MOLECULAR PHARMACOLOGY, 16, 417-428

Studies on Histamine H, Receptors Coupled to Cardiac Adenylate
Cyclase
Blockade by H, and H, Receptor Antagonists
CARL L. JOHNSON

Department of Pharmacology and Cell Biophysics, University of Cincinnati College of Medicine, 231
Bethesda Avenue, Cincinnati, Ohio 45267

HAREL WEINSTEIN AND JACK PETER GREEN

Department of Pharmacology, Mount Sinai School of Medicine of the City University of New York, New
York 10029

(Received November 14, 1978)
(Accepted March 12, 1979)

SUMMARY

JOHNSON, CARL L., HAREL WEINSTEIN AND JACK PETER GREEN: Studies on hista-
mine H, receptors coupled to cardiac adenylate cyclase: Blockade by H. 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 H. 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 H: agonist dimaprit was used to activate the enzyme. A series of
ten H, 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 H; linked cyclase system and for physiological H. 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 H; 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 H, 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 H; 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
H; receptor antagonist burimamide but are
poorly, if at all, antagonized by classical H,
antihistamines such as mepyramine or tri-
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 H.
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 H; 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 H; re-
ceptors associated with inotropism. The
second is to show, with different species
and tissues, that wherever there is a phys-
iologically demonstrable H; receptor, there
is also a histamine-activated adenylate cy-
clase having the pharmacological charac-
teristics of an H; 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'-(8-y-
imino)triphosphate; cAMP, adenosine-3'-,5’-mono-
phosphate; pA., negative log of the receptor-antago-
nist dissociation constant.
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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 H,
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
H; 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 H
receptor antagonists and correlated their
affinities on the histamine-activated ade-
nylate cyclase from guinea pig ventricle
with their affinities for physiological H.
receptors. In addition, we have compared
the properties of the histamine-activated
cyclase from cardiac muscle and brain. OQur
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
&. The pellet was washed twice in the same
medium by hand homogenization followed
by re-centrifugation 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° 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 pul). They
were then transferred to a 30° 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 ul of [a-
ZP]ATP (1-2 uCi) were added and in most
cases the reaction was allowed to proceed
for 10 to 20 minutes when it was stopped
by adding 100 pl of 1% sodium dodecyl
sulfate. After addition of 650 ul of [*H]cyclic
AMP ([*H]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-?P]ATP. Unless otherwise noted,
the assay medium contained (after addition
of the labeled ATP) 90 mm Tris-HCl (pH
7.4), 1 mm ATP, 2 mm Mg**, 1 mmM cAMP,
4 mm theophylline, 5 mMm phosphocreatine,
8 units of creatine phosphokinase, 10™° M
GTP, 75 mM sucrose, 0.3 mM EGTA, and
75-225 ug membrane protein in a final vol-
ume of 250 ul.

Treatment of the data. Curve fitting
techniques (14) were used to estimate the
apparent ED;, 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:

PA: = 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 pA; value (negative
log of the receptor-antagonist dissociation
constant).

Materials. [a-*P]JATP and GppNHp
were obtained from ICN and [°H]JcAMP
from New England Nuclear. Histamine,
ATP, cAMP, theophylline, phosphocrea-
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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 H; antagonists and dimaprit were the
generous gifts of Dr. C. R. Ganellin (Smith
Kline and French, England). Mepyramine
maleate and cyproheptadine HCl were from
Merck, tripelennamine HCI 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 H, antagonist cimetidine is shown in
Fig. 1. Activity was linear with time for at
least 20 minutes following addition of the
[a-**P]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 H:
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
[«-*P]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 H; receptor and ade-
nylate cyclase by histamine is rapid and
readily reversible upon addition of antago-
nist.

