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Abstract--A htudq. has been made of the effects of acetylcholine and adrenaline on the metaholi\m 01 
.i’.S’-cyclic nucleotides by the isolated frog vcntrlcle. Measurements of adenosme 3’.5’-cyclic mono- 
phosphate (cyclic AMP) and guanosine 3’.S’-cyclic monophosphate (cyclic GhlP) were macfc: (al .It 
various times during responses produced by a gilen concn of acetylcholine (10 _ Xl) or adrcnalinc 
(I(~~’ M): and (b) at fixed time3 folloning exposure to different concnb of the two agonist\. The negative 
motropic effect of acct! lcholinc is accompanied by reciprocal changes in the t\\o cyclic nuclcotidc\: 
c)-clic GMP level\ rise and cyclic AhIP lalls. Both effects are dov-related. A more comples pattern 
of change< occurs during response\ produced bv adrenaline. The initial increae in tv,itch tension I\ 
accompanied by a transient reduction in cyclic 6hlP anti by ;1 large increase in cpclic AMP. .I‘he l-ale‘ 
at which cyclic AhlP accumulates i\ greatest at the time \vhcn cyclic CibIP levels arc maximally deprcacd 
An increaw in cylic GblP. seen later. coincides with a gradual fall in both twitch tcnhion and cyclic 
.4.\IP. The increments in both cgchc .4MP and cyclic GklP. measured when the twitch 1% m;~~-im,~ll! 
porenriated, are dose-related. The magnitude 01 rhe decrease in peak t\+itch tenslon proiiucc~l h\ 
acetylcholine and 01 rhe increase produced by adrenaline correlate closel! with correspondins changc~ 
in the relative proportion of cyclic AMP: cyclic GMP present in the libre\. The possible ~ignificancc 01 
the changes in cyclic AhIP and cyclic G&IP in modulating the rehponhe of the ventricle is di\cu\wcl. 

The autonomic innervation of the heart modulates 
both the rate and force of contraction. and. in the 
frog, responses to stimulation of its sympathetic and 
parasympathetic components are mediated by adren- 
aline and acetylcholine respectively [l, 21. In this 
paper we examine the effects of both neurotrans- 
mitters on cyclic nucleotide metabolism and relate 
this to their ability to modify the contractile per- 
formance of the ventricle. Previous studies. using a 
wide range of different cardioactive agents. have 
established a clear correlation between changes in 
the relative proportion of cyclic AMP : cyclic GMP 
and changes in isometric twitch tension [SC)]. The 
experiments now to be described will show that a 
similar relationship exists during responses produced 
by acetylcholine and adrenaiine. 

SIEI‘HOI~S 

Isolated ventricles (from specimens of Rtrrzu 
tenzporuria) were divided into two halves. one of 
which served as a control for the other. The method 
of Lamb and McGuigan (101 \vas used to superfuse 
each half-ventricle with Ringer’s solution [compo- 
sition (mM): NaCl, 115: KCI. 2.5: CaC&. 1: 
NaH:POI. 0.85: NaZHPOI, 2.15; glucose. 5.6; pH 
7.21 at a flow-rate of 100 ml min-‘. The total volume 
of recirculating fluid was 1 litre. Preparations were 
stimulated electrically through silver bvire electrodes 

a All correspondence to Dr.J. Singh\vhow pre\ent addres\ 
is: Dcpartmcnt ofPhysiology. Univektyof Liverpool. P.0. 
Box 137. Liverpool L64 3BX. U.K. 

(10 V amplitude, 5 msec duration) at a frequency c>t 
0.5 Hz. Isometric tension was recorded using a strain 
gauge (Devices type 4157) fitted with a metal cxtcn- 
sion and hook (compliance 40 ;lg-‘). The output from 
the tension transducer was recorded continuously on 
a chart recorder. The optimum length, giving a max- 

imal twitch, was established for each half-ventricle 
at the commencement of the experiment. 

Under these circumstances. the twitch tension 
decreases. leading to a relatively stable but deprcsscd 
condition termed the hypodynamic state [ 111. This 
process is itself characterised by changes in both 
cyclic AMP and cyclic GMP levels [ 121. and so cart 
was taken to make certain that the test prepat-atior 
was allowed to become hypodynamic to exactI\ the 
same degree as the control before exposing It to 
acetylcholine or adrenaline. 

