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hibited the action of histamine (Fig. 5). In
the absence of PEA, an increase in cellular

cyclic AMP could be detected with 2 /.LM

histamine and was half-maximal at 30 �t�i

histamine (Figs. 1, 2 and 5A). In the pres-
ence of 2.5 mi�i PEA (which caused a 5-fold
increase in cyclic AMP), 10 iM histamine
was required to produce a detectable effect

and 110 � histamine was required to pro-

duce a half-maximal effect (Fig. 5).
Mathematical analysis of results. Re-

suits obtained with each of the four agonists

tested were compatible with the agonist
interacting with a single class of homoge-

neous receptors. The increase in cellular
cyclic AMP caused by histamine, 4MH,
2MH or PEA alone (Figs. 1 and 2) or in
combination with a constant concentration

of metiamide or promethazine (Fig. 2) could
be described by the equation R = � (A/

(A + S0.5) where R is the observed increase
in cyclic AMP, A is the concentration of

Fi;. 4. Effect of promethazine on cellular cyclic AMP in dispersed mucosal (-el/s from guinea pig stoniach

Cells were incubated with varying concentrations of promethazine plus two different concentrations of

histamine or one of three analogues. Each point is the mean of triplicate determinations and this experiment is

representative of three others.

a.

_J =

>-

Fi;. 5. Effect of histamine and 2-(2-pyridyl,)ethvlamine (PEA) on cellular cyclic AMP in dispersed mucosc,l

cells from guinea pig stomach

In panel A, cells were incubated with or without 2.5 mM PEA plus the indicated concentration of histamine.

In Panel B. cellular cyclic AM1� is expressed as �i of the maximal increase caused by histamine. Each point is

the mean of triplicate determinations and this experiment is representative of three others.



412 BATZRI AND GARDNER

agonist, Rmax is the increase in cyclic AMP
caused by maximally effective concentra-

tion of agonist and S0..� is the concentration
of agonist required to produce a half-maxi-

mal response. In each experiment, Rmax and

S0.5 were calculated from experimentally
determined values. Although with a given
agonist, values for Rmax (whether computed
or measured directly) differed significantly
from one experiment to another, the values

for S0.5 did not. For example, in three ex-
periments using histamine the values for
Rn,ax (pmol cyclic AMP/ 106 cells) were 13.3
± 1.4, 19.6 ± 1.8 and 15.6 ± 1.7 while the
corresponding values for � (jiM) were 29
± 3, 31 ± 5 and 32 ± 4. Similar results were

obtained with 4MH, 2MH and PEA.
The results obtained using metiamide

and promethazine as well as other hista-

mine antagonists suggested that these
agents were functioning as competitive an-
tagonists in our system. To evaluate this
possibility further we analyzed our results
using the equation K1 = (F/i-F) (B - S05/
(A + Sos) where K1 is the concentration of
antagonist required to occupy 50% of the
receptors in the absence of agonist, F is the

observed increase in cellular cyclic AMP
expressed as the fraction of that obtained
without the antagonist, and B is the con-

centration of the antagonist. The value of
K1 was computed using various transfor-

mations of this equation depending on

whether varying concentrations of agonist
were tested with a constant concentration
of antagonist or vice versa (Table 2).

The value of K1 for metiamide tested
with one concentration of agonist was not

significantly different from the value ob-
tained when metiamide was tested with a

second concentration of the same agonist.

For example, with 40 jiM histamine the
value of K1 for metiamide was 1.3 ± 0.4 jiM

and with 100 jiM histamine the value was
1.9 ± 0.4 jiM. This was also the case when
values of K1 for metiamide were calculated
from results obtained using two different
concentrations of 4MH, 2MH or PEA. With
a given agonist the value of K1 for metiam-
ide was the same whether it was calculated
from experiments with varying concentra-

tions of metiamide (Fig. 3) or from experi-

ments with varying concentrations of ago-
nist (Fig. 2). Finally, the value of K1 for
metiamide calculated from results with one

agonist (e.g., histamine) was not signifi-
cantly different from the value calculated
from results with each of the other agonists
(e.g., 4MH, 2MH or PEA) (Table 2). There
was also close agreement between the var-

ious values of K1 for promethazine calcu-
lated from experiments performed using
promethazine instead of metiamide (Table

2).

