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The beat frequency of the myogenic heart of the tobacco 
hawkmoth, Manduca sexta, markedly increases at adult 
emergence in response to 2 blood-borne peptide neurohor- 
mones, known as the cardioacceleratory peptides (CAP, and 
CAP,). Three independent lines of evidence are presented 
supporting the hypothesis that the CAPS exert their car- 
diostimulatory effects on the insect myocardium through a 
change in the intracellular levels of inositol 1,4,5trisphos- 
phate (InsP,). I show that (1) InsP, levels increase in re- 
sponse to CAP, in a timely fashion, (2) exogenous applica- 
tion of InsP, mimics the effects of CAP, application, and (3) 
a blocker of InsP, metabolism inhibits the effect of CAP,. 
These results provide strong support for the hypothesis that 
InsP, is likely to be the second messenger in the regulation 
of heart beat activity by CAP,. Besides establishing the na- 
ture of the signaling system between CAP, and the heart, 
these data also identify a novel role for InsP,, namely, the 
control of contraction frequency in a myogenic muscle. Giv- 
en the widespread distribution of cellular systems employing 
InsP, as a second messenger, it is suggested that InsP, may 
also be involved in the long-term regulation of rhythmic ac- 
tivity in other spontaneously contractile muscles and en- 
dogenously active cells. 

Since the pioneering work of Sutherland and his coworkers in 
the 1950s research into the cellular mechanisms underlying 
receptor-mediated signal transduction has identified the pivotal 
role played by certain cytoplasmic factors in the transfer of 
information from the plasma membrane to the internal milieu 
(Sutherland, 1972; Krebs and Beavo, 1979). Much effort has 
gone into identifying these factors, or second messengers, re- 
sulting in a vast compendium of information concerning the 
physiological functions of the most ubiquitous of these mole- 
cules, cyclic AMP, cyclic GMP, and calcium. Recent research 
has identified another second-messenger system, involving me- 
tabolites of the membrane phospholipid phosphatidylinositol, 
that is now well documented in a variety of neural and non- 
neural tissues (Bet-ridge, 1984,1987; Berridge and Irvine, 1984). 
Numerous studies have firmly established that hydrolysis of 
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membrane-associated phosphotidylinositol 4,5-bisphosphate 
increases the cytoplasmic levels of the water soluble second 
messenger, inositol 1,4,5-trisphosphate (InsP,) (Hokin and Ho- 
kin, 1951; Berridge, 1984, 1987; Berridge and Irvine, 1984) 
which appears to control many cellular processes (Streb et al., 
1983; Fein et al., 1984; Irvine et al., 1984; Prentki et al., 1984; 
Kuno and Gardner, 1987; Sugiyami et al., 1987). InsP, has been 
implicated in the coupling of electrical excitation with mechan- 
ical contraction in both smooth and skeletal muscle (Suematsu 
et al., 1984; Somlyo et al., 1985; Vergana et al., 1985; Volpe et 
al., 1985; Walker et al., 1987). Little is known, however, about 
other physiological functions of InsP, in muscle, particularly in 
cardiac and other endogenously active muscles. To investigate 
the physiological relevance of phosphatidylinositol metabolism 
in rhythmically active muscle, I have utilized an invertebrate 
preparation, the myogenic insect heart, because much is already 
known about its physiology and modulation by neurally derived 
peptides (Tublitz et al., 1986). My colleagues and I have pre- 
viously shown that the myogenic heart from the tobacco hawk- 
moth, Manduca sexta, is regulated by 2 endogenous neuropep- 
tides, the cardioacceleratory peptides (CAPS) (Tublitz and 
Truman, 1985a, b; Tublitz and Evans, 1986). Both CAPS are 
synthesized by 8 individually identified neurosecretory cells that 
are segmentally iterated in each ganglion of the ventral nerve 
cord in the moth (Tublitz and Truman, 1985c, d). The CAPS 
are released from peripherally located neurosecretory terminals 
directly into the hemolymph, where they act directly on the 
cardiac musculature to cause a marked and physiologically im- 
portant elevation in heart rate in viva (Tublitz and Truman, 
1985b; Tublitz and Evans, 1986). 