The procedure was as follows. First. both prep 
arations were superfused as described earlier. until 
the developed twitch tension declined to around 30’ A 
of its initial value. The ‘test’ preparation was then 
exposed to either acetylcholine or adrenaline. \I hilt 
the control half-ventricle continued to be superfuxcd 
with Ringer’s solution alone. At a predeterminccl 
time during the response, both preparation\ \\ere 
rapidly frozen by compressing the tissue bctnccn 

forceps which had been cooled previously in liquid 
nitrogen. The frozen tissue was then pulveri& in 
a stainless steel mortar and extracted with aciditicd 
ethanol (1 ml I N HCI, 100 ml ethanol). The solvent 
was blown-off in a stream of nitrogen and the result- 
ing residue taken up in Tris-EDTA buffer (().(I5 Al 
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Tris. pH 7.5: 4 mM EDTA). Cyclic AMP and cyclic 
GMP Icvels were then measured using the Radio- 
chemical Centrc assay kits (TRK 432 and TRK 500. 
respectively (Radiochemical Centrc. Amcrsham. 
U.K.)]. Total tissue protein was measured using the 
biuret method [ 131. Details of the extraction. cyclic 
nucleotide and protein assays procedures. including 
appropriate control and recovers experiments. are 
dtxribed else\\ here [ 12). 

The decrease in peak twitch tension during expo- 
sure of the ventricle to IO _ M acetylcholine is shown 
in Fig. 1A. Contractile force fell rapidly initially. 
and then more slowly, approaching a steady-state 
le\,el of around 0.2 times its control value. The 
changes in cyclic nucleotide concns in 1.7 different 
preparations. frozen at various times during similar 
responses. are shown in Fig. 1B. Each point i\ the 

result for one half-wntricle. and is espreswd ;I\ ;I 
multiple of the concn found in its control (partner) 
half-ventricle. The time course of the decline in 
twitch tension (wlid triangle\) i\ alw shown fot 
comparison. 

The decrease in twitch tenGt%n W;I\ accotnp;mid 
by ;I reduction in endopenous qclic AMP le\,el\ 
(filled circles) and by an incrcaw in the concn of 
cyclic CiMP (open circles). Both change\ uerc \tr- 
tually complete after onl! 40 WC‘ I>! \\hictr time the 
t\vitch had also attained its new steady-state lc\el. 

The change\ in cwlic AMP and qclic GMP 111 
another series of euperimcnts with I5 half-\ entt-tcIc’\. 
each of which \V;IS frcven aftct- 2-3 min cxposurc to 
different concns of acrt! Icholine ( IO I”-- IO ” hl). are 
shov,n in Fig. 2. There arc t\\o ptrtnts 10 emphastw 
here. First. the accumulation of qclic GhlP (optan 
circles) and the awociatcd reduction in cyclic .4hIP 
(filled circles) lewl\ are both dose-related. .I‘hc 
concns of acrtylcholine producing ;I half-maximal 
cffrct on cvclic A’LlP and cwlic CIbc1P level\ vcrc 

f 
IOb7M Acetylchollne 

1.6 1-i 1 

t 
u 1.4 
” _ 

u 
x 1.2 

LYJ 0 

b f I.0 
‘ni . . 

x dz 
< 2 0.8 

u - - 
u x 0.6 

L VI 
-u 
c 0.4 w 

SI 
0 0.2 - 
w7 
c 

F 0 

hypodynamlc levels 
_---- - - --- 

_ 

(6) 
I 

k+_&+_Y* 
------x--rr-+- 7--- * 

Tekon 
h I I 



Effects of neurotransmttters on frog v entriclc 1171 

1.6 
= 

E 

1.6 : 
0 

I ; 

i 
: 

1.2 0 
I 0 

1 
.; 
z 

- 1.0~ 

Concentration of ACh (MI 

Fig. 2. Dose-response curves showing the effects of ace- 
tylcholine (range 10~l’l-lO~h M) on cyclic GMP (open cir- 
cles) and cyclic AMP (solid circles) levels measured at the 
times (2-3) of freezing the preparation. Cyclic nucleotide 
levels expressed as multiples of control values. The levels 
of cyclic AMP and cyclic GMP in control preparations were 
8.33 + 0.10 and 1.25 k 0.04 pmoles.(mg protein))‘. 

respectively (N = 15). 
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2.1 x lO_’ and 7.2 X 1W”M. respectively (= PL+ 
values 7.68 and 8.13). Second, the ventricle is 
extremely sensitive to acetvlcholine, significant 
changes in the levels of both cyclic nucleotides show- 
ing with doses as low as 10-“‘M. 

