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SUMMARY

We evaluated the mechanisms of histamine-mediated adenylate cyclase stimulation in 18

human hearts obtained from cardiac transplant recipients or prospective donors. Mg2�

and guanyl nucleotide were required for histamine stimulation. In the presence of 10�
M GTP, histamine produced a maximal stimulation of 1.54 ± 0.06 times basal activity in
left ventricle (39% of the isoproterenol maximum), which rose to 1.75 ± 0.14 times basal

activity (68% of the isoproterenol maximum) in the presence of a i05 M concentration of
the synthetic guanyl nucleotide 5’-guanylyl imidodiphosphate. Histamine stimulation of

adenylate cyclase was antagonized by cimetidine (KB = 1.58 x 10� M) but not by H1-
blocking doses of mepyramine or pyrrobutamine. The selective H2 agonist dimaprit
stimulated adenylate cyclase to approximately -the same extent as histamine, whereas a
selective H1 agonist produced only minimal stimulation that was H2-mediated. The
selective H2 agonist impromidine was a partial agonist and produced approximately
20-40% of maximal histamine stimulation at lower concentrations (10� and 10_6 M) and

inhibition of histamine stimulation at higher concentrations (10� and i0� M). Histamine
stimulated adenylate cyclase activity over the same dose range as that which produced a
positive inotropic response in isolated papillary muscles. Under one set of assay conditions,

contractile response and adenylate cyclase dose-response curves were essentially super-
imposable. We conclude that human myocardial adenylate cyclase is coupled to the H2
receptor and linked to the contractile response, whereas the H1 receptor does not mediate

a biochemical or mechanical effect.

INTRODUCTION

Recent data from our laboratory suggest that hista-
mine may be involved in cardiovascular disease processes

(1-4). For example, histamine can cause coronary spasm
in humans (2) and produce myocardial damage in animal
systems (3, 4). Since histamine is found in abundance in
heart (5) and may be released by a variety of mechanisms
(1, 6), we have undertaken an investigation ofthe cardio-
vascular pharmacology of histamine in human heart.

We have previously shown that an H2-receptor mech-
anism mediates the contractile response to histamine in
human myocardium (7). Other investigators have de-
scribed similar findings in guinea pig cardiac muscle

(8-11). Although Hi-mediated (12, 13) and “non H1-H2”
mediated (14) positive inotropic effects ofhistamine have

been described in some species, we were unable to doc-

ument a contractile response to histamine in isolated
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human myocardial tissue other than that mediated by H2
receptors (7).

The contractile response of catecholamines and hista-
mine is thought to be mediated through stimulation of
adenylate cyclase and production of cyclic AMP (15-17).
A previous report on histamine-mediated adenylate cy-
clase stimulation in human myocardium described block-
ade by diphenhydramine, an H1 antagonist (17). A more
recent study in developing human heart reported that
cimetidine antagonized the response of adenylate cyclase
to histamine stimulation (18), implying an H2-receptor

mechanism. Although animal studies utilizing guinea pig
myocardium (8, 1 1, 19-21) have indicated H2-receptor
coupling to adenylate cyclase, studies in dog (22-24) and
rabbit (12) tissue suggest that histamine may mediate a

positive inotropic effect by a mechanism that does not
include adenylate cyclase.

Because a uniform concept of myocardial histamine
receptor subtypes has not emerged from previous animal
or human studies, we decided to investigate the nature
of human cardiac histamine receptor-adenylate cyclase

coupling in more detail. The results indicate that i.

human heart histamine mediates its contractile response
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through an H2 receptor coupled to adenylate cyclase, and

that H1 receptors do not mediate a mechanical or bio-
chemical response.

METHODS

Human ventricular myocardium from transplant recip-
ients (n = 14) or prospective transplant donors (n = 4)
was used. Six cardiac transplant recipients had New York

Heart Association Class IV symptomology related to
congestive heart failure and idiopathic cardiomyopathy,
and all demonstrated varying degrees of myocytic hyper-

trophy and fibrosis on light microscopic examination.
Five patients were cardiac transplant recipients with end-
stage coronary artery disease and Class IV heart failure;
tissue was taken from noninfarcted areas. Morphological
analysis of these areas revealed findings similar to those
in the groups with idiopathic cardiomyopathy. One pa-
tient whose heart revealed hypertrophy and fibrosis un-
der light microscopic examination was undergoing re-
transplantation for severe graft atherosclerosis. One pa-
tient was a heart-lung transplant recipient with normal
left-ventricular morphology and moderate fibrosis in the
right ventricle, and one patient was a cardiac transplant

recipient with subendocardial fibrosis and a restrictive
cardiomyopathy with normal left-ventricular morphol-
ogy after removal of the subendocardial fibrosis. Finally,
four hearts from prospective donors not utilized for trans-
plantation because of technical reasons were studied, and

these hearts had normal right and left ventricular mor-

phology.

