
[DIMAPRIT]

3 x 10

5 x 10’

Histamine/GTP

Histamine/GppNHp

Dimaprit/GTP

6.08, 6.28

6.09

10� 6.18 ±0.11 (4)

3 x 10� 5.97

10’ 6.10

group mean = 6.10 ± 0.04 (5)

10 6.10 ± 0.06 (3)

10 5.97 ± 0.06 (3)
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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

FIG. 3. Dose response curves for dimaprit activa-

tion of guinea pig ventricular adenylate cyclase in

the presence and absence of cimetidine

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

cimetidine. All assays were conducted in the presence

of 10� 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.

of GppNHp. Based on a histamine level of

5 j.tg/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 i07 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 pA2 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 pA2 value of
5.97 ± 0.06 was calculated for the three
experiments.

All of our experiments with cimetidine

are summarized in Table 1. The results
suggest that the pA2 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

dimapnt) from 10�’ to 10 M were obtained in the absence or presence of cimetidine at the concentrations

shown and with either 10� M GTP or l0� M GppNHp. The dose response curves were computer fit as described

in the METHODS section, dose ratios were calculated from the ED�,’s of the fitted curves, and the pA2 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 pA2 value of 6.21.

Agonist [Cimetidine] pA2

(M) (mean ± SEM)



“Trendelenburg (ref. 30) reported an estimated pA2 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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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 112 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 pA2

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 fcr histamine-stimulated adenylate cyclase and for H2 receptors

in guinea pig atria and H, receptors in guinea pig ileum

The numbers shown in the second column represent the pA2 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 H2 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 iO� M GTP.

Antagonist Cardiac adenylate Atrial H2 Ileum H,
cyclase receptors receptors

H2 Antagonists

N-imidazolylpropyl-N’-methyl-thiourea (SKF91581)

N’-guanylhistamine (SKF71448)

N-methyl-N’-[2-[(5-methylimidazol-4-yl)-methylthio]-

ethyl] urea (SKF92166)

imidazolylpropylguanidine (SKF91486)

burimamide

thiaburimamide (SKF92027)

N-methyl-N’-[2-[5-methylimidazol-4-yl)-methylthiol-

ethyl]guanidine (SKF92408)

N”-carbamoyl-N-methyl-N’-[2-[5-methylimidazol-4-yl)-

methylthio]-ethyl]guanidine (SKF92422)

metiamide

cimetidine

mepyramine

tripelennamine

diphenylpyraline

cyproheptadine

Ref. 24.

Ref. 25.

Ref. 26.

“Ref. 27.

Ref. 28.

/ Ref. 29.

H, Antagonists

3.23 ± 0.09 (3)

3.87 ± 0.10 (3)

3.5”

39k 3.8k

4.76 ± 0.05 (3)

4.86 ± 0.04 (3)

4.96 ± 0.16 (3)

5.38 ± 0.13 (4)

4.66’

4.65’

5.11”

5.49’

3.5”

5.56 ± 0.15 (4) 4.80”

5.76 ± 0.15 (3)

5.97 ± 0.07 (4)

6.10 ± 0.05 (5)

5.15”

6.04

6.10’ 3.4’

5.15 ± 0.04 (3) k’ 94�

5.36 ± 0.30 (3) 8.5’

6.89 ± 0.05 (2) 9.8�

7.63±0.02(3) 8.3k
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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 H2

and H1 receptors in guinea pig atna and
ileum, respectively. All the cyclase data
shown in Table 2 were obtained in the

presence of i05 M GTP in the assay me-
dium. With the exception of SKF92422 and

5KF92408, an excellent correlation was
found between the cyclase results and the

H2 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:

(4-methylimidazole)- CH2SCH2CH2NH- C-NHCH:;

X

N-CN

NH

SKF92166 fit the correlation quite well.
SKF92408 and 92422 were both more po-
tent on the cardiac cyclase than on the
atrial H2 receptors.

