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ABSTRACT 
PTH and PTH-related protein (PTHrP) have been regarded to have 

positive inotropic effects on the heart as well as positive chronotropic 
and vasodilator effects. However, inotropy due to a direct effect of 
these peptides has not heretofore been distinguished from an indirect 
inotropic effect as a result of altered heart rate or coronary flow. The 
aim of this study was to determine whether PTH and PTHrP have 
direct inotropic effects in isolated perfused rat hearts. Three groups 
of hearts were studied; in all groups, hearts contracted isovolumically 
and were perfused with a constant coronary pressure. In the control 
group, heart rate, coronary flow, peak pressure (LVP,,,), peak rate 
of rise of LV pressure (dP/dt ,,,,,I, and peak intracellular calcium 
(measured by aequorin) all increased with PTH and PTHrP in a 
dose-dependent manner. When heart rate was fixed by pacing in a 

P 
TH-RELATED protein (PTHrP) was discovered in a 

search for a circulating tumor-derived factor respon- 
sible for the hypercalcemia of malignancy (l-5). In terms of 
its hypercalcemic properties, PTHrP bears many similarities 
to PTH, the normal secretory product of the parathyroid cell. 
In contrast to PTH, PTHrP is not normally found in the 
circulation, but, rather, is expressed in a wide variety of 
different cells, an observation that has given rise to the con- 
cept of PTHrP as an autocrine or paracrine factor. Smooth 
muscle, a particularly rich source of PTHrP, responds to 
mechanical stress with a rapid increase in messenger RNA 
for the protein (6-12). By regulating smooth muscle tone, 
PTHrP may be an important local factor produced in re- 
sponse to biomechanical forces. The smooth muscle of the 
cardiovascular system is particularly responsive to PTHrP, 
as shown by enhanced expression of PTHrP messenger RNA 
when smooth muscle of rat aorta is distended (12). 

Despite major differences between PTH and PTHrP in 
their genetics, regulation, and many physiological actions, 
PTH and PTHrP are both vasodilators and directly increase 
heart rate independent of autonomic reflexes (13-18). It has 
been reported that PTH stimulates G protein action and 
increases intracellular calcium in cardiac myocytes (19). 
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second group of rats, PTH and PTHrP increased coronary flow, 
L~,,X> and dPldt,,, significantly, indicating that inotropic actions 
were not mediated solely by chronotropic effects. However, when 
heart rate was fixed by pacing and, additionally, coronary flow was 
held constant (by maximal prevasodilation with nitroprusside) in a 
third group of rats, there was no significant effect of either PTH or 
PTHrP on LVP,,,, dP/dt,,,, or peak intracellular calcium. To dem- 
onstrate the responsiveness of this latter preparation to inotropic 
stimulation, the /3-adrenergic agonist, isoproterenol, increased 
Lo,,,,,, dP&,,,,, and peak calcium even when heart rate was fixed 
and vasodilation was maximal. Thus, PTH and PTHrP are inotropic 
agents by virtue of their influence on coronary flow and heart rate, 
but not by any direct effect on contractile elements in the heart. 
(Endocrinology 136: 3024-3030, 1995) 

Results obtained from isolated perfused rat hearts also sug- 
gest that PTH and PTHrP are positive inotropic agents (15). 
However, when administered in the isolated perfused rat 
heart, PTH and PTHrP each cause significant coronary va- 
sodilation and increase heart rate. These effects on heart rate 
and coronary flow complicate an assessment of a potential 
direct inotropic action of PTH and PTHrP, because heart rate, 
coronary perfusion pressure, and coronary flow each have 
independent influences on the contractile state. Thus, 
whether the inotropic actions of PTH or PTHrP are due to a 
direct property of these agents or to indirect actions via these 
other effects remains unknown. The purpose of this study 
was to determine whether the inotropic effects of PTH and 
PTHrP in isolated perfused rat hearts are direct or indirect. 
We also determined whether peak intracellular calcium tran- 
sients, measured by macroinjected aequorin luminescence, is 
altered by PTH or PTHrP in conjunction with their inotropic 
actions. 