Hearts were immersed in ice-cold oxygenated Tyrode’s
solution (7) immediately after removal. Right- and left-
ventriculi�r papillary muscles were removed and mounted
in a tissue bath according to previously described
methods (7). Two grams of right- and left-ventricular
myocardium were rapidly dissected and placed in 25
volumes of ice-cold sucrose (0.25 M)-Tris (5 mM)-EGTA

(1 ruM) solution (pH 7.45). Tissue was obtained from the

full thickness of the ventricular free walls, and areas of

previous myocardial infarction were avoided. Aliquots of
tissue were placed in 10% formalin and 2% glutaraldehyde

and processed for light and electron microscopy.
Tissue was minced in 10 volumes of Tris-EGTA buffer

and homogenized by three consecutive 5-sec bursts on a
Polytron (Brinkmann Instruments, Westbury, N. Y.) at
a setting of 11. The hompgenate was then centrifuged at
1085 x g for 20 mm. The pellet was resuspended with an

automatic mortar and pestle and then recentrifuged and
resuspended twice.

After the final resuspension the homogenate was flu-
tered through four layers of gauze to yield a final volume
of 12 ml with a protein concentration of 5-12 mg/mI.
Since in two initial experiments fresh and frozen prepa-

rations gave identical results, fresh preparations were not
routinely evaluated, and 1.0-ml aliquots of homogenate
were rapidly frozen in liquid nitrogen and stored at _700

for subsequent use.
Adenylate cyclase was assayed by the method of Sal-

omon et cii. (25) as modified by Johnson et al. (20).

� The abbreviations used are: EGTA, ethylene glycol bis(/3-amino-

ethyl ether)-N,N,N’,N’-tetraacetic acid; Gpp(NH)p, guanylyl imidodi-

phosphate; 2,2T, 2-(2-aminoethyl)thiazole.

Enzyme protein (75-250 jig) was added to a reaction
mixture that consisted of 0. 1 m�,i Mg .ATP, 0.5 mM
MgC12, 10 �M phosphocreatine, 14.5 �tg of creatine kinase,
100 m� Tris-HC1 (pH 7.45), and variable concentrations

of guanyl nucleotides, agonists, and antagonists. 3H-La-
beled cyclic AMP (10,000-12,000 cpm/assay) was added
prior to incubation for determination of recovery. Since
the addition of 5 mM theophylline had no effect on
isoproterenol or histamine-induced cyclic AMP produc-

tion in four consecutive initial experiments, a phospho-
diesterase inhibitor was not routinely added to the reac-
tion mixture. The final reaction volume before addition

of [a-32P]ATP was 225 j�l. Assay tubes were stored in
cryogenic racks (Kryorack, Isolab Inc., Akron, Ohio) at

0#{176}.The reaction mixture was prewarmed in a shaking
water bath at 30#{176}for 5 mm, after which 25 �.tl (1.25-2.5

MCi) of [a-32P]ATP (250-500 Ci/nmi) were added to label
the ATP pool. Assay time was 20 mm; the reaction was
stopped by the addition of 750 �d of 1% sodium dodecyl
sulfate. :I2pLabeled cyclic AMP was then isolated by the
dual, Dowex-alumina column method of Salomon et al.
(25). [a-32P]ATP (New England Nuclear Corporation,
Boston, Mass.) that gave reagent blanks of >50 cpm was

purified on Dowex columns as described by Salomon
(26). Recovery of cyclic AMP ranged from 70 to 90%.
Reagent blanks exhibited <0.005% of the activity of the

added [a-32P]ATP and were in all cases <10% of basal
activity. All assays were performed in triplicate, and
activity w�s linear with respect to added enzyme protein