Effects of H; antagonists. The inhibitory
effects of the H, antagonist cimetidine on
adenylate cyclase activity stimulated by
histamine and the pure H; agonist dimaprit
(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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Fic. 1. Time course for histamine activation of guinea pig ventricular adenylate cyclase and blockade by

the H, antagonist cimetidine

B, basal activity; A, basal activity with addition of 10™* M histamine at the arrow; A, 10 * M histamine + 50
uM cimetidine; O, 10™* M histamine with 50 uM cimetidine added at the arrow; @, 10 * M histamine. All assays

were conducted in the presence of 10™* M GTP.
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F1G. 2. Dose response curves for histamine acti-
vation of guinea pig ventricular adenylate cyclase in
the presence and absence of cimetidine

@, absence of cimetidine; O, 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 10~° 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 pA; value of 6.10 + 0.06
was obtained. It should be noted that 10~°
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
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quantities of histamine in the membrane
preparations which can stimulate cyclase
activity in the presence of GppNHp but not
in the presence of GTP. This is possible
since the cyclase is an order of magnitude
- more sensitive to histamine in the presence
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F16. 3. Dose response curves for dimaprit activa-
tion of guinea pig ventricular adenylate cyclase in
the presence and absence of cimetidine

O, absence of cimetidine; ®, presence of 10™° M
cimetidine. All assays were conducted in the presence
of 107° M GTP. The data are expressed as a percentage
of the maximal stimulation elicited by a saturating
concentration of dimaprit and represent the means +
SEM for three experiments on different membrane
preparations.
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of GppNHp. Based on a histamine level of
5 ug/g of guinea pig heart (22) and assuming
that all of this histamine remained bound
to the membranes during isolation, one can
calculate that assay concentrations as high
as 1077 M could be present. In order to
generate Fig. 2, basal activity in the absence
of cimetidine was used for the control dose
response curves and basal activity in the
presence of cimetidine was used for the
experimental curves. If there are small
quantities of histamine in the preparation,
then this method of calculation would lead
to small errors in the estimated pA; values.
These errors are, however, well within the
variation obtained with different prepara-
tions of membranes.

The results shown in Fig. 3 were obtained
in the presence of GTP. Under these con-
ditions, dimaprit acted as a partial agonist
(16). Cimetidine caused a parallel shift in
the dose response curve and a pA: value of
597 + 0.06 was calculated for the three
experiments.

All of our experiments with cimetidine
are summarized in Table 1. The results
suggest that the pA, value of cimetidine
calculated from the Schild equation is in-
dependent of the concentration of antago-
nist, independent of the agonist used and
whether it is a full or partial agonist, and
independent of the type of guanylnucleo-

TABLE 1
Antagonism of histamine and dimaprit stimulation of cardiac adenylate cyclase by cimetidine

The table shows a compilation of data from eleven independent experiments performed on nine different
membrane preparations. In each experiment, complete dose response curves to the agonist (either histamine or
dimaprit) from 107 to 10~° M were obtained in the absence or presence of cimetidine at the concentrations
shown and with either 10~° M GTP or 10~° M GppNHp. The dose response curves were computer fit as described
in the METHODS section, dose ratios were calculated from the EDs’s of the fitted curves, and the pA. values
calculated from the Schild equation. Using the histamine/GTP data only, a least squares fit of Log (mean dose
ratio —1) vs. Log (Cimetidine) yielded a slope of 0.93, a correlation coefficient of 0.989 (values consistent with
a simple competition mechanism), and an estimated pA; value of 6.21.

Agonist [Cimetidine] PA:
(M) (mean + SEM)
Histamine/GTP 3x10°° 6.08, 6.28
5% 10°¢ 6.09
10°° 6.18 + 0.11 (4)
3x107° 5.97
1074 6.10
group mean = 6.10 + 0.04 (5)
Histamine/GppNHp 10°° 6.10 = 0.06 (3)
Dimaprit/GTP 107° 5.97 £+ 0.06 (3)
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tide present in the assay. The least squares
fit of the histamine/GTP data (see footnote
to Table 1) is consistent with a simple com-
petition mechanism.