Materials and Methods 

Surgical preparation 

Experiments were performed on hearts of 43 male Sprague-Dawley 
rats, weighing 400-500 g. The procedures used to isolate and perfuse the 
rat heart were similar to those described previously (20). Briefly, the rat 
was given heparin (1000 U, ip) and then heavily anesthetized with 
ketamine HCl (40 mg, ip) and xylazine (2.0 mg, ip). After bilateral 
sternotomy, the heart was rapidly excised, and the aorta was cannulated 
for retrograde perfusion with a 16.gauge needle connected to a modified 
Langendorff perfusion system. A polyvinyl chloride balloon was in- 
serted into the left ventricle through the mitral valve and held in place 
by a suture tied around the left atrium. The other end of the tubing was 
connected to a pressure transducer for continuous measurement of left 
ventricular pressure. A second transducer connected to the perfusion 
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line just before the heart was used to measure coronary perfusion pres- 
sure. Pacing electrodes were placed at the right ventricular outflow tract 
and left ventricular apex. The perfusion system consisted of a warmed 
storage vat for perfusate solutions, a Masterflex adjustable speed rotary 
pump (model 7518-lo), and a condenser. The vat and condenser were 
warmed by a VWR Constant Temperature Circulator (model 1131) set 
to heat the solutions to 35 C. Perfusate solutions contained 144 rnM 
sodium, 5 rnM potassium, 1.5 rnM calcium, 6 rnM HEPES, 0.9 rnM mag- 
nesium, 152 rnM chloride, and 5 rnM glucose. Lidocaine (5 pg/ml) was 
also used to suppress ventricular ectopy. All chemicals were obtained 
from Sigma Chemical Co. (St. Louis, MO). The pH was adjusted to 7.40, 
and the solution was equilibrated with 100%’ oxygen before use and 
bubbled continuously throughout the experiment. Perfusate was not 
recirculated. After attachment to the Langendorff perfusion system, the 
hearts were allowed to stabilize for at least 45 min, during which time 
left ventricular pressure (LVP) and coronary perfusion pressure were 
monitored. The intraventricular balloon was inflated to give a diastolic 
pressure of 5-10 mm Hg, and balloon volume was held constant there- 
after. The ventricular contractile state was assessed by two indices: peak 
isovolumic pressure (LVP,,,,*,) and peak rate of rise of LV pressure 
(dP/dt,J. 

The impact of PTH and PTHrP on calcium transients was studied in 
10 of the hearts used in these experiments. Between 3-10 ~1 of an 
aequorin solution (1 mg/ml aequorin, 154 rnM NaCl, 5.4 rnM KCl, 1 rnM 
MgCI,, 12 mM HEPES, 11 rnM glucose, and 0.1 rnM EDTA) were injected 
just under the epimysium of the infero-apical region of the heart using 
a glass micropipette with an inner diameter of about 30 Km. It was 
previously shown that the aequorin diffuses into epicardial cells with 
minimal damage to the cells near the injection site (21). The heart and 
perfusion apparatus were placed inside a light-tight box and lowered 
into a specially designed glass organ bath with a concavity at its base. 
The aequorin injection site was placed in contact with this base so that 
aequorin luminescence was emitted through the bottom of the bath. In 
turn, the bottom of the organ bath was positioned at the focal point of 
an ellipsoidal light collector which directed the light to a photomultiplier 
tube (Y235QA, Thorn EMI, Fairfield, NJ). Heart rate, LVP, and aequorin 
light signals were recorded continuously on a strip chart recorder (Win- 
doGraf, Gould, Valley View, OH) and digitized (200 Hz sampling rate) 
at times when maximum aequorin luminescence, pressure, and heart 
rate responses were observed after each injection. The major parameter 
used to quantify responses in the aequorin light signal was the ampli- 
tude of the transient. To account for minor beat to beat variations in the 
signal, signal averaging was performed on between 8-16 consecutive 
beats. 

Bovine PTH-(l-34) and human PTHrP-(l-34) were obtained from 
Bachem Bioscience (Philadelphia, PA). These peptides were prepared as 
stock solutions in 1 rnM acetic acid and diluted in perfusate solutions for 
injections. 

Protocols 

After the equilibration period, PTH-(l-34) and PTHrP-(l-34) were 
administered as bolus injections directly into the condenser of the per- 
fusion system (which contained 15 ml perfusate) to eliminate changes in 
perfusion pressure, temperature, and pH due to the injections. Three 
doses of PTH-(l-34) and PTHrP-(l-34) were used: 0.3, 1.0, and 3.0 pg 
in 0.3 ml 1 mM acetic acid (74,250, and 740 pmol, respectively; concen- 
trations reaching the heart, -5,16, and 50 nM, respectively). Injection of 
0.3 ml acetic acid (1 mrvr) was used as the control. Injections were 
performed in random order. 

The objective of these experiments was to assess the inotropic actions 
of PTH-(l-34) and PTHrP-(l-34) independent of their vasodilatory and 
chronotropic actions. To accomplish this, hearts were divided into three 
groups and further subdivided into two treatment subgroups according 
to whether they received PTH-(l-34) or PTHrP-(l-34). Five hearts were 
studied in each subgroup. Group 1 hearts received PTH-(l-34) or 
PTHrP-(l-34), and their impacts on heart rate, coronary flow (with 
constant coronary perfusion pressure of 80 mm Hg), LVP,,,,,, and dP/ 
dt,,,.,, were recorded 1,3,5,10,15,20,25, and 30 min after each injection. 
This protocol was similar to those used in the past (15), and the results 
served as a point of comparison to previous studies. To eliminate the 
impact of varying heart rate on contractile state, hearts in group 2 were 
paced at a constant rate (230/min) before and after the administration 