Adrenuline response.r 

The effect of 1OY M adrenaline on peak twitch 
tension is shown in Fig. 3A. The twitch increased 
rapidly. reaching a maximum value of 4 times the 
control after only 40 sec. Thereafter. it declined 
graduallv settling to around 2.5 times its initial value 
after 3 min. 

The pattern of changes in cyclic AMP (filled cir- 
cles) and cyclic GMP (empty circles) produced by 
adrenaline IS more complex than that seen following 
treatment with acetylcholine. Fig. 3B shows that the 
early increase in twttch tension (solid triangles) wa(r 
associated with a transient reduction in cyc%c GMP 
levels and by a large increase in cyclic AMP. The 
rate of increase of cyclic AMP was found to be 
greatest [I .6 pmoles~(mgprotein)~‘.sec~‘] at the 
time when cyclic GMP levels were maximally 
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Fig. 3. (A) An original chart recording showing the response of the ventricle to 10 ~’ hl adrenaline. The 
upward and downward pointing arrows indicate the time of application of adrenaiine and of freezing 
the preparation. respectively. (B) Time course of changes in isometric twitch tension (solid triangles). 
cyclic AMP (solid circles) and cyclic GMP (open circles) levels produced by 10 ~‘lvl adrenaline. Cvclic 
nucleotides and force expressed as multiples of control values. Control levels (means -C S.E.) of c&c 
AMP and cyclic GMP were 7.9 i- 0.11 and 1. I-1 t 0.02 pmoles’(mg protein)-‘. respectiveI! (N x-13). 



depressed (after 6 SK). The subquent increase in 
the concn of cyclic GMP. which way rapid initiall! 
and slower- later. was accompanied at lirht b\ ;I 
decreased rate of cyclic AMP accumulation and then 
(after 10 set) b! a reversal. These change5 arc qua- 
itati\el> similar to those setm during responw\ pi-o- 

duced by isoprenaline 131 or uridine ~‘-tripho~~~h~ltc 

[Xl. 
The levels ofqclic AMP and cyclic GhJP folIoi\ ing 

treatment of the ventricle (1X preparations) \j ith 
different concns of adrenaline are shoxvn 111 Fig. -1. 
These preparations were frozen JO-60 set after 
commencing treatment. The t\vitch was bv this time 
maximally potentiated. and both cyclic .A\lP and 
cyclic GMP levels me~-e elevated above the control 
concns. Again. the extent to which the tuo cyclic 
nucleotides increased \vas dose-depcnclrnt: the 
effects on cyclic AMP and cyclic GXfP accumulation 
acre half-maximal at c&cns of S x IO and 

2.7 X IO- Ivl. respectively (S pL>: value\ h.i(l and 
6.57). 

Previous work (see Refs 3-Y) has established ;I 
correlation between changes in the relati\ e propot-- 
tion of cyclic AMP: cyclic GMP present in the fihre\ 
and changes in peak developed tension. The result\ 
obtained in the present study shon, that responses 
evoked by acetylcholine and adrenaline are also par- 
alleled by corresponding changes in the ratio cvclic 
AMP : cyclic GMP. 

Acrt~lcholit~e wspotts~s. Fig. 5A and B show 
changes in isometric tension (tilled symbols) 
recorded at different times during a scriv of 
responses produced by lo-‘ M acetylcholine (A) and 
after 2-3 min esposure to different concns (It’- 
IOmh M) of acetylcholine (B). The corresponding 
changes in the relati\,e proportion (R) of cvclic 
Ah4P: cyclic GMP (open symbols): 

cyclic AMP: qclic GMP (test ventricle) 

cyclic AMP: cyclic GMP (control ventricle) 
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Fig. 4. Log dov-response curies for concn~ 01 adrenaline 
ranging from 10 ‘to 10 ’ M: cyclic AMP (filled clrclcs) and 
cyclic GMP (open circles). Preparation \uperfuscd IOI- 
approximately W-60 set prior to freezing. Both parameters 
expressed as multiples of control values. Mean (2 S.E ) 
control levels of tlssuc cyclic AMP and cyclic GM1 concn\ 
were 7.JX -t 0.15 and I.28 + 0.06 pmolcs~(m~ plotcIn) 