The value of S0.5 for PEA calculated from

results obtained with PEA alone (Table 2)
was 900 ± 300 jiM (mean ± 1 SD from three

experiments). This value was not signifi-
cantly different from the value of K1 for
PEA calculated from results obtained when
PEA acted as competitive antagonist of the
action of histamine (i.e., 950 ± 240) (Fig. 5).

TABLE 2

Values of parameters that characterize effects of histamine receptor agonists and ant

AMP on dispersed mucosal cells from guinea pig stomach

ago nists on cyclic

Agonist tested S(�#{176} R,,,,h

Metiamide

K1’

Promethazine

(‘tiM) �M)

Histamine 29 ± 7 (15) 100 1.4 ± 0.4 (9)

4-methylhistamine 60 ± 15 (9) 95 ± 9 (9) 0.9 ± 0.3 (8)

2-methylhistamine 500 ± 150 (6) 77 ± 6 (9) 0.9 ± 0.6 (6)

2-pyridylethylamine 900 ± 300 (6) 50 ± 8 (9) 1.5 ± 0.5 (6)

13 ± 2 (9)

10 ± 4 (8)

11 ± 2 (6)

13 ± 4 (6)

“S0 is the concentration of agonist required to cause a half-maximal increase in cellular cyclic AMP.
Rfl,,,is the increase in cellular cyclic AMP caused by a maximally effective concentration of agonist and is

expressed as a percent of the value for histamine.
‘K, is the concentration of antagonist required to occupy 509k of the receptors in the absence of agonist and

results are given for each of the agonists tested. All values are means ± I SD from the number of experiments

given in parentheses.
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Additional analyses were performed us-
ing results not given in the present paper.

The values of K1 calculated from experi-
ments using cimetidine or diphenhydra-
mine showed the same pattern of agree-
ment that we obtained with metiamide or

promethazine. We also measured the in-

crease in cellular cyclic AMP caused by
4MH alone or with four different concen-
trations of promethazine. When the results
were analyzed as described by Arunlak-

shana and Schild (23) we found that in-
creasing concentrations of promethazine
caused a parallel displacement of the dose-
response curve for the increase in cellular
cyclic AMP caused by 4MH. The slope of
the line relating log (DR-i) to log (pro-

methazine) was not significantly different

from unity and the pKB was 4.85 (K1, 14

jiM).

DISCUSSION

In the present studies we found that his-
tamine and 3 chemically related agonists
could cause a 6- to 13-fold increase in cyclic
AMP in dispersed mucosal cells prepared
from guinea pig stomach. The relative po-

tencies of the agonists were histamine >

4MH > 2MH > PEA and their relative
efficacies were histamine = 4MH> 2MH

> PEA. The increase in cyclic AMP caused
by each agonist could be inhibited compet-
itively by classical antihistamines (pro-
methazine and diphenhydramine) as well
as by H2-receptor antagonists (metiamide

and cimetidine). Although we found that
H2-receptor antagonists could competi-
tively inhibit the action of histamine, sev-
eral findings indicate that the action of
histamine in our system reflects its inter-
action with H2-receptors. In inhibiting the

action of histamine and related agonists,

metiamide and cimetidine were approxi-
mately 10-times more potent (K1, 1 jiM)

than promethazine or diphenhydramine
(Kj, 10 jLM). Furthermore, the potency with
which metiamide or cimetidine inhibited
the histamine-induced increase in cyclic
AMP in gastric mucosal cells was similar to
the potency with which these antagonists
inhibit the action of histamine on other
functions which are generally considered to
be mediated by H2-receptors (e.g., gastric

acid secretion and contraction of atrial or

uterine smooth muscle (3-5)). In contrast,
the potency with which promethazine or
diphenhydramine inhibited the histamine-

induced increase in cyclic AMP in gastric
mucosal cells was approximately 1000-

times less than the potency with which
these antagonists inhibit the action of his-
tamine on other functions which are gen-
erally considered to be mediated by H,-
receptors (e.g., contraction of guinea pig
ileum (1, 2)). Finally, as in other systems in
which the action of histamine is mediated

by H2-receptor (6, 7), we found that 4MH
was a more potent agonist than was 2MH

or PEA.
Our present results agree with previous

studies of the action of histamine on cyclic

AMP or adenylate cyclase in gastric mu-
cosa (8-il) as well as in other tissues (12-
16) in that the histamine-induced increase