of PTH-(l-34) or PTHrP-(l-34); this heart rate was greater than the 
maximal heart rate achieved in hearts of group 1 in response to the 
maximal doses of PTH-(l-34) and PTHrP-(l-34). Measurements of cor- 
onary flow (with constant coronary perfusion pressure of 80 mm Hg), 
LVP”,.W and dP/dt,,,,, were made at the same time intervals. Finally, to 
eliminate the effects of both changing coronary vascular resistance and 
heart rate, group 3 hearts were paced (as in group 21, and the coronary 
bed was maximally vasodilated by the addition of sodium nitroprusside 
(0.1 FM) to the perfusate. Changes in all parameters are expressed as 
percent changes from baseline values before PTH-f-34) and PTHrP- 
(l-34) infusion. 

We measured aequorin luminescence to test the effects of PTH-(l-34) 
and PTHrP-(l-34) (3.0 fig: 740 pmol) on the intracellular calcium tran- 
sients using the same protocols as those in groups 1 and 3. In addition, 
each of these hearts received acetic acid infusion (1 mM; placebo control) 
and isoproterenol infusion (15 and 150 pmol; positive control). Five 
hearts were studied in each of the two groups, with each heart receiving 
all drugs [i.r. PTH-(l-34), PTHrP-(l-34), acetate, and isoproterenoll, 
which were infused in random order. 

Statistical analysis 

All data are expressed as the mean 2 SEM. One-way analysis of 
variance with Fisher’s exact test was used to analyze differences between 
the values before and after each injection. The Wilcoxon single rank test 
was used for analysis of aequorin experiments. P < 0.05 was considered 
statistically significant. 

Results 

Table 1 summarizes heart weight and the baseline values 
of heart rate, coronary flow, LVP,,,, and dP/dt,,, in the 
three groups of hearts. In this analysis, data from the PTH- 
(l-34) and PTHrP-(l-34) subgroups are pooled, as further 
analysis revealed no significance difference between sub- 
groups. As shown, there were statistically significant differ- 
ences among the groups in some of these parameters; the 
magnitude of these differences, however, was very small and 
would not be expected to contribute to the differences in 
response to PTH-(l-34) or PTHrP-(l-34) infusions, which 
will be discussed below. 

Group 1 hearts 

The impacts of varying doses of PTH-(l-34) and PTHrP- 

(l-34) on heart rate, coronary flow, LVP ,,,. ly, and dP/dt ,,,‘, y  
are shown in Fig. 1, with coronary perfusion pressure fixed 
at 80 mm Hg. Heart rate and coronary flow increased in a 
dose-dependent manner. At the highest dose, heart rate in- 
creased an average of 47.3% with PTH-(l-34) and 55.6% with 

TABLE 1. Baseline values of heart weight, heart rate, coronary 
flow, LVP,,,, and dP/dt,,,, 

Group 1 Group 2 Group 3 
(n = 10) (n = 10) (n = 10, 

Heart wt (g) 1.27 -t 0.06 1.32 % 0.05 1.28 i- 0.03 
Heart rate 118.3 -+ 3.3 Controlled Controlled 

(beats/min) 
Coronary flow 9.33 k 0.49 12.66 2 0.38” Controlled 

(ml/min) 

LVP”,,, 116.8 % 2.7 106.0 + 1.9” 114.8 -t 2.4” 
(mm Hgj 

dP/dt,,, 2044 + 31 2183 2 49 2389 -+ 82”,” 
(mm Hg/sec) 

0 P < 0.05 us. group 1. 
hP < 0.05 us. group 2. 
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FIG. 1. Results from group 1 studies, showing the effects of PTH-Cl- 
34) (left; n = 5) and PTHrP-( l-34) (right; n = 5) on heart rate, coronary 
flow, LVP,,,, and dP/dt,,, with constant coronary perfusion pressure 
(80 mm Hg). All parameters increased after either PTH-(l-34) or 
PTHrP-(l-34) administration in a dose-dependent manner. There 
was no effect of acetic acid infusion, which was the vehicle in which 
PTH-(l-34) and PTHrP-( l-34) were dissolved. Results are expressed 
as percent changes from baseline values. *, P < 0.05 compared with 
the baseline value. 

PTHrP-(l-34), whereas corresponding coronary flows in- 
creased by 64.6% and 54.1%, respectively. LVP,,, and 
dP/dt,,, also increased significantly: at the highest doses, 

LVP”,,, increased 14.8% with PTH-(l-34) and 9.8% with 
PTHrP-(l-34), with corresponding increases in dP/dt,,, of 
29.2% and 25.0%, respectively. These values did not change 
significantly when the vehicle, acetic acid, was perfused. The 
magnitude of the changes in these hemodynamic parameters 
was similar for PTH-(l-34) and PTHrP-(l-34). The onset of 
action induced by either agent was rapid, reaching a maxi- 
mum between 3-5 min after injection. Measured parameters 
returned to their baseline values by about 30 min after in- 
jection. These effects are similar to those reported previously 

in isolated rat hearts (15) and indicate an increase in con- 
tractile state after PTH-(l-34) and PTHrP-(1-34) infusion. 
This particular protocol, however, does not elucidate the 
mechanism of inotropism, as the independent effects of heart 
rate and coronary flow are not accounted for. 