and to time, over a period of 5-30 mm.
‘3H-Labeled cyclic AMP was obtained from New Eug-

land Nuclear Corporation. Phosphocreatine, rabbit skel-
etal muscle creatine kinase, ATP, GTP, Gpp(NH)p,
cyclic AMP, theophylline, histamine dihydrochioride,

mepyramine, and (-)-isoproterenol HC1 were obtained
from Sigma Chemical Company (St. Louis, Mo.). Pyrro-
butamine phosphate was a gift from Dr. Robert Hosley
of Eli Lilly (indianapolis, md.). Cimetidine was supplied
by Smith Kline & French (Philadelphia, Pa.), and im-

prornidine, 2,2T, and dimaprit were kindly supplied by
Dr. Robin Ganellin of Smith Kline & French (Welwyn
Garden City, Herts., England). (±)-Propranolol was sup-
plied by Ayerst Laboratories (New York, N. Y.).

Proteins were assayed by the method of Lowry et al.
(27). The dissociation constant (KB) for cimetidine an-

tagonism of histamine stimulation of adenylate cyclase
was determined by the method of Furchgott (28), using
results expressed as a percentage of maximal stimulation.

For comparison of mean values between more than two
groups, statistical significance was analyzed by the New-

man-Keuls test of a one-way analysis of variance; a p
value of F < 0.05 plus a mean difference greater than the

5% level of Student’s range mu�tmplied by the standard

error of group mean was required for statistical signifi-
cance (29). For differences between two groups the paired
or unpaired Student’s t-test was employed; p < 0.05 in
the two-tailed distribution was considered statistically

significant.

RESULTS

Kinetic Data and Choice ofAssay Conditions

Mg.ATP and excess Mg (Mg21 kinetics was assessed
in five initial experiments, and the results are expressed
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in Table 1. In the presence of GTP, histamine did not

significantly increase the Vmax of Mg . ATP, as did i0�

M (-)-isoproterenol and NaF. However, in the single
experiment performed in the presence of Gpp(NH)p,
histamine increased the Mg .ATP V,,,a,,, to at least the

same extent as isoproterenol, approximately 3 times the

basal activity. In the presence of either GTP or
Gpp(NH)p, both histamine and isoproterenol decreased
the Mg2� K0 without altering the Mg�� Vmax.

The ratio of maximal activity to basal activity did not
increase beyond a Mg.ATP of 0.10 nmi, and this sub-
strate concentration was chosen as the standard assay
condition. At this Mg . ATP concentration, stimulation

relative to basal activity was found to be maximal at an
excess Mg2� of 0.5 nmi for both histamine and isoproter-

enol, and this concentration of Mg�� was chosen for
standard assay conditions. The standard assay period
was 20 mm.

Effect of Guanyl Nucleotides

Histamine did not stimulate adenylate cyclase (data
not shown) in the absence of added guanyl nucleotides.
For GTP, i05 M proved to be the concentration that

resulted in maximal enhancement of histamine and iso-
proterenol responses (data not shown). As shown in Fig.
1, i05 M Gpp(NH)p also proved to be the optimal

concentration for producing maximal histamine stimu-
lation. GTP did not increase basal activity, whereas
Gpp(NH)p produced a dose-related increase in basal

activity between i07 and i04 M, with a stimulation of

basal activity at i05 M.

Dose-Response Characteristics of Histamine-Mediated
Adenylate Cyclase Stimulation

Grouped left-ventricular data. In Fig. 2 are given

grouped cumulative dose-response data in the 18 left-
ventricular preparations. In the presence of i05 M GTP,
histamine stimulation ranged from 1.21 to 2.06 times

basal activity, with a mean of 1.54 ± 0.06. This mean
maximal stimulation compared with 4.38 ± 0.45 times
basal activity for isoproterenol in the same 18 prepara-

tions. As shown in Table 2, the presence of morphological

�1�
, � ib’7 �o6 � �4

[HISTAMINE] (M)

FIG. 1. Effect ofvarying concentrations ofGpp(NH)p on histamine-

stimulated adenylate cyclase activity in human (left-ventricular) my-

ocardium

Mg.ATP was 0.1 mM and Mg2� was in excess of 0.5 mM. Bars

represent standard error of the mean of triplicates; points with no bars

represent mean values of duplicates. Points on the ordinate represent

basal activities.

damage did not affect either maximal histamine stimu-
lation or the ED�o.