Effects of H, antagonists. The limited
data available on the potencies of the H2
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 H2 receptors
in high doses. At the doses that would be
needed for H2 receptor blockade, it seems

likely that the well known non-specific de-
pressions of contractility induced by these
agents would obscure any specific antago-

nism of histamine.
Comparison of the histamine-activated

and adenylate cyclase in cardiac muscle and

3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

PA2 FOR HIPPOCAMPAL ADENYLATE CYCLASE

Fm. 4. Comparison of the affinities of antagonists for inhibition of histamine-actuated adenviate evelase

from guinea pig ventricle or hippocampus

The affinities of the antagonists are expressed in the form of pA2 values which are the negative log of the

receptor-antagonist dissociation constant. The pA2 values for the hippocampus are from our previous report

(34). The pA2 values for the cardiac enzyme are from Table 2. The line shown in the figure is the line of identity
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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 H2

and H, antagonists are included in the fig-
ure. It is clear that there are no substantial
differences between the properties of the
H2 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 H2
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 H2 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 H2 and
H, activity) and dimaprit (partial agonist

under our assay conditions; reported to be

a pure H2 agonist). Furthermore, despite
the marked effect of the guanylnucleotide
analogue GppNHp on the agonist dose re-
sponse curve and the fact that activation of

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 H2 antagonists for the
histamine-activated cyclase and for physi-
ological H2 receptor data on the atnial
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 atnia, 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 atnial
data and our own cyclase data are taken
into account. It should be emphasized, how-
ever, that our pA2 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
guarndines. 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 H2 receptors mediating the
positive chronotropic and positive inotropic

effects of histamine. There is some evidence

available at present to support the hypoth-
esis of H2 receptor subtypes. For example,

the order of potency of the H2 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 H2 antagonists
with a reasonable spread in relative po-

tency. More extensive comparisons have
been made between the atrial and uterine

H2 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 pA2 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 H2 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-

2’ lease of endogenous hormones, interaction
with other receptors, etc. In general we feel

that the available evidence supports the
view that H2 receptors are not distinguish-

23 able at present, at least with respect to

inhibition by H2 antagonists. This may in-
24. dude the H2 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-

25 tamine receptors in cardiac muscle and hip-
pocampus (Fig. 4). In addition to the H2
and H, antagonist data reported here, we
have also examined on the cardiac cyclase

26. 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

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 H2 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

H2 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 H2 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
H2 receptors, the broken cell cyclase has

lost its selectivity for the H2 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 H2
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 H2 recep-
tor. Because of the multiple effects of high
concentrations of these agents, it may well
be impossible to demonstrate specific an-
tagonism of H2 receptors in physiologically
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906, 1977.

41. Green, J. P. and S. Maayani. Tricyclic antidepres-

sant drugs block histamine H2 receptor in brain.

Nature 269: 163-165, 1977.

42. Kanof, P. D. and P. Greengard. Brain histamine

receptors as targets for antidepressant drugs.

Nature 272: 329-333, 1978.

43. Johnson, C. L. Inhibition by calcium antagonists

of histamine H2 receptors coupled to cardiac

adenylate cyclase. Fed. Proc. 38: 533, 1979.
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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 H2 antagonists
with a reasonable spread in relative po-
tency. More extensive comparisons have
been made between the atrial and uterine

H2 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 pA2 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 H2 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 H2 receptors are not distinguish-
able at present, at least with respect to
inhibition by H2 antagonists. This may in-
clude the H2 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 H2

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

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 H2 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

H2 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 H2 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
H2 receptors, the broken cell cyclase has
lost its selectivity for the H2 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 H2

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 H2 recep-
tor. Because of the multiple effects of high
concentrations of these agents, it may well
be impossible to demonstrate specific an-
tagonism of H2 receptors in physiologically
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intact systems. It is possible, therefore, that

the H2 receptor is relatively non-selective
even in the intact tissue. This raises the
interesting possibility that new H2 antago-

fists may be derived from classes of com-
pounds structurally distinct from the pres-
ent series of H2 blockers. This is particu-
larly interesting to pursue since the most
potent H2 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 H2 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 H2 antagonists in the
cyclase assay. One of these, L-cis-diltiazem,
was of fairly high affinity (pA2 = 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 H2

antagonist having few, if any, non-specific
side effects. Our studies on diltiazem and
several other related compounds possessing
apparent H2 antagonist activity are de-
scribed elsewhere (43).
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SUMMARY

VENTER, J. CRAIG: High efficiency coupling between beta-adrenergic receptors and
cardiac contractility: Direct evidence for “spare” beta-adrenergic receptors. Mol.

Pharmacol. 16: 429-440 (1979).