Constant heart rate protocol (group 2) 

The impacts of PTH-(l-34) and PTHrP-(1-34) on coronary 

flow, LVP,,,,,, and dP/dt,,,, when heart rate was held con- 
stant (230/min) are shown in Fig. 2. Coronary flow increased 
significantly and in a dose-dependent manner by amounts 
similar to those in group 1 hearts. LVP,,, and dP/dt,,, also 
increased significantly. Changes in LVP,,, were somewhat 
greater than those in group 1, whereas changes in dP/dt,,, 
were slightly less than those in group 1 (discussed below). 
Responses to PTH-(1-34) were greater than those to PTHrP- 
(l-34). Thus, even with heart rate fixed, the contractile state 
increased in response to PTH-(1-34) and PTHrP-(1-34). Base- 
line values of coronary flow, LVP,,,, and dP/dt,,,, are 
shown in Table 1. 
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FIG. 2. Results from group 2 studies, showing the effects of PTH-Cl- 
34) (left; n = 5) and PTHrP-(l-34) (right; n = 5) on coronary flow, 

L~nlax, and dP/dt,,, with constant heart rate (230 beats/min) and 
coronary perfusion pressure (80 mm Hg). Both PTH-(l-34) and 
PTHrP-(l-34) increased coronary flow, LVP,,,, and dP/dt,,, in a 
dose-dependent manner. There was no effect of acetic acid infusion, 
which was the vehicle in which PTH-( l-34) and PTHrP-( l-34) were 
dissolved. All parameters are expressed as percent changes from 
baseline after peptide infusion. *, P < 0.05 compared with the baseline 
value. 
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Constant heart rate and constant coronary vascular 
resistance protocol (group 3) 

In group 3 hearts, heart rate was fixed at 230/min (similar 
to group 2), but the coronary bed was now maximally dilated 
with nitroprusside. Accordingly, there was no impact of 
either PTH-(l-34) or PTHrP-(l-34) on coronary perfusion 
pressure (Fig. 3) at a constant coronary flow [PTH-(l-34) 
group, 19.3 ? 0.7 ml/min; PTHrP-(l-34) group, 18.5 ? 1.5 
ml/min], which confirms a state of maximal coronary 
vasodilation. In this case, there was no significant effect 
of either PTH-(l-34) or PTHrP-(l-34) on LVP,,, or on 
dP/dt,,,. Thus, when heart rate and coronary resistance are 
controlled, there is no apparent inotropic action of either 
PTH-(l-34) or PTHrP-(l-34). 

Isoproterenol infusion 

To demonstrate that the isolated rat heart paced at 230/ 
min and vasodilated with nitroprusside is still capable of 
mounting an inotropic response, we evaluated the effects of 
bolus injections of isoproterenol(15 and 150 pmol; n = 3). The 

PTH PTHrP 

FIG. 3. Results from group 3 studies, showing the effects of PTH-Cl- 
34) (left; n = 5) and PTHrP-(l-34) (right; n = 5) on LVP,,,, and 
dP/dt,,, with constant heart rate (230 beats/min) and constant cor- 
onary flow (80 mm Hg), with coronary bed prevasodilated with ni- 
troprusside. As a result, coronary perfusion pressure was not affected 
by either PTH-(l-34) or PTHrP-(l-34). Neither PTH-(l-34) nor 
PTHrP-(l-34) increased LVP,,,, or dP/dt,,, under these conditions. 
There was no effect of acetic acid infusion, which was the vehicle in 
which PTH-(l-34) and PTHrP-(l-34) were dissolved. All parameters 
are expressed as percent changes from baseline after peptide infusion. 
*, P < 0.05 compared with the baseline value. 

results indicate that even when heart rate is fixed and cor- 
onary vasodilation is maximal, there is a significant inotropic 
response to isoproterenol, as indicated by increases in both 

LVPrnax and dP/dt,,, (Fig. 4). 