Dose-response curves derived in the presence of i05
M Gpp(NH)p in these same preparations are also given
in Fig. 2. Maximal stimulation ranged from 1.19 to 3.20

times basal activity (mean 1.75 ± 0.14), and there was no
effect of morphological damage on maximal stimulation
or ED�o (Table 2). Isoproterenol produced a maximal

effect 2.58 ± 0.23 times basal activity in these same 18
preparations.

As shown in Fig. 3 and Table 2, when histamine-GTP

or Gpp(NH)p data were expressed as percentage of max-
imal stimulation, the ED�o for histamine-Gpp(NH)p was
left-shifted relative to GTP. A Hill plot of the six most

TABLE 1

Effect on agonist stimu lation on Mg.ATP and Mg2� kinetics

Guanyl nucleotide,

agonist

Mg.ATP Mg2�

K m max
Apparent

Hill coefficient
K

(‘

V
max

Apparent
Hill coefficient

mM pmoles/min/mg
cyclic AMP

mM pmoles/min/mg
cyclic AMP

GTP, iO-� M”

Basal 0.034±0.004 16.7±3.3 1.01±0.02 1.96±0.29 34.6±7.2 0.90±0.05

Histamine, i0� M 0.042±0.004 23.2±3.7 0.98±0.01 1.43±0.2& 36.2±6.6 0.87±0.04”

Isoproterenol, iO� M 0.059±0.004 46.7±8.0� 0.97±0.01 0.51±0.03c 44.4±7.8 1.02±0.05

NaF, 2 mM 0.064±0.012c 48.9±7.6c 0.93±0.03 3.64±0.1T 105.2±19.0c 0.99±0.01

Gpp(NH)p, i0” M’�

Basal 0.037 17.8 0.85 2.75 59.9 0.91

Histamine, iO� M 0.059 53.8 0.85 0.65 64.1 0.88

Isoproterenol, 10� M 0.032 42.2 1.12 0.77 64.5 0.87

a n = 4, mean ± standard error of the mean; two left-ventricular and two right-ventricular preparations.

b� < o.os compared with unity.

cp(F) < 0.05.

d Single experiment (right-ventricular preparation).
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FIG. 2. Grouped data from 18 human (left-ventricular) myocardial preparations: histamine-mediated adenylate cyclase stimulation in

presence of 1O� M Gpp(NH)p or GTP

Mg . ATP was 0. 1 mM and Mg2� was in excess of 0.5 mM. Bars represent standard error of the mean. x, ED�o.
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F, Absolute maximal minus basal activity.

18 - (n:18)

-16 -
12- /

MAXI MAL10 STIMULATION:

1.53 ± 0.06 x BASAL

p I I I I

active left-ventricular preparations yielded a Kact for
histamine of 9.69 x 10_6 M in the presence of i05 M GTP
and 1.39 x 106 M in the presence of i05 M Gpp(NH)p
(p < 0.05), with respective apparent Hifi coefficients of
0.90 and 0.74.

Right versus left ventricle: comparison with contrac-
tile response data. For the initial six patients full dose-
response curves to histamine were determined in both

ventricles. Compared with GTP, the synthetic, nonhy-
drolyzable guanyl nucleotide Gpp(NH)p increased basal
activity and enhanced histamine stimulation in both

ventricles. There was no statistically significant differ-
ence between left- and right-ventricular maximal hista-
mine stimulation in the presence of either Gpp(NH)p or
GTP: Gpp(NH)p, left ventricle = 2.24 ± 0.40, right yen-
tricle = 1.98 ± 0.33; GTP, left ventricle = 1.57 ± 0.10,

right ventricle = 1.58 ± 0.07 times basal activity.
Adenylate cyclase activity in right and left ventricle

expressed as percentage of maximal stimulation is given
in Fig. 3 and is compared with contraction dose-response

curves expressed in the same manner. Dose-response
curves for adenylate cyclase stimulation in the presence
of Gpp(NH)p and contraction dose-response curves are
comparable and are to the left ofcyclase-GTP data (ED�,o
pF < 0.05 for both). Respective ED�,o values (micromolar)
obtained from data in Fig. 3 were as follows: left ventricle,
GTP = 8.9 ± 0.9, Gpp(NH)p = 1.9 ± 0.4, contraction =

2.5 ± 0.6; right ventricle, GTP = 9.3 ± 1.8, Gpp(NH)p =

1.9 ± 0.5, contraction = 2.2 ± 0.4.