in adenylate cyclase activity could be in-
hibited by H,- as well as by H2-receptor
antagonists. In homogenates of brain (13-
16) or cardiac muscle (12) the increase in
adenylate cyclase activity caused by hista-
mine or its methylated derivatives could be

inhibited competitively by H,- as well as by
H2-receptor antagonists and the inhibitory
potency of the H2-receptor antagonists was

approximately 10-times greater than that
of the Hi-receptor antagonists (12, 16). In
some studies using homogenates of gastric
mucosa or dispersed gastric mucosal cells
(10, ii, 24), Hi-receptor antagonists have
been shown to inhibit the action of hista-
mine on adenylate cyclase or cellular cyclic
AMP in a noncompetitive fashion and, in
addition, to inhibit the activation of ade-

nylate cyclase caused by sodium fluoride or
by prostaglandins. The action of histamine
on contraction of atnal or uterine muscle or
on acid secretion from intact gastric mucosa
has not been inhibited by H1-receptor an-

tagonists (3).
In the preparation used for the present

studies (containing 70-80% parietal cells)
histamine as well as PGE, can cause a
significant increase in cellular cyclic AMP
and the increase in cyclic AMP caused by
histamine plus PGE1 is equal to the sum of
the increase caused by each agonist alone
(8). In dispersed mucosal cells prepared
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from dog gastric mucosa, histamine and
various prostaglandins have also been

found to increase cyclic AMP (25). In dog

gastric mucosal cells an increase in the per-
centage of parietal cells was accompanied

by an increase in the magnitude of hista-
mine-stimulated cyclic AMP and a corre-
sponding reduction in the magnitude of
prostaglandin-stimulated cyclic AMP. Fur-

thermore, the actions of histamine and
prostaglandins on cyclic AMP were not ad-
ditive. Instead, prostaglandins inhibited,
but did not abolish, the histamine-induced
increase in cyclic AMP and this inhibition
occurred with concentrations of prostaglan-
dins that were substantially lower than
those required to increase cyclic AMP. We

cannot account for the lack of effect of
prostaglandins on the histamine-induced

increase in cyclic AMP in guinea pig gastric
mucosal cells; however, in homogenates of
guinea pig gastric mucosa the actions of
prostaglandins on adenylate cyclase activ-
ity are also additive with those of histamine
(26).

Although classical antihistamines have
been shown to inhibit the action of hista-
mine on adenylate cyclase in gastric mu-

cosa, these antagonists have usually not
altered the action of histamine on gastric
acid secretion (2). It is possible that cyclic

AMP does not mediate the action of hista-

mine on gastric acid secretion. This possi-
bility seems unlikely since histamine has
been shown to increase cyclic AMP in pa-
rietal cells (25), and there is a reasonably
close correlation between the ability of his-

tamine to increase cyclic AMP in dispersed
mucosal cells from dog gastric mucosa and
its ability to alter functions which are

thought to reflect acid secretion (e.g., oxy-
gen consumption and tissue accumulation
of aminopyrine (27, 28)). It is also possible
that in intact gastric mucosa Hi-receptor
antagonists, at the concentrations used,
may not be able to gain access to the recep-
tors with which histamine interacts to in-

crease acid secretion. Evidence in favor of

this possibility is the finding that tripellen-
amine, a classical antihistamine, can inhibit
the action of histamine on gastric acid se-

cretion when the antagonist is injected in-
traarterially but not when it is given intra-

venously (29). Finally, it is possible that in
preparing the tissue for in vitro studies it is

altered in such a way that the action of
histamine can be inhibited by classical an-

tihistamines.