Calcium measurements 

The average effects of vehicle (acetic acid), isoproterenol, 
PTH-(l-34) and PTHrP-(l-34) on heart rate, LVP,,,, and 
aequorin light for all hearts studied are summarized in Table 
2 (recall that coronary perfusion pressure is fixed at 80 mm 
Hg in all hearts). Vehicle infusion did not affect any param- 
eter in either of the two groups. LVP,,,, heart rate, and the 
amplitude of the aequorin signal increased in group 1 hearts, 
and all changes were physiologically and statistically signif- 
icant (P < 0.05, by Wilcoxon single rank test). Furthermore, 
the changes in each of the parameters due to PTH-(l-34) and 
PTHrP-(l-34) infusions were comparable to those observed 
with low dose isoproterenol. Figure 5, A and B, show rep- 
resentative tracings of aequorin luminescence and LVP from 
a group 3 heart (constant heart rate and constant coronary 
resistance) before and during PTH-(l-34) infusion. These 
tracings reveal the constancy of peak LVP and peak aequorin 
luminescence (after signal averaging of eight beats). On the 
average, neither LVP,,, nor aequorin signal amplitude 
changed in group 3 hearts with either PTH-(l-34) or PTHrP- 
(l-34) (Table 2). In contrast, isoproterenol infusion increased 

both LVPn,,, and peak aequorin luminescence in group 3 
hearts (Table 2 and Fig. 5, C and D), indicating that this 
experimental model retains its ability to respond to inotropic 
stimulation even when heart rate is fixed and coronary re- 
sistance is controlled. 

Discussion 

It is well documented that PTH and PTHrP have several 
effects on the cardiovascular system (13-18, 22, 23). These 
peptides dilate the vasculature and increase the heart rate 
independent of autonomic reflexes. Both of these effects were 
observed in the present study (group 1). Although original 
studies from one group of investigators showed no inotropic 
effect in studies of ventricular (24) and atria1 tissue (14), the 
results of several more recent studies have been interpreted 
as indicating that both PTH and PTHrP have direct positive 
inotropic effects (15,16,22). The conditions under which such 
positive inotropy was observed previously were seen in our 
group 1 hearts; these peptides were administered to isolated 
rat hearts with a constant perfusion pressure while coronary 
flow and heart rate were allowed to vary. Under these con- 
ditions, two indices of contractile state (LVP,,, and 
dP/dt,,,) increased in a dose-dependent manner after PTH- 
(l-34) or PTHrP-(l-34) administration. 

However, several factors complicate the interpretation 
of these data. First, it is well known that both heart rate and 
coronary flow exert independent influences on the con- 
tractile state of the ventricle. Increases in heart rate can 
either increase or decrease contractile strength depending 
on the range over which heart rate is varied, the species 
studied, and the nature of the experimental model (25,26). 
Mechanisms contributing to the dependence of contractile 
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FIG. 4. Effects ofisoproterenol on LVP,;,, and dP/dt,,, with constant heart rate (230imin) and constant coronary flow, with coronary bed dilated 
with nitroprusside (and, thus, constant coronary perfusion pressure; n = 31. Isoproterenol increased LVP,,, and dP/dt,,, in a dose-dependent 
manner, indicating that even with constant heart rate and coronary vasodilation, this experimental model is capable of mounting an appropriate 
response to a positive inotropic agent. All parameters are expressed as percent changes from baseline after peptide infusion. 

TABLE 2. Effects of PTH, PTHrP, and isoproterenol on heart rate, LVP,,,, and aequorin luminescence 

Vehicle 
(acetic acid) 

PTH (3.0 pg) PTHrP Isoproterenol Isoproterenol 
(3.0 pg) (15 pm011 (150 pm011 

Group 1 (n = 5) 
Heart rate (Rl 0.4 ? 0.8 41.8 + 11.4" 42.0 5 9.8" 32.7 2 11.0” 
LVP”,,, (76) -1.6 k 0.9 6.3 -+ 1.4" 8.5 k 1.7" 5.0 2 1.0” 
Light (76) -4.0 2 2.1 21.8 i- 7.5" 18.1 2 4.7" 31.4 k 13.1" 

Group 3 (n = 5) 
Lvp,,, (c?r) -0.2 + 0.2 2.8 i 1.2 1.1 -c 0.9 8.8 k 2.5" 
Light (9) -4.4 -t 4.5 -3.1 + 2.5 1.7 -+ 2.7 19.8 i- 10.3” 

Values are the percent change in response to infusions from the immediately preceding preinjection values 
0 P < 0.05 US. preinjection values, by Wilcoxon single rank test. 
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FIG. 5. The effects of PTH-(l-34) and PTHrP-(l-34) on aequorin 
luminescence with fixed heart rate and constant coronary flow. The 
original tracing of LVP and aequorin signal before (A) and after (Bl 
PTH-(l-34) injection (3.0 pg) and the original tracing of LVP and 
aequorin signal before (Cl and after (D) isoproterenol injection (150 
pmol) are shown. 

state on heart rate include a rate dependence of calcium 
handling by the sarcoplasmic reticulum and cell mem- 
brane, and the ability of the metabolic machinery to keep 
up with energy demands at increased rates. Increases in 
coronary flow, particularly in crystalloid perfused hearts, 
augment the contractile state, possibly by increasing 
the rate of oxygen delivery to the myocardium, thereby 
providing more energy for contraction. 