Correlation of antagonist affinities on
the cyclase and physiological H, receptors.
A large series of antagonists structurally
related to cimetidine were examined for
competitive inhibition of the histamine-ac-
tivated adenylate cyclase. The affinities of
the pure antagonists, in the form of pA,

ET AL.

values, were calculated from dose ratios,
the latter being obtained by computer fits
(14) of the dose response curves in the
absence and presence of antagonist. The
concentrations of antagonist used were cho-
sen to give about a ten-fold shift in the -
histamine dose response curve. Two of the
compounds, imidazolylpropylguanidine and
N°-guanylhistamine, are also partial ago-
nists. The affinities of these two compounds
were determined by the standard pharma-

TABLE 2
Comparison of the affinities of antagonists for histamine-stimulated adenylate cyclase and for H- receptors
in guinea pig atria and H, receptors in guinea pig ileum
The numbers shown in the second column represent the pA: values (negative log of the antagonist-receptor
dissociation constant) for inhibition of histamine activated guinea pig ventricular adenylate cyclase expressed
as means + SEM for the number of experiments shown in parentheses. These values were calculated as
described in the text. The data for H; receptors (chronotropic effect of histamine on guinea pig atria) and for H,
receptors (histamine-induced contraction of the guinea pig ileum) were taken from the literature. All cyclase
experiments were conducted in the presence of 10°° M GTP.

Antagonist Cardiac adenylate  Atrial H; Ileum H,
cyclase receptors receptors
H; Antagonists

N-imidazolylpropyl-N’-methyl-thiourea (SKF91581) 3.23 + 0.09 (3) 3.5°
N°-guanylhistamine (SKF71448) 3.87 £ 0.10 (3) 39° 3.8°
N-methyl-N’-[2-[ (5-methylimidazol-4-yl)-methylthio]-

ethyl] urea (SKF92166) 4.76 + 0.05 (3) 4.66"
imidazolylpropylguanidine (SKF91486) 4.86 + 0.04 (3) 4.65°
burimamide 4.96 £ 0.16 (3) 5.117 357
thiaburimamide (SKF92027) 5.38 + 0.13 (4) 5.49°
N-methyl-N’-[2-[5-methylimidazol-4-yl)-methylthio]-

ethyl]guanidine (SKF92408) 5.56 £ 0.15 (4) 4.80°
N”-carbamoyl-N-methyl-N’-[2-[5-methylimidazol-4-yl)-

methylthio]-ethyl]guanidine (SKF92422) 5.76 £ 0.15 (3) 5.15"
metiamide 5.97 + 0.07 (4) 6.04°
cimetidine 6.10 £ 0.05 (5) 6.10/ 3.4/

H, Antagonists

mepyramine 5.15 + 0.04 (3) # 9.4"
tripelennamine 5.36 £ 0.30 (3) 8.5
diphenylpyraline 6.89 + 0.05 (2) 9.8
cyproheptadine 7.63 % 0.02 (3) 8.3

“ Ref. 24.

* Ref. 25.

“ Ref. 26.

4 Ref. 27.

° Ref. 28.

/Ref. 29.

# Trendelenburg (ref. 30) reported an estimated pA; value of 5.3 on atrial rate but also noted that mepyramine
caused a pronounced decelerating effect by itself and that it could not be stated with confidence that this
compound was acting as a competitive antagonist of histamine.

* Ref. 20.
' Ref. 31.
/ Personal communication from P. Ridley.
* Ref. 32.
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cological approach commonly used to esti-
mate partial agonist affinity (23). The affin-
ities of the compounds for histamine-stim-
ulated cardiac adenylate cyclase are shown
in Table 2 along with a compilation of data
" from the literature on their affinities for H,
~and H, receptors in guinea pig atria and
ileum, respectively. All the cyclase data
shown in Table 2 were obtained in the
presence of 10™°> M GTP in the assay me-
dium. With the exception of SKF92422 and
SKF92408, an excellent correlation was
found between the cyclase results and the
H: receptor data, the correlation coefficient
being 0.99 and the slope very near unity
(0.95). The reason for the deviation of these
two compounds is not clear. Structurally,
they are very close analogues of cimetidine:

X

|
(4-methylimidazole)- CH,SCH,CH.NH- C-NHCH,
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SKF92166 fit the correlation quite well.
SKF92408 and 92422 were both more po-.
tent on the cardiac cyclase than on the
atrial H, receptors.