The purpose of these experiments was to identify the mech- 
anism of action of the CAPS on the Manduca heart. This paper 
presents several independent lines of evidence supporting the 
hypothesis that the CAP-induced elevation in heart rate in Man- 
duca is mediated by an increase in the intracellular levels of 
InsP,. This finding strongly suggests that the intracellular con- 
centration of InsP, is important for the control of beat frequency 
in endogenously rhythmic muscles and may be crucial for the 
long-term modulation of rhythmicity in other autoactive cells. 

Materials and Methods 

Experimental animals. Larvae of the tobacco hawkmoth, Manduca sex- 
ta. were individually reared on an artificial diet sliahtlv modified from 
that published by Bell and Joachim (1978). Animals at all develop- 
mental stages from eggs to adults were raised in a thermally and pho- 
toperiodically regulated environmental chamber. Photoperiod and ther- 
mal cycles were phase-locked and temperatures during photophase (17 
hr) and scotophase (7 hr) were 27 and 25”C, respectively. 
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Heart bioassay. Heart rate was measured using an isolated Manduca 
heart bioassay as previously described (Tublitz and Truman, 1985a; 
Tublitz and Evans, 1986). In brief, a portion of the abdominal heart 
was removed from a pharate adult male moth, pinned into a small 
superfusion chamber (2.50 ~1) and attached to a force transducer (Bionix 
F-200 Displacement Transducer). The transducer signal was amplified 
1 OOO-fold and fed through a simple window discriminator circuit/dig- 
ital-to-analog converter to determine instantaneous heart rate, which 
was then recorded with a Gould 2200 pen recorder. Samples were in- 
dividually pulse-applied into an open perfusion system with a 100 ~1 
Hamilton gas-tight syringe with sample volumes varying from 50 to 
100 ~1 per application. 

Physiological salines and chemicals. Normal Manduca physiological 
saline was used in all experiments except where noted. Normal saline 
is defined as either (A) 65 mM NaCl, 33.5 mM KCl, 16 mM MgCl,, 2.5 
mM KHCO,, 2.5 rn& KH,PO,, 5.6 mM CaCl,, and 172.9 mM dextrose; 
or (B) 65 mM NaCl. 23.5 mM KCl. 16 mM M&l,. 5 mM PIPES (di- 
potassium salt; Sigma Chemicals), 5.6 mM Cati,, and 172.9 mM dex- 
trose. The final saline was adjusted to pH 6.7 using concentrated KOH. 
These salines were used interchangeably without any noticeable change 
in the sensitivity, longevity, or responsiveness of the bioassay. In those 
experiments where Li+ was required, LiCl was substituted for dextrose 
on an equimolar basis. Dimethyl sulfoxide (5% final concentration, vol/ 
vol; reagent grade, Baker Chemicals) was used to permeabilize the myo- 
cardial sarcolemma and allow various inositol phosphates to gain access 
to the cytoplasm. Inositol and all phosphatidylinositol metabolites tested 
in this study were obtained from Sigma Chemicals. 