Effect ofBeta-Adrenergic Blockade

Because histamine may release catecholamines in car-

diac preparations (7, 22, 30, 31), we evaluated the effect
of histamine on adenylate cyclase in the presence of 10_a
M propranolol (Fig. 4). Propranolol has a KB value of 1.73

± 0.38 x i09 M in this preparation, and 10_6 M propran-

TABLE 2

Summary ofhis tamine-mediated ade nylate cyclase stimulation in human left v entricular myocardium

Group
Basal

activit
y

Histamine stimulation
Maximum/basal ED�o

Maximala Net”

pmoles/min/mg
cyclic AMP

pmoles/min/mg cyclic AMP �aM

All preparations (n = 18)

GTP, iO� M 9.71 ± 0.69 14.99 ± 1.19 5.25 ± 0.68 1.54 ± 0.06 10.04 ± 1.14

Gpp(NH)p, iO� M 30.43 ± 3.19 52.24 ± 6.04 21.81 ± 4.04 1.75 ± 0.14 2.05 ± 0.27

Normal morphology (n = 6)

GTP, i#{248}-�M 9.83 ± 1.59 15.27 ± 2.50 5.44 ± 1.27 1.56 ± 0.11 11.03 ± 2.03

Gpp(NH)p, i0� M 35.91 ± 5.46 53.78 ± 7.77 17.87 ± 3.07 1.51 ± 0.07 2.03 ± 0.57

Abnormal morphology (n =

12)

GTP, iO� M 9.65 ± 0.72 14.85 ± 1.37 5.20 ± 0.83 1.53 ± 0.07 9.55 ± 1.43

Gpp(NH)p, 10� M 27.69 ± 3.84 51.46 ± 8.40 23.77 ± 5.87 1.88 ± 0.19 2.06 ± 0.32

a Absolute maximal stimulation.
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FIG. 3. Comparison ofhistamine-mediated adenylate cyclase (AC) stimulation andpositive inotropic effects in six left-ventricular and right-

ventricular human myocardial preparations

GTP and Gpp(NH)p were i05 M, Mg.ATP was 0.1 m�i, and Mg2� was 0.5 m�i. Results are expressed as percentage of maximum, with 0 =

basal activity (cyclase) or baseline tension and 100% = maximal effect obtained, defined as that dose beyond which no further increase in effect

occurs. Bars represent standard error of the mean.

olol completely blocks the effect of isoproterenol in doses
up to i05 M.3 As shown in Fig. 4, in the presence of i05
M GTP there was no effect of propranolol on histamine
stimulation. When i05 M Gpp(NH)p was employed as
the guanyl nucleotide, propranolol decreased basal activ-

ity and maximal stimulation, but basal activity was de-
creased to a relatively greater extent. This led to an
increase in “net” histamine stimulation in the presence

of propranolol [35.79 ± 4.92 pmoles/min/mg of cyclic
AMP versus 26.61 ± 6.34 in the absence of propranolol
(p < 0.05)]. When dose-response data were expressed as

percentage of maximal stimulation, propranolol did not
affect the histamine EDi�,o (no propranolol, 2.87 ± 0.39 x
10_6 M; propranolol, 2.88 ± 0.38 X 10_6 M).

With i05 M Gpp(NH)p in the assay medium, isopro-
terenol produced a net stimulation of 46.89 ± 10.42 in
these same five preparations (p > 0. 10 versus histamine
stimulation in the presence of propranolol). In the pres-
ence ofpropranolol, the histamine fold-stimulation (max-
imal activity/basal activity) was actually greater than
that for isoproterenol stimulation in the absence of pro-
pranolol [2.49 ± 0.14 versus 2.01 ± 0.15 (p < 0.05).

Blockade by Selective H1 and H2 Antagonists

The increase in histamine sensitivity imparted by i05
M Gpp(NH)p allowed the determination of quantitative

aspects of histamine-antagonist relationships. Dose-re-
sponse curves for histamine were determined from i0�

to i0� M in the presence and absence of increasing doses
of the H2 antagonist cimetidine (n = 7) or the potent H1
antagonists mepyramine (n = 4) and pyrrobutamine
(n=2) (7).