The relationship between the concentration of f�-athenergic receptors and the activation
of heart muscle by isoproterenol was investigated using the irreversible fl-adrenergic
receptor antagonist NHNP-NBE. The interaction of NHNP-NBE with fl-receptors was
characterized in isolated membranes, whole cells and intact cardiac muscle, using [125I1

iodohydroxybenzylpindolol (IHYP). Formation of the NHNP-NBE-/3-receptor complex
was found to be irreversible and dependent on incubation time, temperature and ligand
concentration. Occupation of f’-receptors by adrenergic ligands prior to NHNP-NBE

exposure protected the receptors from inactivation. These data are consistent with a
covalent modification of /3-receptors by NHNP-NBE at a site in or near the adrenergic
ligand binding site. Incubation of NHNP-NBE with intact cardiac muscle produced a

dose dependent fl-receptor inactivation that survived tissue homogenization and mem-
brane isolation. NHNP-NBE dramatically affects the concentrations at which isoproter-
enol produces positive inotropic responses in cat papillary muscles. The ED50 for isopro-

terenol under control conditions averaged 9.8 nM. The ED50 of isoproterenol increased to
22; 70; 500 and 5623 n� subsequent to a 10 mm treatment of the muscles with 0.1; 1.0; 10
and 100 �LM NHNP-NBE respectively. The same maximum inotropic response was
achieved with isoproterenol following each concentration of NHNP-NBE. Ten micro-
molar isoproterenol subsequent to 100 ZM NHNP-NBE increased the papillary muscle

concentration of cyclic AMP to the same extent as 10 �tM isoproterenol alone. Although
the maximum cyclic AMP response was essentially identical, the time course for cyclic

AMP production was substantially slower following irreversible $-receptor blockade. The
ED50 for isoproterenol induced increases in cyclic AMP concentrations was 15 n� in the
absence of NHNP-NBE and 600 n� following 100 LM NHNP-NBE. In contrast to the
cardiac data, NHNP-NBE stoichiometrically inhibited IHYP binding and isoproterenol
induced cyclic AMP formation in cult ired human lung (VA2) cells. These data indicate
a high efficiency coupling between the isoproterenol-fl-adrenergic receptor interaction,
cyclic AMP formation and.increased cardiac contractility, an efficiency not apparent with
isoproterenol-induced cyclic AMP formation in cultured cells.
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INTRODUCTION

In 1956 Stephenson introduced the con-

cept of “spare receptors” and drug efficacy
to explain differing maximal responses ob-
tamed with a series of cholinergic agonists
on guinea pig ileum contraction (1). Around
the same time, Furchgott (2) and Nickerson
(3), using irreversible a-adrenergic receptor
antagonists, provided evidence for the ex-
istence of more a-receptors than were re-

quired for complete tissue activation in cer-

tain systems. Similar evidence for fl-adre-
nergic receptors has been lacking.

Although cardiac muscle is thought to

function as a syncytium with the ability to
transmit waves of depolarization and force
to adjacent cells via tight junctions and

intercalated discs, it has been a general
premise that catecholamine effects in heart
muscle result from the interaction of the
amines with $-adrenergic receptors in an
“occupancy”-related manner; occupation of
50% of the receptors theoretically results in
50% of the maximum contractile response
(4).

Results of experiments using catechol-
amines immobilized on glass beads (4) and
soluble amino acid polymers (5,6) indicated

that full cardiac contractile responses could
be elicited by the catecholamines directly
contacting as little as 0.01% of the cells
involved in the contractile response (4).

Due to the apparent ability of cardiac mus-
cle to propagate the inotropic responses to

locally applied catecholamines (4-6), these
data imply the existence of an “excess” of
fl-adrenergic receptors in the tissue in a
three-dimensional sense. However the re-
sponses to immobilized catecholamines do
not provide information concerning the
number or percentage of receptors on an
individual cell that needed to be occupied
to achieve an inotropic response.

The absence of information concerning
fl-receptor-contractile response stoichiom-
etry has been due in part to the lack of an
irreversible fl-receptor antagonist. The re-
port by Atlas et a!. on the irreversible
blocker NHNP-NBE (7),’ appears to have

The abbreviations used are: NHNP-NBE, N-[2-

hydroxy-3-(1-naphthoxy)-propyll-N-bromoacetyl-

ethylenediamine; HEPES, N-2-hydroxyethylpipera-

overcome this deficit.
In this present report, I have character-

ized the nature of the blockade of fl-adre-
nergic receptors by NHNP-NBE, studying
its effects on membrane fl-receptor binding,
cardiac muscle and cultured cell cyclic
AMP responses to catecholamines, and cat-
echolamine-induced cardiac inotropic re-

sponses. The data indicate that the receptor
blockade by NHNP-NBE is irreversible,

and that although cultured cell cyclic AMP
responses to isoproterenol are inhibited
stoichiometrically with fl-adrenergic recep-
tors, in intact heart muscle, cyclic AMP

and contractile responses to catechol-
amines are not inhibited, as measured stoi-
chiometrically. Full inotropic and cyclic

AMP responses are elicited with isoproter-
enol when more than 90% of the cardiac /3-
adrenergic receptors are irreversibly inac-

tivated.