Pur&ation of CAP. Abdominal portions of the ventral nerve cord 
were removed from pharate adults and stored at -80°C for further use. 
A few phenylthiourea crystals were added to the frozen nerve cords to 
prevent melanization by endogenous tyrosinases (Williams, 1959). Tis- 
sues were thawed in a small volume of 100% methanol and homogenized 
in a ground glass tissue homogenizer. The homogenate was centrifuged 
for 5 min at high speed in a microcentrifuge (12,000 x g), resulting in 
a supematant that was diluted 1: 1 with double-distilled water and ly- 
ophilized until dry. Dried samples were resuspended in double-distilled 
water and applied to a Waters C-18 Sep-pak. Samples were eluted off 
the Sep-pak with increasing stepwise concentrations of acetonitrile, and 
CAP, and CAP, activities found in the 80% acetonitrile fraction were 
freeze-dried, resuspended, and loaded onto a reverse-phase C- 18 col- 
umn (Spherisorb, 25 cm long, 5 pm particle size). A linear water-ace- 
tonitrile gradient with 0.1% trifluoracetic acid (TFA) as the counterion 
was used to separate CAP, from CAP, initially. The bioactive fractions 
for each peptide, as determined using the heart bioassay, were collected 
separately and chromatographed on a second reverse-phase column 
(Brownlee Aquapore C-8, 22 cm, 300 A particle size) using the same 
gradient conditions except that the counterion was 0.1% heptafluoro- 
butyric acid (HFBA). Bioactivity from this second run was then loaded 
onto a third HPLC column (Brownlee Aquapore phenyl, 22 cm, 300 
A, 0.1 O/o TFA) from which a pure sample of CAP,, as determined by 
optical density and mass spectroscopy, was obtained. 

Inositol phosphate measurements. Individual abdominal hearts were 
dissected free from surrounding tissues of male pharate adults and in- 
cubated in Manduca saline containing ‘H-inositol (Amersham) for l- 
2 hr. Following phospholipid labeling, hearts were washed in saline 
several times. One CAP Unit (1 CAP unit = CAP activity in 1 pharate 
adult abdominal nerve cord) of HPLC-purified CAP, was then added 
to each heart. At various times after peptide addition, peptide action 
was stopped with CHClJMeOH/HC1(6M) (200: 100: l), and separate or- 
ganic and aqueous fractions were obtained after homogenization, vor- 
texing, and centrifugation. The aqueous phase was washed several times 
with CHCl,, neutralized with KOH, centrifuged to remove any precip- 
itate, and loaded onto Dowex mini-columns-for separation of the var- 
ious inositol nhosnhates (Berridae. 1983). The radiolabeled inositol tris- 
phosphates extra;ted fro-m the cells were eluted by using 0.1 M formic 
acid/l .O M ammonium formate as described by Benidge et al. (1983) 
after an initial wash with 0.1 M formic acid/O.4 M ammonium formate 
to remove Ins 1P and Ins 1,4P, from the column matrix. Free inositol 
was not retained on this column, eluting with the void volume as the 
cell extract was loaded. Since this procedure separates molecules based 
on their relative charge differences, it does not distinguish between the 
different InsP, isomers; hence, InsP, measurements include Ins( 1,3,4)P,, 
Ins(1,4,5)P,, and Ins(2,4,5)P,. For each sample, InsP, levels were ex- 
pressed as a fraction of the total amount of 3H-lipids in the organic 
phase, as determined using standard liquid scintillation procedures. 

These values were then represented as a percentage of nonstimulated 
control samples (t = 0). 

Results 
Efect of extracellular lithium on the CAP-induced increase in 
heart rate 
Exposure of isolated pharate adult Manduca hearts to pulse 
applications of HPLC-purified CAP, resulted in a strong and 
robust increase in heart rate (Fig. 1, A and B). The time constant 
of the rising (seconds) and falling (minutes) phases were appro- 
priate for a peptide-induced cardiac response (Tublitz and Tru- 
man, 1985a). The addition of 10 mM extracellular Li+ produced 
a marked inhibition of the peptide response, reducing the mag- 
nitude of the cardioacceleration to less than 25% of the original 
value (Fig. 1, A and B). This effect was reversible (Fig. l), al- 
though it took about 1 hr of perfusion in normal saline to allow 
the CAP, response to recover to pretreatment levels. Other known 
nonpeptide cardioexcitatory substances (Tublitz and Truman, 
1985a), such as the biogenic amines octopamine and 5-HT, did 
not elicit any change in peak heart rate when applied in Li+- 
containing saline (data not shown). Of the 2 CAPS known to be 
present in the Manduca CNS (Tublitz and Truman, 1985a, b), 
only CAP, was tested in this study. 