Increasing doses of cimetidine produced a progressive
rightward shift in the histamine dose-response curve, as

.3 M. R. Bristow, R. Cubicciotti, R. Ginsburg, E. B. Stinson, and C.

Johnson, unpublished data.

shown in Fig. 5. At cimetidine doses above 10_6 M a small
reduction in maximum was noted in all preparations,
indicating a noncompetitive component of cimetidine

antagonism. If competitive blockade by 10� M cimetidine
is assumed, the mean KB value in seven preparations
(five left-ventricular and two right-ventricular) was 1.58

± 0.56 x 10_6 M.

In the presence of Gpp(NH)p, mepyramine (n = 4)

and pyrrobutamine (n = 2) at concentrations >10_b M

also antagonized histamine stimulation of adenylate cy-
clase (Fig. 5). However, doses of mepyramine or pyrro-
butamine that produced a rightward shift in the hista-

mine dose-response curves invariably produced a de-
crease in basal activity, usually accompanied by a de-

crease in slope. The addition of propranolol (10_b M) did
not alter the effect of mepyramine, pyrrobutamine, or
cimetidine on histamine dose-response curves.

The effects of i07 M mepyramine and i0� M cimeti-
dine on histamine-mediated adenylate cyclase stimula-
tion in the presence of i05 M GTP were determined in
six left-ventricular preparations exhibiting higher degrees
of histamine stimulation; these data are presented in Fig.
6. The concentrations of both antagonists were approxi-

mately 10-fold higher than the dissociation constants (KB
values) determined for inhibition of histamine-mediated
contraction in human coronary artery or rabbit aorta
(mepyramine3), or inhibition ofhistamine-mediated stim-
ulation of adenylate cyclase in the presence of 10� M

Gpp(NH)p (cimetidine). These concentrations of mepyr-
amine and cimetidine did not lower basal activity (data
not shown), in contrast to higher concentrations. Cimet-
idine at i05 M lowered net histamine stimulation (his-
tamine-stimulated activity minus basal activity) from

4.01 ± 0.57 to 0.64 ± 0.18 pmole/min/mg (pF < 0.05).
Mepyramine did not significantly affect the histamine
response (net stimulation = 2.96 ± 0.49 pmoles/min/mg,

pF > 0.05).
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Activation by Selective Agonists

The selective H2 agonists impromidine (32) and dima-
prit (33) and the selective H1 agonist 2,2T (34) were
evaluated for their effect Ofl adenylate cyclase stimula-

tion. In Fig. 7 is shown one of three experiments in which
the activity of isoproterenol, histamine, impromidine,
dimaprit, and 2,2T was assessed. Impromidine acted as
a partial agonist with <5O9� of the activity of histamine.
However, the affinity of impromidine was greater than
that of histamine, as the ED5() for its effect was <10

M. That impromidine acts as a partial agonist for ade-
nylate cyclase stimulation in human myocardium is fur-
ther illustrated in Fig. 8, an individual experiment in
which higher doses (lO� and 1O� M) of impromidine

antagonized histamine stimulation.
Dimaprit was more potent than impromidine and pro-

duced 70-90% of� the effect of histamine with a mean
ED30 of 3.2 x 1O� M. 2,2T produced a slight stimulation
at concentrations >10� M; however, this activity was
shown to occur through H2 receptor stimulation, as in
two experiments 1O� M cimetidine but not 10’ mepyr-
amine blocked the 2,2T effect.

DISCUSSiON

This investigation demonstrates that in human myo-
cardium histamine is a relatively potent stimulant of

adenylate cyclase activity, producing with one set of
assay conditions a maximal stimulation that was at least
as great as that of isoproterenol. Our data on the mech-

anism by which biogenic amines stimulate adenylate
cyclase activity in human myocardium are in general

agreement with previous work in other cardiac prepara-
tions. Under at least one set of assay conditions, hista-

mine, (-)-isoproterenol, and fluoride ion increased the
maximal reaction rate relative to available substrate, as
has been reported for epinephrine in rabbit and guinea
pig ventricular preparations (35). For histamine and iso-
proterenol at least part of the enhancement in reaction
rate could be attributed to an increase in the affinity of

Mg2� for its catalytic binding site. The effect of histamine
on Mg2� was modulated by guanyl nucleotides, as shown
by an additional lowering of the Mg2� L1 in the presence
of Gpp(NH)p. These data are in agreement with previous
work in guinea pig cardiac tissue (36).