A further complication in the interpretation of results from 
previous studies is that studies of whole hearts employed 

dP/%ax as the sole index of ventricular contractility. How- 
ever, different indexes of contractile state will vary in their 
responses to inotropic agents depending on whether heart 
rate is fixed or allowed to vary. As shown in Fig. 1, the 
percent changes in LVP,,,,, and dP/dt,,, in response to 
PTH-(l-34) administration are different; the same is true for 
PTHrP-(l-34) administration. This is because when heart 
rate increases, there is a decrease in the duration of contrac- 
tion due to alterations in calcium cycling during the beat. As 
a result, there will necessarily be an increase in dP/dt,,, 
even if the peak pressure does not change. 

The main purpose of this study was to determine whether 
PTH-(l-34) and/or PTHrP-(l-34) have direct inotropic ac- 
tions on the heart. When indirect effects of PTH-(l-34) and 
PTHrP-(l-34) on inotropy (heart rate and coronary flow) 
were controlled for, neither peptide could be shown to have 
direct positive inotropic effects in isolated rat hearts (group 
3 hearts). Thus, the increases in LVP,,,, and dP/dt,,, seen 
in our investigation and in previous studies are most likely 
due to secondary increases in coronary flow and heart rate. 
To eliminate the possibility that pacing and vasodilation with 
nitroprusside prevent the heart from mounting an inotropic 
response, we confirmed that under such conditions, isopro- 
terenol, a known positive inotrope, was active. 

It was previously reported that PTH increases resting in- 
tracellular Ca2+ in isolated quiescent myocytes (19), thus 
suggesting a mechanism by which PTH could directly in- 
crease the contractile state. In the present study, LVP,,, and 
aequorin luminescence increased with PTH-(l-34) and 
PTHrP-(l-34) in group 1 hearts. As we have shown, these 
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effects are related to the inotropic actions of both heart rate 
and increased coronary flow. Although the fundamental 
mechanisms of action of these two factors are not fully un- 
derstood, they are both known to increase contractile per- 
formance by raising the peak intracellular calcium concen- 
tration (27,28) and, thus, underlie the observations in group 
1 hearts. On the other hand, there were no effects of either 
PTH-(l-34) or PTHrP-(l-34) on aequorin luminescence in 
group 3 hearts, which correlated with a lack of effect on 
contractility. Furthermore, the concentration range of PTH- 
(l-34) and PTHrP-(l-34) used in the present study (5-50 nM) 
is well below the range over which these agents have been 
shown to affect intracellular calcium directly in isolated myo- 
cytes (100-1000 nM) (19). 

The molecular mechanisms underlying the cardiovascular 
actions of PTH-(l-34) and PTHrP-(l-34) were not investi- 
gated in the present study. Several classes of compounds are 
known to act as vasodilators and chronotropes, but have no 
effect on the ventricular contractile state. For example, p2- 
adrenergic receptors can mediate vasodilatory and chrono- 
tropic effects without significant inotropy (29, 30). PTH is 
known to increase intracellular CAMP and calcium levels (13, 
31, 32); it also activates L-type calcium channels via stimu- 
lation of G proteins (19), although this latter effect is observed 
at high concentrations of PTH. It is not clear whether these 
cellular effects of PTH are related to its cardiovascular prop- 
erties. On the other hand, pacemaker activity is generated via 
the inward depolarizing potassium current (I,), and P-recep- 
tor stimulation leads to I, activation (33). This mechanism, 
applicable to &adrenergic agonists, could also account for 
the actions of PTH and PTHrP. Further studies will be 
needed to clarify the precise mechanisms by which PTH and 
PTHrP influence vascular and chronotropic properties in the 
heart. 

The l-34 peptides of PTH and PTHrP selected for this 
study are those classically associated with their biological 
actions on bone. Similar to bone, the cardiovascular actions 
of the 1-34 peptides of PTH and PTHrP also show great 
potency, with major effects on the heart at the lower end of 
the dose-response range for both peptides. These low con- 
centrations are certainly within the range expected for a 
physiological action of a circulating (PTH) or locally active 
(PTHrP) peptide. Thus, the effects of PTH-(l-34) and PTHrP- 
(l-34) on heart rate and coronary flow are of potential phys- 
iological importance. 

The lack of a direct inotropic effect of PIH-(l-34) or PTHrP- 
(l-34) on the heart at the low concentrations employed in this 
study does not exclude the possibility that other fragments of 
these compounds are directly inotropic. PTH and PTHrP con- 
tain within their linear sequences sites for peptide cleavage that 
lead to fragments with unusual biological properties (34). In one 
example, a fragment in the carboxy-terminal region of PTHrP 
has been reported to have an effect (inhibition of bone resorp- 
tion) opposite to that of an amino-terminal fragment (35, 36). 
Local peptidic cleavage of PTHrP to release active and coun- 
teractive fragments on the cardiac cell or its vasculature are key 
areas for future investigation. 