The time course of the Li+ effect is shown in Figure 2. CAP, 
was repeatedly applied to hearts in the presence of a saline 
containing 10 mM Li+. A 30 min exposure to Li+ had virtually 
no effect on the heart’s ability to respond to CAP,. After 60 min 
in Li+, the cardioacceleratory effect of CAP, was reduced by 
50%, and by 90 min the CAP,-elicited response was suppressed 
to approximately 23% of control values. Lithium treatment by 
itself did not affect the frequency of myocardial contractions. 

Eflects of the CAPS and other cardioregulatory factors on 
intracellular InsP, levels 
To assess the relationship between CAP, and InsP, directly, 
intracellular levels of InsP, were measured before and after in- 
troduction of CAP,. Isolated abdominal hearts were labeled with 
3H-inositol, stimulated with CAP, for various periods, and ho- 
mogenized to extract and assay InsP, levels using the procedure 
described in the Materials and Methods section (Berridge, 1983). 
Figure 3 shows that CAP, application induced a rapid rise in 
intracellular [InsP,], reaching a maxium within 30 set after CAP, 
exposure. At 30 set, InsP, levels were almost 200% of basal, 
nonstimulated controls (time 0). Although the [InsP,] remained 
elevated above basal levels for as long as the peptide was applied, 
long-term peptide application (minutes) resulted in decreased 
InsP, levels compared with the initial peak. To determine whether 
InsP, levels were altered by other cardioexcitatory factors, 5- 
HT or octopamine was applied to hearts for 2 min and then 
extracted and measured intracellular [InsP,]. Both of the bio- 
genie amines tested failed to produce detectible changes in InsP, 
levels (Fig. 4) compared with nonstimulated controls. These 
results demonstrate that intracellular InsP, levels rise substan- 
tially only in response to CAP, stimulation. 

Dimethyl sulfoxide permeabilizes heart cells without altering 
contraction frequency 
In order to test directly the response of the heart to various 
intracellular messengers, it was first necessary to design a pro- 
cedure that would permit the selective entry of molecules from 
the extracellular space to the intracellular milieu without de- 
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Figure I. Effect of lithium on heart- 
beat frequency of the in vitro Manduca 
heart to pulse applications of CAP,. A, 
Response of a single isolated heart to 
CAP, application before, during, and 
after application of 10 mM extracellular 
Li+. Three 100 ~1 samnles were sequen- 
tially pulse-applied to an individual 
heart bioassay as described in the Ma- 
terials and Methods in either normal 
(Control) saline or in saline (Li+) con- 
taining 10 mM LiCl, made isotonic by 
reducing the dextrose concentration. 
Each test sample contained 1 CAP unit 
of HPLC-purified CAP, activity dis- 
solved in the appropriate saline. CAP, 
applications are indicated by arrows. 
Except as noted, standard Manduca 
physiological saline was used through- 
out all experiments. B, Effect of Li+ on 
the CAP,-induced increase in heartbeat 
frequency. Each histogram depicts the 
mean increase * SEM in heart rate fol- 
lowing CAP, application from at least 
7 different trials on 7 different heart 
preparations. 

A 

Control 

A 

0 

6 

60 

f 
e 

s 40 
: 
t 

i 

0 

. 