Human adenylate cyclase preparations exhibited
guanyl nucleotide requirements similar to those de-
scribed previously in guinea pig hearts (19). Guanyl nu-
cleotides were necessary for histamine activation of ad-
enylate cyclase, and relative to GTP the nonhydrolyzable
compound Gpp(NH)p rendered the system more sensi-
tive to histamine and increased the maximal stimulation.

Assuming that receptor occupancy is proportional to
response, the 4- to 5-fold decrease in the ED50 of hista-
mine conferred by Gpp(NH)p could be due to an increase
in agonist affinity, as indicated by the decrease in Kat.

However, since data from beta-adrenergic systems mdi-
cate that the Gpp(NH)p-induced decrease in Klt is ac-
tually accompanied by a decrease in agonist affinity (37,
38), the effect of Gpp(NH)p observed in our preparations

is most likely due to a direct action on the guanyl
nucleotide regulatory subunit of adenylate cyclase, or an
action beyond the actual combination of histamine with
the H2 receptor.

The effect of histamine on adenylate cyclase was
clearly independent of catecholamine release (7, 22, 30,
31) or activation of the beta-adrenergic pathway, as

propranolol (10� M) either had no effect or actually
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FIG. 5. Effect of increasing doses of cimetidine or mepyramine on histamine-stimulated adenylate cyclase activity in left-ventricular

preparations of human myocardium

Left, #{149},histamine alone; 0, histamine + 10� M cimetidine; A, histamine + 3 x 10� M cimetidine; i�, histamine + 10� M cimetidine. Right,

., histamine alone; 0, histamine + i07 M mepyramine; A, histamine + 10�” M mepyramine; A, histamine + 10� M mepyramine. Assay conditions:

10-r, M (Gpp(NH)p and 10” M propranolol; 0.1 m�i Mg.ATP and 0.5 m�i Mg2� in excess. Experimental points represent mean ± standard error

of the mean of triplicates.

enhanced maximal histamine stimulation. The presence
of myocardial disease did not alter the effect of histamine,

as maximal responses and ED�,o values were similar in
morphologically normal hearts and hearts that had his-
tological evidence of hypertrophy and fibrosis.

Our data are consistent with coupling ofhuman cardiac
adenylate cyclase to an H2 receptor. Cimetidine antago-
nized the histamine response in both GTP- and
Gpp(NH)p-incubated preparations. The antagonism of
histamine by cimetidine appeared to have a noncompet-
itive component at higher (>10_6 M) doses and thus the
calculation of a dissociation constant from Schild plots
(39) could not be accomplished. If antagonism by 10�
M cimetidine was assumed to be competitive, the KB for
cimetidine was 1.58 x 106 M, which is similar to the
value obtained in guinea pig hearts (20).

The response to selective agonists was also similar to
that previously reported in guinea pig myocardium (19)
and consistent with an H2-receptor system. The selective
H2 agonists dimaprit and impromidine stimulated ade-
nylate cyclase activity. Impromidine produced <50% of
the maximal effect of histamine and at high doses antag-
onized histamine stimulation, thus demonstrating that
impromidine is a partial agonist in human myocardium.
Although the efficacy of imprornidine was low (20-40%
of histamine maximum) its affinity was quite high, with
an ED.�o less than that for histamine.

The selective H1 agonist 2,2T [H1/H2 activity approx-
imately 90:1 in experimental systems (34)] also stimu-
lated adenylate cyclase activity, but the response was

extremely small and occurred only at concentrations

�i05 M. That the effect was due to activation of the H2
receptor rather than an H1 response was demonstrated

by blockade by cimetidine and not by mepyramine.
.Although the potent H1-selective antagonists mepyra-

mine and pyrrobutamine inhibited histamine stimulation

of adenylate cyclase slightly, they did so only at concen-
trations that would occupy >99% of H1 receptor sites of
the type that are found in human coronary artery (7) or
rabbit aorta. This slight inhibition is therefore not con-
sistent with occupation of the H1 receptor known to be

present in the human heart, as blockade of this receptor
would be expected to produce a much greater degree of