Recent studies have demonstrated that although PTHrP is 
present throughout the cardiovascular system, the amount of 
PTHrP in the ventricle is much less than that in the atria and 

aorta (11,37). This may suggest that the physiologically im- 
portant functions of PTHrP are chronotropy and vascular 
dilation rather than inotropy. The results of the present study 
support this concept. 

Acknowledgment 

We thank Dr. Michael Rosen for helpful discussions and advice. 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

References 

Rabbani SA, Mitchell J, Roy DR, Kremer R, Bennett HPJ, Goltz- 
man D 1986 Purification of peptides with parathyroid hormone like 
bioactivity from human and rat malignancies associated with hy- 
percalcemia. Endocrinology 118:1200-1210 
Mosely JM, Kubota M, Diefenbach-Jagger H, Wettenhall REH, 
Kemp BE, Suva LJ, Rodda Cl’, Ebeling PR, Hudson PJ, Zajac JD, 
Martin TJ 1987 Parathyroid hormone-related protein purified 
from a lung cancer cell line. Proc Nat1 Acad Sci USA 84:5048-5052 
Strewler GJ, Stern PH, Jacobs JW, Eveloff J, Klein RF, Leung SC, 
Rosenblatt M, Nissenson RA 1987 Parathyroid hormone-like 
protein from human renal carcinoma cells. J Clin Invest 8:1803- 
1807 
Kemp BE, Mosely JM, Rodda Cl’, Ebeling PR, Wettenhall REH, 
Stapleton D, Diefenbach-Jagger H, Ure F, Michaelangeri VP, 
Simmons HA, Raisz LG, Martin TJ 1987 Parathyroid hormone- 
related protein of malignancy: active synthetic fragments. Science 
238:1568-7570 ” ’ 
Broadus A, Mangin M, Ikeda K, Insogna KL, Weir EC, Burtis WJ, 
Stewart AF 1988 Humoral hvpercalcemia of cancer: identification of 
a novel parathyroid hormo’ne-related protein. N En@ J Med 319: 
556-563 
Thiede MA, Daifotis AG, Weir EC, Brines ML, Burtis WJ, Ikeda 
K, Dreyer BE, Garfield RE, Broadus AE 1990 Intrauterine occu- 
pancy controls expression of the parathyroid hormone-related pep- 
tide gene in preterm rat mvometrium. Proc Nat1 Acad Sci USA 
87:6969 - 6973 
Hongo T, Kupfer J, Enomoto H, Sharifi B, Giannella-Neto D, 
Forrester JS, Singer SR, Goltzman D, Hendy GN, Pirola C, Fagin 
IA, Clemens TL 1991 Abundant expression of parathyroid hor- 
I  

mone-related protein in primary rat aortic smooth muscle cells ac- 
comoanies serum-induced uroliferation. I Clin Invest 88:1841-1847 
Thiede MA, Harm SC, Mckee RL, Grasser WA, Duong LT, Leach 
RM Jr 1991 Expression of the parathyroid hormone-related protein 
gene in the avian oviduct: potential role as a local modulator of 
vascular smooth muscle tension and shell gland motility during the 
egg-laying cycle. Endocrinology 129:1958-1966 
Yamamoto M, Harm SC, Grasser WA, Thiede MA 1992 Parathyroid 
hormone-related protein in the rat urinary bladder: a smooth muscle 
relaxant produced locally in response to mechanical stretch. Proc 
Nat1 Acah Sci USA 89:5326-5336 
Daifotis AG. Weir EC, Drever BE, Broadus AE 1992 Stretch-in- 
duced parathyroid hormone-ielated’peptide gene expression in the 
rat uterus. J Biol Chem 267:23455-23458 
Deftos LJ, Burton DW, Brandt DW 1993 Parathyroid hormone- 
related protein is a secretory product of atria1 myocytes. J Clin Invest 
92~727-735 
Pirola CJ, Wang H, Strgacich MI, Kamyar A, Cercek B, Forrester 
JS, Clemens TL, Fagin JA 1994 Mechanical stimuli induce vascular 
parathyroid hormone-related protein gene expression in vim and in 
htro. Endocrinology 134:2230-2236 - - 
Bogin E, Massry SG, Harary I 1981 Effects of parathyroid hormone 
on rat heart cell. J Clin Invest 67:1215-1227 
Tenner TE Jr., Ramanadham S, Yang MCM, Pang PK 1983 Chro- 
notropic actions of bPTH-(l-34) in the right atrium of the rat. Can 
J Physiol Pharmacol 61:1162-1167 
Nickels GA, Nana AD, Nickels MA, Dipette DJ, Asimakis GK 
1989 Hypotension and cardiac stimulation due to the parathyroid 
hormone-related protein, humoral hypercalcemia of malignancy 
factor. Endocrinology 125:834-841 