Lit Control 60 
boots 
min’l 

T 

rl 
stroying the spontaneous contractility of the cardiac muscle. 
Over 15 different detergents, including ionic and nonionic species, 
were tested at a variety of concentrations ranging from 0.000 1% 
to > l%, but none allowed the passage of putative second-mes- 
senger molecules without obliterating membrane integrity and 
adversely affecting the endogenous myogenic rhythm. One com- 
monly employed method to permeabilize cell membranes is 
with dimethyl sulfoxide (DMSO), which allows a variety of 
hydrophilic substances to gain access to the intracellular milieu 
(Metcalf et al., 1985; Myers et al., 1986). Isolated Munduca 
hearts, when exposed to a physiological saline containing 5% 
DMSO, continued to contract rhythmically without any appar- 
ent deleterious short- or long-term effect. Neither pulse appli- 
cation (Fig. 5) nor long-term incubation in saline containing 5% 
DMSO (Fig. 7) caused any changes in myocardial contraction 
frequency; the amplitude of contractions was also unaltered (data 
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Figure 2. Time course of Li+-induced suppression of CAP cardioac- 
celeratory activity. Isolated Manduca hearts were tested for changes in 
sensitivity to CAP, application (1 CAP unit) at various times after 
introduction of a Li+-containing saline. Each datum is expressed as the 
percentage increase in heart rate to CAP, in Li+ saline compared with 
the response in normal saline and represents the mean -t SEM of 4 
separate trials. 
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not shown). This unusual insensitivity to high doses of DMSO 
permitted direct testing of the effects of InsP, on heart rate using 
DMSO as a carrier. 

Eflects of phosphatidylinositol metabolites on beat frequency in 
hearts permeabilized with DMSO 
To demonstrate that InsP, acted intracellularly, InsP, was ap- 
plied with and without 5% DMSO. Figure 5 shows that neither 
DMSO nor InsP, alone was able to evoke a change in contraction 
rate of the in vitro heart, yet simultaneous application of both 
substances produced a marked cardioacceleration. The time 
course of the rising and falling phases of the InsP,-induced re- 
sponse was very similar to that observed following CAP, ap- 
plication (Tublitz and Truman, 1985a). 

The use of DMSO to enable InsP, to gain entry to the cyto- 
plasm made it possible to measure the relationship between 
intracellular InsP, concentration and heart rate accurately. Ex- 
periments in which InsP, was dissolved in a physiological saline 
containing 5% DMSO and pulse-applied onto the heart bioassay 
indicated that Ins( 1,4,5)P, was capable of producing a dose- 
dependent increase in rate (Fig. 6). From the data in Figure 6, 
an InsP, threshold dosage was estimated at between 0.1 and 1 .O 
PM, a value that is in good agreement with other published InsP, 
threshold concentrations in permeabilized and intact cells (Ber- 
ridge, 1984,1987; Berridge and Irvine, 1984). It should be noted 
that the actual threshold value is likely to be even lower, due 
to sample dilution during the bioassay procedure and because 
intracellular InsP, levels were clearly not equilibrated with the 
extracellular concentration. 

Other putative second-messenger candidates derived from 
InsP, catabolism, particularly inositol and inositol- 1,4-bis- 
phospate (Ins 1,4P,), failed to elicit a detectible response (Fig. 
7). InsP, and one of the other isomers of InsP,, Ins( 1,3,4)P,, 
also were ineffective (data not shown). The present study did 
not test the role of other inositol phosphates, including the other 
isomer of InsP,, Ins(2,4,5)P,, nor the tetrakis- (InsP,), pentakis- 
(InsP,), and hexakisphosphate (InsP,) forms. 



The Journal of Neuroscience, November 1998. 8(11) 4397 

8oL control OCT 5-HT CAP2 

Figure 4. Effect of various cardioexcitatory factors on intracellular 
InsP, levels. Isolated hearts were exposed to cardiostimulatory factors 
at concentrations that produced equivalent heart rate changes, i.e., equi- 
potent doses. After a 2 min incubation period, hearts were homogenized 
and extracted for intracellular InsP, as described in the legend to Figure 
3 and in the Materials and Methods. Control, saline treated; OCT, 
octopamine. 
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Figure 3. Time course of the CAP,-mediated increase in intracellular 
InsP, levels in the abdominal portion of the pharate adult heart. Heart 
tissue was exposed to one unit of CAP for various durations and then 
extracted for IsnP, as described in the Materials and Methods. The 
results of nonstimulated control samples are shown at t = 0. For each 
sample, InsP, levels were expressed as a fraction of the total amount of 
‘H-lipids in the organic phase, as determined using standard liquid 
scintillation procedures. These values were then represented as a per- 
centage of nonstimulated control samples (t = 0). Each time point in- 
dicates the mean change in InsP, levels from at least 5 different mea- 
surements and the error bar depicts f 1 SEM. 