respectiveI! iN = IX). 
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are also show~i for compiuisow In hs. iX and I3 
the decrease in the wlw of Ii parallel\ clo~cl! the 
decrease Iii the peak ten4loii (I’,;). Thi\ rClation\hip 
is sho~vn graphically in Fig. 5C‘ anti I). I\ hcrc ttlc 

lines are drawn in with ;I slope of unit! to lndlcat~~ 
a direct proportion;llit~ between the two p;iranictcI L. 

Atlretzrrlittc~ ue.spott.scs. The results pre\cntcd in Fig. 
6A-D sho\v that the incrcasc in twitch tcn\ion po- 

duced by adrenaline is also parallc~leti b! corrcyx~n& 
ing increases in R. The data arc prewnted 111 ;I \inlil;ll 

M;~Y to thaw \ho\rn in Fig. 5. 

I)IS(‘I SSIO> 

These experiments haw stiobn that acct! lctiolirlc 
and adrenaline. the two autonomic Iic’lll.~)tr;iil~liiII- 
ters present in frog heart. induct change\ in the 
metabolism of both cylic AhlP and cylic (;1\11’. 
These changes arc wch that the ctlcct (III the tn itch 
is paralleled hi ;I corresponding change III the I-cl;lti\ L’ 
proportlon ot cyclic AMP:cvclic <;hIP Thi\ I\ ;I 
feature mhlch I\ common trj III;~II\ ~-cyx~nw~_ pfcj- 

duced b\ a range of ~~h;lrlna~olo~lcalll\~-~il~~l~~~~ 
agents (see Ref\ 3-Y). and 50 it \ccrn\ pr~~b;lblc th,lt 
it ha\ wme physiological slgni!ic;lncc. 

It is important to ?rllptli’\i\L!. Ilo\~c\cI. tlldt tllc 
generalit! of thr rclation\hip dw\ not III ~txlt c‘o11 

stitute pro0f of 3 causal connection hc‘tivc‘cn ch;lnpc,x 
in cyclic nuclcotidc Icvels 2nd in contt actilil\ Illi, 

two wents may occur ~imtilt;iiiL‘oti~i\ ;I\ tlic,. fi,\ult 

of xiothcr (unldcntifictl) cliangt, 111 tllc C\cit;ltiilt! 
contraction pr,xc‘\\. I Io~vc\i~r. lor Itic prc‘wnI i l)iil 
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Fig. 6. Time course of changesin the ratiocyclic AMP: cyclic 
CMP (open circles) and contractile force (solid circles) 
measured at oarious times during exposure of ventricles to 
IO-” hl adrenaline (Adr). Cyclic nucleotide ratio (R) and 
contractile force (PR) expressed as multiples of control 
~1~~s. (B) Effects of adrenaline ranging from 
IO-” to 10-’ %f on contractile force (solid circles) and cyclic 
nucteotide ratio (open circles). Each point is mean + S.E.. 
N = 3. (C) Relationship between cyclic nucleotide ratio and 
isometric force (correlation coefficient + S.E. 0.99 = 
0.08, N = 13. P c; 0.001). (D) Relation between isometric 
force and cyclic nucleotide ratio (correlation coefficient 

2 S.E. 0.99 i 0.08,N = 18,P < 0.001). 

see later) we will assume that both cyclic AMP and 
cyclic GMP are involved in regulating contractility 
and then enquire into the nature of the biochemical 
basis for such control. The first conclusion to be 
drawn is that since peak force is related to the ratio 
cyclic AMP : cyclic GMP, then cyclic AMP must act 
to potentiate these processes which generate tension, 
whereas cyclic GMP exerts an antagonistic effect. 
tending to depress the twitch. The abiiity of cyclic 
AMP (acting through cyclic AMP dependent protein 
kinase) to stimulate the phosphorylation of proteins 
known to be involved in regulating contraction is 
well-documented [la] and the physiological proper- 
ties of three such proteins [the inhibitory subunit of 
troponin (TN-I): phospholamban, a small mol. wt 
protein component of the sarcoplasmic reticulum 
(SK): and a surface membrane-bound protein. 
thought to be involved in gating Cali entry] have 
been shown to be altered as a result. Thus, the 
Ca’--sensitivity of cardiac myofibrillar ATPase 
activity is decreased by phosphorylation ofTN-I [15]: 
the rate of calcium sequestration and storage capacity 
of the SR is enhanced by phosphorylation of phos- 
ph~lamban [ lb.173 and it is suggested (on the basis 
of rather less evidence) that phosphorylation of an 
llSO0mol. wt component of the sarcalemma may 
be involved in the process of CaZ* gating [18]. 