Effects of H, antagonists. The limited
data available on the potencies of the H;
antagonists on H, receptors (see Table 2)
clearly indicate that the structural factors
involved in the binding to the H, receptor
are quite different from the factors involved
in the interaction with the histamine-acti-
vated adenylate cyclase. This is also dem-
onstrated by our studies on several classical
H, antagonists (Table 2). These compounds
cause a parallel shift in the dose response
curve of histamine on cardiac adenylate
cyclase. However, their affinities for the
cyclase system are totally unrelated to their
affinities for the H, receptors in the ileum.
These compounds have not been exten-
sively studied on physiological H; receptors
in high doses. At the doses that would be

X needed for H; receptor blockade, it seems
Cimetidine N-CN likely that the well known non-specific de-
SKF92408 NH pressions of contractility induced by these
SKF92422 N-CONH, agents would obscure any specific antago-
SKF92166 o nism of histamine.
Comparison of the histamine-activated
Notice that both cimetidine and adenylate cyclase in cardiac muscle and
T ALl T L) 1 ) 1 ) 1 T
8ol -
:5 75k CYPROHEPTADINE “ "¢ i
£ 7o .
& 65t -
; " CIMETIDINE
Z 6of 6 -
b TRIPELENNAMING METIAMIDE
< 55 o 1
v MEPYRAMINE <% oqqnuwwumo:
< 50 -
g ask Gmoazowireormauanione -
5 40} O!\.n'-mumsvws -
~ 35 IMIDAZOLYLPROPYLMETHYLTHIOUREA -1
! [
3.0 L [ 1 1 1 [ 1 . 1 - |
30 35 40 45 50 55 60 &5 70 75 80

pA2 FOR HIPPOCAMPAL ADENYLATE CYCLASE

F16. 4. Comparison of the affinities of antagonists for inhibition of histamine-activated adenylate cyclase

from guinea pig ventricle or hippocampus

The affinities of the antagonists are expressed in the form of pA. values which are the negative log of the
receptor-antagonist dissociation constant. The pA: values for the hippocampus are from our previous report
(34). The pA. values for the cardiac enzyme are from Table 2. The line shown in the figure is the line of identity

not a least squares fit.
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brain. Histamine stimulates adenylate cy-
clase activity in membrane preparations
from guinea pig hippocampus and cortex
(33-38). Figure 4 shows the relationship
between the antagonist affinities obtained
on the guinea pig ventricle cyclase and the
guinea pig hippocampal cyclase. Both H;
and H, antagonists are included in the fig-
ure. It is clear that there are no substantial
differences between the properties of the
H: receptors in the two tissues, at least as
far as antagonist affinities are concerned.
There is a suggestion in the figure that the
affinities of the antagonists for the brain
receptor are slightly higher than for the the
cardiac receptor. The differences are gen-
erally small and within the usual experi-
mental variation seen from preparation to
preparation. Nevertheless, with the excep-
tion of cyproheptadine, the differences are
all in the same direction. The assay condi-
tions for the two sets of data were identical
and in many cases the same animals were
used to provide the cardiac and brain mem-
branes.

DISCUSSION

The studies presented in this paper dem-
onstrate that histamine causes a rapid stim-
ulation of cardiac adenylate cyclase activity
with little or no discernible lag phase and
that this activation of the enzyme can be
readily reversed by addition of a specific H,
antagonist, cimetidine. On the basis of the
parallel shift to the right of the histamine
dose response curve and the linear Schild
plot with near unit slope, the blockade by
cimetidine appears to be that expected of a
simple competitive antagonist. The affinity
of cimetidine for the cyclase-linked receptor
is identical within experimental error to the
affinity of this antagonist for physiologi-
cally defined H; receptors in the atria and
uterus. The affinity of cimetidine calculated
from the Schild equation (i.e., assuming
unit slope) appears to be the same for both
histamine (full agonist with mixed H: and
H, activity) and dimaprit (partial agonist
under our assay conditions; reported to be
a pure H, agonist). Furthermore, despite
the marked effect of the guanylnucleotide
analogue GppNHp on the agonist dose re-
sponse curve and the fact that activation of