Although our present findings show that
the increase in cyclic AMP caused by his-

tamine and chemically-related agonists can
be inhibited competitively by H, - as well as
by H2-receptor antagonists, we cannot de-
termine whether this inhibition is of the

fully competitive type or of the partially
competitive type (30). From the mechanis-
tic standpoint the simplest explanation for

our present findings is that each antagonist
is a fully competitive inhibitor. That is,
histamine increases cyclic AMP in our

preparation by interacting with a single
class of receptors which can also interact
with Hi-receptor antagonists and with H2-
receptor antagonists. On the other hand,
our results are equally compatible with the

possibility that one or both classes of his-
tamine antagonists are functioning as par-
tial competitive antagonists in that they
interact with a site which is functionally
distinct from the histamine receptor and by
so doing reduce the affinity of the histamine
receptor for histamine and chemically re-
lated agonists. The hypothesis that classical

antihistamines are acting as partial com-
petitive antagonists has the advantage of
offering a possible explanation for the var-
iable effects of Hi-receptor antagonists on

actions of histamine thought to be me-
diated by H2-receptors. That is, although
metiamide and cimetidine may inhibit the

interaction of histamine with H2-receptors
in a fully competitive fashion, classical an-
tihistamines may alter these actions of his-

tamine by interacting with a site which is
functionally distinct from the histamine re-

ceptor. In some tissues this interaction may
reduce the potency but not the efficacy of
histamine (i.e., partial competitive antag-
onism) while in other tissues, this interac-
tion may reduce the efficacy but not the
potency of histamine (i.e., noncompetitive
antagonism).
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SUMMARY

JOHNSON, CARL L., HAREL WEINSTEIN AND JACK PETER GREEN: Studies on hista-

mine H2 receptors coupled to cardiac adenylate cyclase: Blockade by H2 and H,
antagonists. Mol. Pharmacol. 16: 417-428 (1979).

In particulate preparations from guinea pig ventricle, histamine caused a three to five-
fold stimulation of basal adenylate cyclase activity. The H2 antagonist, cimetidine,
displaced the dose-response curve of histamine to the right in a parallel fashion suggesting

competitive antagonism. Schild plots were linear with slopes near one, consistent with a
competitive inhibition mechanism. The affinity of cimetidine was independent of whether
histamine or the pure H2 agonist dimaprit was used to activate the enzyme. A series of
ten H2 antagonists related to cimetidine were examined for inhibition of histamine-
stimulated cyclase activity. An excellent correlation was found between the affinities of
these compounds for the H2 linked cyclase system and for physiological H2 receptors.
Although several H, antagonists also appeared to be competitive inhibitors of the
histamine-activated cyclase, their affinities did not correlate with data for H, receptors in
the guinea pig ileum. The affinities of the antagonists, both H2 and H,, on the cardiac
adenylate cyclase were virtually identical to their affinities for a histamine-stimulated

cyclase from brain. The results suggest that the histamine-sensitive adenylate cyclase in
ventricular muscle quantitatively retains the properties of an H2 receptor system as

defined physiologically and that the histamine receptors in ventricle and brain are not
distinguishable. This study provides further strong evidence that histamine’s inotropic
and chronotropic effects on the intact heart are mediated by cAMP through H2 receptor
activation.
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INTRODUCTION

Histamine causes an increase in the rate
and amplitude of the contraction of an iso-

lated perfused guinea pig heart and these

effects are preceded by increases in cAMP’
levels (1, 2). These effects of histamine are
completely and specifically blocked by the

H2 receptor antagonist burimamide but are
poorly, if at all, antagonized by classical H,

antihistamines such as mepyramine or tn-
pelennamine (2-6). Similar results have
been reported for papillary muscle or right
ventricular strips from the guinea pig heart
(7, 8). These studies suggest that the posi-

tive inotropic effects of histamine on the

guinea pig ventricle are mediated by H2
receptors and involve an elevation of cAMP
levels in the cardiac muscle cells.

The role of cAMP in the inotropic actions
of hormones is still a debated topic, and
dissociations between the inotropic effects
of catecholamines and glucagon and alter-
ations in cAMP levels have been noted (9,
10). Although no such dissociations have
been reported for histamine, this may re-

flect the fact that less research has been

carried out with this substance than with
the other inotropic agents. A major impetus
for the present study was the desire to

provide additional data for or against a role
for cAMP in H2 receptor-mediated events.
At the enzymatic level, there are two major
approaches to this problem. The first is to
attempt to correlate quantitatively the po-
tencies of a large series of agonists and

antagonists on adenylate cyclase with their
potencies on physiologically defined H2 re-
ceptors associated with inotropism. The
second is to show, with different species

and tissues, that wherever there is a phys-
iologically demonstrable H2 receptor, there
is also a histamine-activated adenylate cy-
clase having the pharmacological charac-
teristics of an H2 receptor.