The nature of the involvement of cyclic GMP is 
much less clear. It has been known for some years 
[19--211 that the effect of acetylcholine on mammal- 

ian heart is accompanied by elevated cyclic GMP 
levels, but subsequent studies [21. 221 have raised 
some doubts concerning the interpretation of these 
earlier experiments. Brooker’s work (using various 
mammalian atria and rat and frog ventricles) showed 
that 100 times more carbachol is required to elevate 
intracellular cyclic GMP levels than that needed to 
substantially depress the twitch; and Diamond et ul 
[23] were able to increase cyclic GMP levels 17-fold 
in cat atria using sodium nitroprusside. but actually 
recorded a small increase in the force of contraction. 
The effect of sodium nitroprusside on the amphibi~~n 
ventricle is quite different; it evokes a powerful 
negative inotropic response and the degree of 
depression of the twitch is again closely correlated 
with changes in the ratio cyclic AMP:cyclic GMP 
[7]. Although the involvement of cyclic GMP in 
modulating cardiac contractility remains conten- 
tious, it has been established that a cyclic GMP 
dependent form of protein kinase is present in the 
heart [24.25]. However, to date there have been no 
reports of a physiologically-relevant protein sub- 
strate for this enzyme having been found. 

It was emphasised earlier that the existence of a 
correlation between altered cyclic nucleotide levels 
and changes in the performance of the ventricle does 
not necessarily indicate a causal connection. It is 
possible that both effects have a common cause. and 
in this context it is important to consider the involve- 
ment of Ca’+ in regulating contraction. It is clear 
that changes in the availability of this ion to the 
myofilaments will signi~cantly affect the force of 
contraction, at least in the range of concns where 
the contractile system is not fully saturated. There 
is also reason to suppose that such changes could 
alter the metabolism of both cyclic nucleotldes. act- 
ing through the Ca”‘-dependent modulator protein. 
calmodulin [26.27]. Calmodulin is a calcium-binding 
protein that functions as an allosteric effector of a 
cyclic nucleotide phosphodiesterase isozyme. When 
activated by Ca”, calmodulin stimulates the rate of 
hydrolysis of cyclic AMP and cyclic GMP. but to 
differing degrees: the rate of hydrolysis of cyclic 
GMP is accelerated to a greater extent than that of 
cyclic AMP [ZS], which would result in an increase 
in the reiative proportion of cyclic AMP:cvclic 
GMP. Conversely, under conditions where ea?+ 
availability is reduced, and calmodulin is deacti- 
vated, the relative proportion of cyclic AMP : cyclic 
GMP would fall. The cardioactive agents studied to 
date all influence the duration of the action potential. 
in a way that suggests that they affect transmembrane 
Ca*+ entry into the fibres. Thus, the negative ino- 
tropic agents we have studied (acetylcholine, adeno- 
sine, sodium nitroprusside and 8-bromo cyclic GMP) 
shorten the action potential duration, whereas those 
producing positive inotropic responses (including 
adrenaline, isoprenaline, uridine triphosphate, 
adenosine triphosphate and dibutyryl cyclic AMP) 
tend to prolong it. It remains to he seen whether in 
all these instances the change in the action potential 
precedes changes in cyclic nucleotide levels, or if it 
is instead delayed. In the case of two substances 
studied recently, namely, sodium nitroprusside [20] 
and trifluoperazine [30], there is clear evidence that 
significant changes in twitch tension and cyclic 



nucleotide levels occur before there is any detectable 
change in the shape of the action potential. This 
question needs to be investigated more estensivel! 
before any general conclusion can be reached. Mean- 
time, it is important to emphasise that changes in 
Ca” entry during the action potential could arise 
.srcorzdari!\. as the result of drug-induced changes 
in cyclic nucleotide levels. 
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