Discussion 
Previous studies have shown that the CAPS act as cardioregu- 
latory neurohormones, modulating heart rate during adult wing- 
spreading behavior (Tublitz and Truman, 1985b, Tublitz and 
Evans, 1986). More recent evidence suggests that the CAPS are 
also involved in regulating heartbeat frequency during adult 
flight (Tublitz, unpublished observations). The main purpose 
of this study was to identify the mechanism of action by which 
the CAPS modulate heart rate in adult Manduca during these 
behaviors. 

The only data prior to this study on the mode of action of 
the CAPS on the insect myocardium showed that there were no 
CAP-induced changes in resting levels of either cyclic AMP or 
cyclic GMP (N. J. Tublitz, unpublished observations), despite 
the fact that heart rate was altered in a dose-dependent fashion 
by membrane permeant analogs of cyclic nucleotides (N. J. Tub- 
litz, unpublished observations). Based on this negative evidence, 
an investigation into the possible role of the inositol phosphates 
was initiated and comprises the basis for the current study. 

One criterion that must be satisfied to establish a physiological 
role for a putative second messenger is to show that pharma- 
cological manipulations that interfere with the metabolism of 
the second messenger also alter the physiological response elic- 
ited by the endogenous ligand. For example, it is well docu- 
mented that cyclic nucleotide levels are altered by treatment 
with phosphodiesterase inhibitors or forskolin, both of which 

act to effectively elevate cyclic AMP levels (Seamon and Daly, 
198 1; Evans, 1984). Previous work on the phosphatidylinositol 
system in rat brains, rat parotids, and insect salivary glands 
demonstrated that millimolar levels of extracellular lithium in- 
terfere with InsP, catabolism, blocking the terminal dephos- 
phorylation of inositol 1 -monophosphate to inositol by specific 
inhibition of the enzyme inositol 1 -phosphatase (Berridge et al., 
1982). This repression results in a subsequent reduction in plas- 
ma membrane levels of phosphotidylinositol and, hence, de- 
creases InsP, availability following receptor stimulation. Based 
on this work, the experiments in this paper utilized extracellular 
Li+ as a putative blocker of InsP, metabolism in Manduca. 
Perfusion of isolated Manduca hearts with saline containing 10 
mM Li+ substantially reduced the cardiostimulatory response to 
pulse applications of one of the CAPS, CAP, (Fig. 1, A and B). 
The time course of the Li+ inhibition was quite slow, on the 
order of 90 min to reach a maximal effect. The long delay 
between Li+ application and its maximal suppression suggests 
that Li+ is probably acting on a biochemical process rather than 
directly blocking an ion channel, since the effect on the latter 
would be very rapid, i.e., on a time scale of seconds to a few 
minutes. 

A second criterion in identifying a functional role for a second 
messenger is to demonstrate that ligand binding induces a change 
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Figure 5. Response of the in vitro Manduca heart to pulse applications 
of InsP, in the presence and absence of DMSO. An isolated pharate 
adult heart received sequential pulse applications (100 ~1 each) of 5% 
DMSO, followed by lOI M inositol-l,&&isphosphate.(IP,), and then 
both 5% DMSO and 1O-6 M inositol-1.4.5-trisuhosnhate (IP,) toeether. 
Note that only the latter sample producks’a deteetible heartratk in&ease. 
Sample applications are indicated by the arrows. 
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Figure 6. InsP, dos+response curve in the presence or absence (Con- 
trol) of 5% DMSO. Each point represents the mean t SEM of at least 
9 separate determinations. 

in second-messenger levels (Robinson et al., 1971; Beam and 
Greengard, 1976). InsP, levels were altered only by CAP, (Figs. 
3 and 4) and not by any other known cardioexcitatory factor 
with the possible exception of CAP,, which was not tested. The 
time course of intracellular InsP, rises rapidly after CAP, stim- 
ulation, reaching a peak value about 200% of unstimulated con- 
trols at 30 set (Fig. 4). After reaching a maximum, InsP, levels 
slowly decline but remain significantly above basal levels for as 
long as agonist is applied. This slight drop may be due to receptor 
desensitization, depletion of one of the InsP, precursor mole- 
cules such as phosphatidylinositol (PI) or the bisphosphorylated 
form (PIP,), or a decrease in intracellular free calcium available 
for release and/or mobilization. 