Several laboratories have described his-
tamine stimulation of adenylate cyclase ac-
tivity in broken cell preparations from
guinea pig ventricle (4, 11-15). Using a lim-
ited series of agonists and antagonists, we

‘Abbreviations used: GppNHp, guanosine-5’-($--y-

imino)triphosphate; cAMP, adenosine-3’-,5’-mono-

phosphate; pA2, negative log of the receptor-antago-

nist dissociation constant.

recently described a preliminary pharma-
cological characterization of the histamine-
sensitive adenylate cyclase in guinea pig

ventricle and concluded that this enzyme

had the characteristics expected of an H2
receptor system ( 14) . In a more recent

study (16), we extended these observations
to a much larger series of agonists, we re-
evaluated the structural requirements for

H2 receptor activation and how these re-
sults bear on our previously described the-

oretical model for receptor activation (17),
and we examined the influence of guanyl-
nucleotides on histamine activation of ade-

nylate cyclase. In the present paper, we
examined a large number of specific H2
receptor antagonists and correlated their

affinities on the histamine-activated ade-

nylate cyclase from guinea pig ventricle
with their affinities for physiological H2
receptors. In addition, we have compared
the properties of the histamine-activated
cyclase from cardiac muscle and brain. Our
studies on histamine sensitive adenylate cy-
clases in different species and tissues and
their correlation with the physiological ef-

fects of histamine in these different tissues
will be presented elsewhere.

EXPERIMENTAL PROCEDURES

Preparation of the cardiac particulate
fraction. The ventricles from adult guinea
pigs were homogenized in a medium con-
taining 0.25 M sucrose, 5 mM Tris, 1 mM

EGTA, pH 7.2, using a Polytron (3 times 5
seconds at medium speed) followed by a

motor driven glass-teflon homogenizer (10
strokes at medium speed). Homogenates
were filtered through four layers of cheese-

cloth and centrifuged for 20 minutes at 1000
g. The pellet was washed twice in the same
medium by hand homogenization followed
by re-centnifugation and the final pellet was
suspended in the same medium at a protein
concentration of 1-3 mg/ml. These crude
particulate fractions, which contain most of
the adenylate cyclase of the muscle, could

be quick frozen in a dry ice-acetone bath
and stored for months at -20#{176} with no
changes in basal activity or in the stimula-

tion elicited by histamine.

Adenylate cyclase assay. All assays were
performed in triplicate. All reagents except
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the labeled ATP were added to the assay

tubes on ice (final volume 225 jil). They

were then transferred to a 30#{176}shaking in-
cubator and preincubated for 5 minutes to
allow the enzymatic activity to reach a
steady state and to eliminate the influence
of any lag periods in hormone activation.
After the preincubation period, 25 jil of [a-
32P]ATP (1-2 jiCi) were added and in most
cases the reaction was allowed to proceed
for 10 to 20 minutes when it was stopped
by adding 100 jil of 1% sodium dodecyl
sulfate. After addition of 650 jil of[1H]cyclic
AMP ([3H]cAMP; 5000-10,000 cpm) to

monitor recovery, the labeled cAMP was

isolated with alumina and Dowex columns
(18). The reaction was linear with protein

concentration (19) in the range used and
for at least 20 minutes after the addition of

the [a-32P]ATP. Unless otherwise noted,
the assay medium contained (after addition
of the labeled ATP) 90 mi�i Tris-HC1 (pH
7.4), 1 nmi ATP, 2 mi�i Mg2�, 1 m�i cAMP,
4 m�i theophylline, 5 nmi phosphocreatine,
8 units of creatine phosphokinase, i0’ M

GTP, � m� sucrose, 0.3 mM EGTA, and
75-225 �tg membrane protein in a final vol-

ume of 250 jd.

Treatment of the data. Curve fitting
techniques (14) were used to estimate the
apparent ED.10 values, maximum stimula-
tion by agonists, and parallelism of the
dose-response curves. In most cases, antag-

onist affinities were estimated using the
dose ratio equation directly:

pA2 = log (DR - 1) - log [antagonist�

but, in some instances, antagonism was an-
alyzed in more detail by Schild plots (20).