histamine antagonism. One explanation for inhibition of
histamine-mediated adenylate cyclase by these drugs is
“nonselective,” low-affinity competitive blockade of the
H2 receptor, as described by Johnson et al. (20) in guinea
pig heart. An alternative explanation for inhibition of
histamine-mediated adenylate cyclase activity by ultra-
high doses of H1 antagonists is “nonspecific” inhibitory
effects, support for which comes from the decrease in
basal activity produced by >10� M mepyramine or pyr-
robutamine. Such nonselective or nonspecific inhibition

presumably explains the results of an earlier investigation
that reported inhibition of human cardiac adenylate cy-
clase by a high dose of the H1 antagonist diphenhydra-
mine (17).

The results of this investigation are in general agree-

ment with our previous work on histamine-mediated
physiological responses in human heart (7) in that block-
ade by selective antagonists or activation by selective

agonists is similar for adenylate cyclase and inotropic
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FIG. 8. Effect of impromidine on histamine-stimulated adenylate

cyclase activity in human left-ventricular myocardium

FIG. 6. Effect of 10 M mepyramine (Mep) and 10� M cimetidine #{149},Histamine alone; 0, histamine + 10” M impromidine; A, hista-

(Cim) on maximal histamine (Hist) stimulation in six consecutive left- mine + iO� M unpromidme. BSL, basal activity (in absence of hista-

ventricularpreparations mine). See Fig. 5 for assay conditions.

Values are means ± standard deviation. The guanyl nucleotide was

GTP (10 -� M); other assay conditions are given in Fig. 2.

precisely duplicated by any set of assay conditions. The

response stimulation. In the current investigation, enzy-
matic and mechanical dose-response relationships en-
compassed similar histamine concentration ranges when

Gpp(NH)p was employed as the guanyl nucleotide. Al-
though use of Gpp(NH)p is certainly not “physiological,”
it is unlikely that the conditions in vivo for receptor-
adenylate cyclase-contractile response coupling can be

similarity of adenylate cyclase-Gpp(NH)p and contrac-

tion dose-response relationships merely demonstrates
that under certain circumstances enzymatic and mechan-
ical responses of histamine are quantitatively similar.
Taken together, the results of this and our previous
investigation (7) indicate that in human myocardium
histamine increases the force of contraction by stimulat-
ing adenylate cyclase activity through combination with
the H2 receptor.

45 -

APPENDIX

40 -
List and Derivation of Terms and Abbreviations

w
U) Km. Apparent Michaelis constant, or substrate concen-
4
-J -�
(Ja)
>- -� 35
LI � �
w�
I- - 4
<_6

� ! 30
Ui

.

-

tration at one-half maximal reaction rate, determined
from plot of 1/v versus 1/5, where v = reaction velocity

and S = substrate concentration. In such a plot, Vmax
(maximal reaction velocity) = 1/y intercept and Km

slope x Vmax.

K0. Dissociation constant for catalytic (Mg2�) activa-
a4 tion = concentration required for one-half maximal ac-

.-.
25 -
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#{163}-- -A
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I AGON I ST ] ( - ‘� M )

FIG. 7. Effect of isoproterenol, histamine, impromidine, dimaprit,

and 2,2T on adenylate cyclase activity in human (left-ventricular)

myocardium

See Fig. 5 for assay conditions. Bars represent standard error of the

mean of triplicates.

tivation, determined by double-reciprocal plot as for Km.

KB. Dissociation constant for competitive antagonist
determined by “classical” methods involving shifts of
maximal dose-response curves, where KB = B/x-1 (28),
X dose ratio (or concentration of agonist necessary to
produce a one-half maximal response in the presence of

antagonist � concentration of agonist necessary to pro-
duce one-half maximal response in the absence of antag-

onist), and B = antagonist concentration.

Kact. Activation constant, or concentration of hormone
agonist required to produce one-half maximal activity, as

SOPROTERENOL

HISTAMI NE
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DIM APR IT
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determined by a Hill plot of log vi V� - v versus log S

(hormone), where slope = apparent Hill coefficient and

x intercept = Kact. If receptor occupancy is directly
related to enzyme activity, Kact KD, or the dissociation
constant of the agonist. If dose-response curves are ex-
pressed as percentage of maximum, then Kact ED�.
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