A third criterion that must be satisfied is to show that intra- 
cellular application of the second messenger mimics the effects 
of the endogenous receptor-mediated ligand. Direct application 
of Ins( 1,4,5)P, produced a rapid, dose-dependent elevation in 
heartbeat frequency that mirrored the effect of CAP, (Figs. 5- 
7). Of all the inositol phosphates tested, only Ins(1,4,5)P, was 
cardiostimulatory. Interestingly, Ins( 1,3,4)P, was ineffective on 
the isolated Manduca heart preparation, although it is still un- 
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* * “A r r5bea+s mi;l 

2 min 
Figure 7. Effect of inositol (Ins), inositol- 1,4-bisphosphate (Ins 1,4P), 
and inositol-1,4,5-trisphosphate (Ins 1,4,5P) on heart rate. An isolated 
heart was set up as described in the Materials and Methods and perfused 
with saline containing 5% DMSO. All test substances were dissolved in 
DMSO-containing saline (5%) and pulse applied in 100 ~1 samples at 
a concentration of 10m5 M. Sample applications are indicated by the 
arrows. 
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Figure 8. Model of the mechanism of action of CAP, on the Manduca 
heart based upon our experimental findings. The relationship between 
InsP, and intracellular free calcium is based upon preliminary data 
(Tublitz and Trombley, 1987) and is therefore speculative (refer to text 
for details). 

clear exactly what physiological role is played by this inositol 
trisphosphate isomer (Berridge, 1987). 

These results strongly support the hypothesis that InsP, is 
likely to be the endogenous second messenger mediating the 
regulation of heartbeat activity by CAP,. That InsP, is acting 
as a cytoplasmic transduction signal is no longer surprising given 
the ever-increasing list of cellular phenomena controlled by in- 
tracellular [InsP,] (Berridge, 1984, 1987; Berridge and Irvine, 
1984); however, the physiological consequences of elevated 
[InsP,] in muscle is less well understood. It has been proposed 
that InsP, is the factor in muscle by which electrical excitation 
is coupled to mechanical contraction, but only in smooth muscle 
is there good physiological evidence to lend credence to this 
hypothesis (Somlyo et al., 1985; Walker et al., 1987). 

Unpublished observations from our lab on the relationship 
between InsP, and intracellular calcium suggest that InsP, di- 
rectly regulates free calcium levels leading to our current model 
concerning the regulation of heart rate by the CAPS (Fig. 8). The 
results in this paper support the contention that activation of 
the CAP receptor stimulates the hydrolysis of phosphatidyl-4,5- 
bisphosphate (PIP,) to cause an elevation in intracellular [InsP,]. 
Further data suggest that CAP-induced changes in intracellular 
InsP, then act to modulate tonic levels of internal free calcium, 
which in turn control the rate of cardiac contraction by some 
yet unknown mechanism (Tublitz and Trombley, 1987). The 
source of the InsP,-stimulated calcium pool could be of cyto- 
plasmic, organellar, or extracellular origin, and future experi- 
ments will address this issue. 

Besides establishing the nature of the signaling system be- 
tween CAP, and the heart, these data also identify a novel role 
for InsP,, namely, the control of contraction frequency in a 
myogenic muscle. The observation that the biochemical regu- 
lation of endogenously rhythmic activity in the insect myocar- 
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dium is modulated by an InsP,- and Ca2+-dependent pathway 
may be of fundamental importance not only for other sponta- 
neously contractile muscles, but also for other endogenously 
active cell types, including bursting and beating neurons. 
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