JOHNSON ET AL.

the cyclase in the presence of this nucleo-
tide is essentially irreversible (14), the af-
finity of cimetidine in the presence of
GppNHp is the same as in the presence of
GTP.

We observed an excellent correlation,
with two exceptions, between the affinities
of a large series of H, antagonists for the
histamine-activated cyclase and for physi-
ological H, receptor data on the atrial
chronotropic receptors for histamine. We
have been forced to utilize a ventricular
muscle cyclase system since we were unable
to show significant stimulation by hista-
mine of the adenylate cyclase in guinea pig
right atria, presumably because of the small
amount of sino-atrial nodal tissue in com-
parison to the total atrial tissue. Unfortu-
nately, quantitative physiological data on
the ventricle are practically non-existent in
the literature. Two of the antagonists,
SKF92408 and 92422, deviate significantly
from the correlation and this is true even if
the confidence limits on the published atrial
data and our own cyclase data are taken
into account. It should be emphasized, how-
ever, that our pA: values for these com-
pounds are based only on calculations using
the Schild equation, not from complete
Schild plots. We have no evidence, there-
fore, other than the parallel displacement
of agonist dose-response curves, that these
compounds are acting strictly as competi-
tive antagonists. It should also be noted
that these two compounds, in contrast to
cimetidine and SKF92166, are very basic
guanidines. Possibly their greater activity
in the cyclase assay than in the physiolog-
ical assay is somehow related to this factor.
On the other hand, the other guanidines
studied, guanylhistamine and imidazolyl-
propylguanidine, fit the correlation quite
well. It is possible that the deviation of
SKF92408 and 92422 from the correlation
obtained in this study reflects some subtle
difference in the H; receptors mediating the
positive chronotropic and positive inotropic.
effects of histamine. There is some evidence
available at present to support the hypoth-
esis of H; receptor subtypes. For example,
the order of potency of the H, antagonists,
burimamide and metiamide, on the guinea
pig ventricle (39) was opposite to that for
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- the atria (28). However, the ventricular
strip potencies were based on what appears
to us to be extremely variable data. Never-
theless, such discrepancies are of concern
and need to be resolved in future physiolog-

“ical studies of cardiac histamine receptors
using a series of histamine H; antagonists
with a reasonable spread in relative po-
tency. More extensive comparisons have
been made between the atrial and uterine
H: receptors using twelve antagonists
closely related to cimetidine (40). Although
the overall correlation between the two sets
of data was quite good, two of the com-
pounds showed approximately a three-fold
difference in their apparent affinities for
the two receptors, being less active on the
atrium than on the uterus. One of these
compounds was SKF92408, the antagonist
that deviated most from our own correla-
tion study. The pA, values for this com-
pound were 4.80 on the atrium, 5.26 on the
uterus, and 5.56 + 0.15 on the cyclase. Thus,
use of the uterus data would improve our
correlation considerably. The other com-
pound that deviated somewhat from our
correlation (SKF92422) had virtually the
same potency on atria and uterus (40). The
discrepancies noted above between affini-
ties of antagonists for H, receptors in dif-
ferent tissues could imply receptor hetero-
geneity; however, there are many other ex-
planations for such effects, including differ-
ences in tissue binding or metabolism, re-
lease of endogenous hormones, interaction
with other receptors, etc. In general we feel
that the available evidence supports the
view that H; receptors are not distinguish-
able at present, at least with respect to
inhibition by H. antagonists. This may in-
clude the H; receptors in the brain since we
did not observe any quantitatively signifi-
cant differences in the affinities of antago-
nists for the adenylate cyclase-linked his-
tamine receptors in cardiac muscle and hip-
pocampus (Fig. 4). In addition to the H:
and H, antagonist data reported here, we
have also examined on the cardiac cyclase
several additional compounds previously
studied on the hippocampal cyclase system,
including D-LSD and brom-LSD (34, 36)
and amitriptyline (36, 41). Our results on
the cardiac enzyme (data not shown) are
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again in agreement with the published data
on brain adenylate cyclase. However, as
shown in Fig. 4, there does appear to be a
systematic trend such that antagonists are
slightly more active on the brain cyclase
than on the cardiac muscle enzyme. A sim-
ilar finding has been reported by Kanof and
Greengard (15) who examined twelve an-
tagonists, including six H, antagonists and
four imidazole-N-methyl transferase inhib-
itors. In the latter study, the largest devia-
tion represented about a six to sevenfold
difference in affinity for the two receptors,
whereas the largest difference seen in our
study was about four-fold. The significance
of these observations is uncertain. There
may be some subtle differences between
the H; receptors in brain and cardiac mus-
cle. However, it is possible that in the car-
diac membranes there is a small but signif-
icant binding of all of the antagonists to
other sites, thus leading to an incorrect
value for the free antagonist concentration
and a systematic error in the calculation of
the affinity or inhibition constants.