3030 CARDIAC EFFECTS OF PTH AND PTHrP Endo l 1995 
Vol 136 l No 7 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

Chiu KW, Chung TY, Pang PKT 1991 Cardiovascular effects of 
bPTH-(I-34) and isoproterenol in the frog, Rana tigrina. Comp Bio- 
them Physiol lOOc:547-552 
Rota-Cusachs A, Dipette DJ, Nickels GA 1991 Regional and sys- 
temic hemodynamic effects of parathyroid hormone-related protein: 
preservation of cardiac function and coronary and renal flow with 
reduced blood pressure. J Pharmacol Exp Ther 256:110-118 
Dinette DL Christenson W. Nickels MA, NickoIs GA 1992 Car- 
didvascular responsiveness’ to parathyroid hormone (PTH) and 
PTH-related protein in genetic hypertension. Endocrinology 130: 
2045-2051 
Smogorzewski M, Zayed M, Zhang Y, Roe J, Massry G 1993 Para- 
thyroid hormone increases calcium concentration in adult rat car- 
diac myocytes. Am J Physiol 264:H1998-HZ006 
Burkhoff D, Weiss RG, Schulman SP, Kalil-Filho R, Wannenburg 
T, Gerstenblith G 1991 Influence of metabolic substrate on rat heart 
function and metabolism at different coronary flows. Am J Physiol 
26l:H741-H750 
Kihara Y, Grossman W, Morgan JP 1989 Direct measurement of 
changes in intracellular calcium transients during hypoxia, isch- 
emia, and reperfusion of the intact mammalian heart. Circ Res 65: 
1029-1044 
Katoh Y, Klein KL, Kaplan RA, Sanbom WG, Kurokawa K 1981 
Parathyroid hormone has a positive inotropic action in the rat. 
Endocrinology 109:2252-2254 
Schluter KD, Piper HM 1992 Trophic effects of catecholamines and 
parathyroid hormone on adult ventricular cardiomyocytes. Am J 
Physiol 263:Hl739-H1746 
Tenner Jr TE, Pang PKT 1982 Cardiac actions of parathyroid hor- 
mone. Proc West Pharmacol Sot 25:263-267 
Blinks JR Koch-Weser J 1961 Analysis of the effects of changes in 
rate and rhythm upon myocardial contractility. J Pharmacol Exp 
Ther 134:373-389 
Maughan WL, Sunagawa K, Burkhoff D, Graves WL, Hunter WC, 
Sagawa K 1985 Effect of heart rate on the canine end-systolic pres- 
sure-volume relationship. Circulation 72:654-659 
Wier WG, Yue DT 1986 Intracellular calcium transients underlying 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

36. 

37. 

the short-term force-interval relationship in ferret ventricular myo- 
cardium. J Physiol (Land) 376:507-530 
Kitakaze M, Marban E 1989 Cellular mechanism of the modulation 
of contractile function by coronary perfusion pressure in ferret 
hearts. J Physiol (Land) 414:455472 
Bonelli J 1978 Demonstration of two different types of f3a receptors 
in man. Int J Clin Pharmcol 16:313-319 
Vanter SF, Hintze TH, Macho P 1982 Regulation of large coronary 
arteries by P-adrenergic mechanisms in the conscious dog. Circ Res 
51:56-66 
Nissenson RA, Diep D, Strewler GJ 1988 Synthetic peptides com- 
prising the amino-terminal sequence of a parathyroid hormone- 
related protein from human malignancies. J Biol Chem 263:12866- 
12871 
Rampe D, Lacerda AE, Dage RC, Brown AM 1991 Parathyroid 
hormone: an endogenous modulator of cardiac calcium channels. 
Am J Physiol26l:Hl945Hl950 
DiFrancesco D 1991 The contribution of the ‘pacemaker’ current&) 
to generation of spontaneous activity in rabbit sino-atria1 node myo- 
cyte. J Physiol 434:23-44 
Broadus AE, Stewart AF 1994 I’arathyroid hormone-related protein: 
Structure, processing, and physiological actions. In: Bilezikian JP, 
Levine MA, Marcus R feds) The Parathyroids. Raven Press, New 
York, pp 273-278 
Fenton AJ, Kemp BE, Kent GN, Moseley JM, Zheng M, Rowe DJ, 
Britto JM, Martin TJ, Nicholson GC 1991 A carboxy-terminal pep- 
tide from the parathyroid hormone-related peptide inhibits bone 
resorption by osteoclasts. Endocrinology 129:1762-1768 
Fenton AJ, Kemp BE, Hammonds Jr RG, Mitchelhill K, Moseley 
JM, Martin TJ, Nicholson GC 1991 A potent inhibitor of osteoclastic 
bone resorption within a highly conserved pentapeptide region of 
parathyroid hormone-related protein; PTHrP-(107-111). Endocri- 
nology 129:3424-3426 
Burton DW, Brandt DW, Deftos LJ 1994 Parathyroid hormone- 
related protein in the cardiovascular system. Endocrinology 135: 
253-261 