The dose ratio (DR) is the ratio of agonist
concentrations needed to produce half-
maximal responses in the presence and ab-
sence of antagonist. Simple competitive an-
tagonism results in a straight line of unit
slope when log (DR - 1) is plotted against
log [antagonist]. The intercept with the
abscissa (DR = 2) is the pA2 value (negative
log of the receptor-antagonist dissociation
constant).

Materials. [a-32P]ATP and GppNHp
were obtained from ICN and [:IHIcAMP

from New England Nuclear. Histamine,
ATP, cAMP, theophylline, phosphocrea-

tine, creatine phosphokinase, bovine serum
albumin and GTP were from Sigma. Ci-

metidine and metiamide were provided by
J. Paul (Smith Kline, Philadelphia). All
other H2 antagonists and dimapnit were the

generous gifts of Dr. C. R. Ganellin (Smith
Kline and French, England). Mepyramine
maleate and cyproheptadine HC1 were from
Merck, tnipelennamine HC1 from Ciba, and
diphenylpyraline from Smith Kline.

RESULTS

Kinetic studies. The time course for stim-
ulation of guinea pig ventricle adenylate

cyclase by histamine and its inhibition by
the H2 antagonist cimetidine is shown in
Fig. 1. Activity was linear with time for at
least 20 minutes following addition of the
[a-32P]ATP. Activity in the presence of his-
tamine was independent of whether the
hormone had been present from the begin-
ning, that is, during the 5 minute preincu-
bation, or whether it was added 12 minutes
after the preincubation. In the latter case
there was no evidence of a lag phase before
reaching the fully activated state. The H2
antagonist cimetidine was able to inhibit
the stimulation induced by histamine, again
with no significant lag phase, and the activ-
ity following addition of the antagonist was

essentially the same as found when hista-
mine and cimetidine were present from the
beginning. The experiment in Fig. 1 was

repeated exactly as shown except that the
unlabeled Mg-ATP was not included in the
preincubation but was added along with the
[a-’2P]ATP at zero time. The results were
virtually superimposable on the data of Fig.
1; again there was no discernible lag phase
in the presence of histamine. We conclude
that activation of the H2 receptor and ade-

nylate cyclase by histamine is rapid and
readily reversible upon addition of antago-
nist.

Effects of H2 antagonists. The inhibitory
effects of the H2 antagonist cimetidine on
adenylate cyclase activity stimulated by
histamine and the pure H2 agonist dimapnit
(21) are shown in Figs. 2 and 3, respectively.
The data are from three experiments and
are expressed as a percentage of the maxi-

mum stimulation obtained in each individ-
ual experiment. Expressing the data this
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Fi;. 1. Time course for histamine activation of guinea pig ventricular adenvlate cvclase afl(/ blockade by

the H: antagonist cimetidine

#{149},basal activity: A, basal activity with addition of 10 M histamine at the arrow; A, It) M histamine + 50

/IM cimetidine: 0. 10 M histamine with 50 isi cimetidine added at the arrow;#{149}, It) M histamine. All assays

were conducted in the presence of 10 M GTP.

FIG. 2. Dose response curves for histamine acti-

vation of guinea pig ventricular adenylate cyclase in

the presence and absence of cimetidine

#{149},absence of cimetidine; 0, presence of 10 M

cimetidine. All assays were conducted in the presence

of 10 M GppNHp. The data are expressed as a

percentage of the maximal stimulation elicited by a

saturating concentration of histamine and represent

the means ± SEM for three experiments on different

membrane preparations.

way is necessary due to the variation in the
extent of activation obtained with hista-

mine in different preparations.
In Fig. 2, the assay was conducted in the

presence of i05 M GppNHp. As noted pre-
viously (16), this nucleotide causes a
marked shift to the left in the dose response
curve of the agonist as well as an increase
in the relative magnitude of the maximal
stimulation, as compared to dose response
curves conducted in the presence of GTP.
Cimetidine shifted the histamine dose re-
sponse curve to the right in a parallel fash-
ion suggesting competitive antagonism.

From the dose ratios for the three individ-
ual experiments, a pA2 value of 6.10 ± 0.06

was obtained. It should be noted that i05

M cimetidine consistently depressed basal
activity by about 20% when the experi-
ments were conducted in the presence of
GppNHp. No depression of activity was
observed in the presence of GTP. It is un-
clear whether this reflects a non-specific

effect of cimetidine on GppNHp-activated
cyclase or whether there might be small




