fl-7-methylene ATP (A, n=2-12)  in 
rabbit anococcygeus. 

h y d r o l y s i s  b y  A T P a s e s ) .  Fig.  5 i n d i c a t e s  t h a t  A T P  

a n d  a d e n o s i n e  were ,  o n  ave rage ,  a p p r o x i m a t e l y  

e q u i p o t e n t  ( a l t h o u g h  t h e r e  was  c o n s i d e r a b l e  va r i a -  

t i o n  b e t w e e n  t i ssues) ,  b u t  B - y - m e t h y l e n e  A T P  was  

s i g n i f i c a n t l y  less p o t e n t .  F u r t h e r m o r e ,  t he  re- 

s p o n s e  to  B - y - m e t h y l e n e  A T P  was  o f t e n  q u a l i t a -  

t i ve ly  d i f f e r e n t  f r o m  t h a t  to  A T P  or  a d e n o s i n e ,  

u s u a l l y  b e i n g  m u c h  s l o w e r  in  i t s  r a t e  o f  r e l a x a t i o n  

a n d  o f t e n  p r e c e d e d  b y  a s m a l l  c o n t r a c t i o n .  

W e  t e s t e d  the  p o s s i b i l i t y  t h a t  A T P  m i g h t  b e  

a c t i n g  via  p r o s t a g l a n d i n  re lease ,  as h a s  b e e n  d e m -  

o n s t r a t e d  fo r  e x a m p l e  in  t r a c h e a l  s m o o t h  m u s c l e  

( B r o w n  a n d  B u r n s t o c k ,  1981a),  w h e r e  p r e t r e a t -  

m e n t  w i t h  2 × 1 0 - S M  i n d o m e t h a c i n  c o m p l e t e l y  

i n h i b i t e d  r e l a x a t i o n s  i n d u c e d  b y  A T P .  S i n c e  we 

f o u n d  t h a t  P G E  2 was  a p o t e n t  r e l a x a n t  in  the  

a n o c o c c y g e u s  m u s c l e  (fig. 6) we c a r r i e d  o u t  exper i -  

Fig. 4. The effect of ANAPP 3 on the dose response-curve of the 
rabbit anococcygeus to ATP. Inhibitory responses were ob- 
tained to ATP under the conditions illustrated in fig. 2. The 
results show that treatment with either 10 -4M ANAPP 3 (11. 
n =  14), or with 10-3 M ANAPP 3 (A, n=4)  produced only a 
moderate reduction in the responses to ATP when compared 
with control responses (O, n = 20). 
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Fig. 6. The effect of idomethacin on responses of the rabbit 
anococcygeus to ATP. Top panel: PGE2, at 0.1 # M  caused 
complete relaxation of the rabbit anococcygeus. Second panel: 
pretreatment for approximately 30 rain with indomethacin had 
no effect on responses subsequently obtained to ATP (on fight) 
when compared with control responses (on left). Responses to 
adenosine (third panel) and fl-y-methylene ATP (mATP; bot- 
tom panel) also persisted in the presence of indomethacin 20 
# M. All responses are from the same muscle. 

ments with indomethacin in this tissue. In none of 
these experiments did pretreatment with in- 
domethacin (2 × 10 -s M) reduce ATP induced re- 
laxations (figs. 6 and 7). Fig. 6 also indicates that 
indomethacin pretreatment did not antagonize re- 
sponses to adenosine or fl-'t-methylene ATP. 

4. Discussion 

The results presented indicate that the inhibi- 
tory action of ATP on histamine-induced tone of 
the rabbit anococcygeus muscle is unlikely to be 
mediated by prostaglandins, since pretreatment 
with indomethacin, at a dose which has been shown 
to be effective in other smooth muscles (see, e.g., 
Brown and Burnstock, 1981a), was without effect 
in this case. 

The comparative potency of ATP, adenosine 
and fl-'t-methylene ATP is worthy of note. The 
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Fig. 7. The effect of indomethacin on responses of the rabbit 
anococcygeus to ATP. In hibitory responses to ATP were 
obtained as illustrated in fig. 6. Indomethacin (2>< 1 0 - S M )  
was introduced approximately 30 rain before the second dose- 
response curve was obtained. The results indicate that pretreat- 
ment  with indomethacin (11, n =  10) had no effect when com- 
pared with control responses (0 ,  n = 10). 

finding that in the rabbit anococcygeus ATP and 
adenosine are approximately equipotent, but fl-y- 
methylene ATP is less potent, is in striking con- 
trast to the guinea-pig vas deferens, where fl--y- 
methylene ATP is 30-60 times more potent than 
ATP, and ATP considerably more potent than 
adenosine (Fedan et al., 1981). Also, in guinea-pig 
taenia coli ATP is at least ten times more potent 
than adenosine (Brown and Burnstock, 1981b). 
This could explain why ANAPP 3 is an effective 
antagonist to ATP in vas deferens and taenia coli 
but not in the rabbit anococcygeus, i.e., ANAPP 3 
can only produce effective blockade of responses 
to ATP in tissues where ATP acts directly via 
P2-receptors. ANAPP 3 has been shown to produce 
less antagonism of responses to adenosine than 
ATP in the taenia coli of the guinea pig, presuma- 
bly reflecting its selectivity for the I)2" over Pl-re- 
ceptor type (Westfall et ai., 1981). If the inhibitory 
response to ATP in the anococcygeus is mediated, 
at least partly, by its breakdown products, e.g. 
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adenosine, then it might be expected to produce 
relaxation via P~-receptors. In view of this hy- 
pothesis we have tried some experiments with 
methylaxanthines, which are, according to the 
classification of Burnstock (1978), able to antago- 
nize Pl-mediated responses. However, since this 
treatment of itself produced some relaxation, its 
effect on responses to ATP etc. was equivocal. 

In conclusion, the results presented indicate 
that ATP does not act via P2-type, postsynaptic 
receptors in the rabbit anococcygeus, indicating 
that the model for purinergic transmission as pro- 
posed by Burnstock (1972, fig. 3c) probably does 
not operate in this tissue. This does not rule out 
the possibility that there are nerves in this muscle 
which release ATP. For example, it is possible that 
ATP (either when released from nerves or added 
exogenously) is broken down to adenosine, which 
then acts via PI-receptors. This hypothesis can 
only be tested properly when a specific Prantag- 
onist is available. 
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