The present studies on a large series of
H; antagonists, along with the data pre-
sented elsewhere (16) for a series of ago-
nists, strongly support the hypothesis that
the histamine-activated adenylate cyclase
has the properties expected of an H; recep-
tor system. It may be argued that, because
the H, antagonists also appear to be com-
petitive blockers of the histamine-stimu-
lated cyclase and because these compounds
are generally not effective on physiological
H: receptors, the broken cell cyclase has
lost its selectivity for the H. antagonists.
This would seem to us to imply a fairly
substantial modification of the nature of
the receptor. It seems unlikely that the
receptor would quantitatively retain its
binding affinities for a large series of H;
antagonists and yet lose its selectivity for
these antagonists. Our view (14, 34) has
been that the actions of the H, antagonists
on the cyclase simply reflect the binding of
rather high concentrations of these noto-
riously non-specific agents to the H; recep-
tor. Because of the multiple effects of high
concentrations of these agents, it may well
be impossible to demonstrate specific an-
tagonism of H; receptors in physiologically
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intact systems. It is possible, therefore, that
the H; receptor is relatively non-selective
even in the intact tissue. This raises the
interesting possibility that new H. antago-
nists may be derived from classes of com-
pounds structurally distinct from the pres-
ent series of H; blockers. This is particu-
larly interesting to pursue since the most
potent H, antagonist reported, cimetidine,
has very low affinity in comparison to the
blockers developed for other receptors. Cy-
proheptadine and several other tricyclic
structures are in fact much more potent
than cimetidine, at least in the cyclase as-
say. However, these compounds react with
a variety of other receptors (41, 42 and
references therein). What is clearly needed
are compounds of high affinity as well as
good selectivity for the H, receptor. A
search for such structures is presently un-
derway in our laboratory. We have recently
found that several chemically diverse com-
pounds commonly referred to as calcium
antagonists are also H; antagonists in the
cyclase assay. One of these, L-cis-diltiazem,
was of fairly high affinity (pA: = 6.94) and
displayed stereospecific blockade of the his-
tamine-activated adenylate cyclase. Schild
plots for both isomers were linear and the
slopes were 1.07 and 1.05 for the L and D
isomers, respectively. The L isomer was 32
times more active than the D isomer. Dil-
tiazem had no influence on basal activity or
on isoproterenol-stimulated activity. Fur-
thermore, the more active stereoisomer on
the cyclase was least active as a calcium
antagonist suggesting that by structural
modification of the parent compound it
may be possible to obtain a selective H,
antagonist having few, if any, non-specific
side effects. Our studies on diltiazem and
several other related compounds possessing
apparent H, antagonist activity are de-
scribed elsewhere (43).
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