MATERIALS AND METHODS

Papillary muscles approximately 1 mm

in diameter or less were quickly dissected
from right ventricles of cats and established

for isometric contraction as previously de-
scribed (5). Cat cardiac membranes were

prepared by homogenization of minced
hearts in four volumes of 20 mr�i HEPES, 2
mM MgCl2, 1 mr’vi EDTA, pH 8.0, (homog-
enization buffer) in a Sorvall Omnimixer at
maximum speed for two 30 sec periods. The
suspension was further homogenized using
a motor-driven Teflon pestle homogenizer
(Tn-instrument model 41K), three strokes
at speed 4. The crude homogenate was fil-
tered through one layer of gauze then cen-
trifuged at 900 x g for 15 mm. The super-
natant was centrifuged at 48,000 x g using

a Sorvall SS34 rotor. The pellet was resus-
pended in homogenization buffer contain-
ing 10% sucrose and layered on top of su-

crose gradients containing 10 ml each of
40%, 30%, and 20% sucrose in the same
buffer. Gradients were centrifuged for 80
mm at 27,000 rpm in a SW-27 rotor at 2#{176}.
The bands at the 20/30 and 30/40 sucrose
interfaces were collected and centrifuged at

zine-N’-2-ethanosulfonic acid; IHYP, [‘251]iodohy.

droxybenzylpindolol; VA2 cells, an SV4O transformed

clone of human lung (WI-38).
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45,000 rpm (100,000 x g) for 60 mm in a 50
Ti rotor. This pellet was resuspended in the

homogenization buffer at a protein concen-
tration of 20-30 mg/mI and snap frozen in
liquid N2. Membrane suspensions were

stored at -85#{176}until used. This procedure
yielded a 4-5-fold purification of receptors
with 23% recovery. Membranes from cul-
tured cells were obtained by Dounce ho-
mogenization and differential centrifuga-
tion as described (8, 9)2

Membrane fl-receptor assay. The IHYP

binding assay was performed in polypro-
pylene tubes by the method of Maguire et

al. (8) with slight modifications. Each tube
contained assay buffer (50 mi�i Hepes, pH
8.0, 5 mM magnesium sulfate), approxi-
mately 32-93 �M IHYP (56,000-160,000
cpm) and other compounds, as specified, in
a final volume of 500 �tl. The reaction was
initiated by addition of the membrane prep-
aration (50-150 �tg membrane protein). The
reaction mixture was incubated for 30 mm
at 30#{176},then diluted with 1.25 ml of filtration
buffer (20 mi�i potassium phosphate buffer
pH 8.0, 1 mM MgSO4 containing 0.1 mrii dl-

propranolol) maintained at 37#{176},and im-

mediately ifitered through a 24 mm Gelman
Type A/E glass fiber filter under low vac-
uum. As soon as the dilute reaction mixture
was completely filtered, the filter was
washed at the same flow rate with 25 ml of
the filtration buffer without dl-propranolol,
at 37#{176}.The filter was then dried by appli-
cation of a higher vacuum for a few seconds
and counted in a Beckman 4000 Gamma
counter at 72% efficiency. Specific binding
is defined as the difference in IHYP binding

in the presence and absence of 10 /�M 1-

propranolol.
VA2 cells (an SV4O transformed clone of

human lung [WI-38]) were grown in an

atmosphere of 10% CO2 in Minimum Essen-
tial Medium supplemented with 10% fetal
calf serum. For membrane preparations or

for cyclic AMP studies, the cells were grown
for two days past confluency.

Cyclic AMP was determined on trichlo-
roacetic acid extracts of muscles or cells

2 Fraser, C. M. and Venter, J. C. fl-Receptor turn-

over rates in cultures cells: Regulation by glucocorti-

coids, submitted for publication.

using the radioimmunoassay of Steiner et

a!. (10), as supplied by Schwartz Mann or
New England Nuclear. Protein was deter-
mined by the fluorometric method de-
scribed (1 1) using bovine serum albumin as

a standard. NHNP-NBE was synthesized
and characterized as described! Purity was
assessed by thin layer chromatography.’
One peak was found on each of three sol-
vent systems.’ NHNP-NBE at the appro-
priate concentrations was dissolved in
Krebs solution (papillary muscles), phos-

phate buffered saline (cultured cells) or as-

say buffer (membranes) immediately prior

to use.

RESULTS

Characterization of NHNP-NBE inter-

action with fl-receptors. Incubation of
NHNP-NBE with membrane bound fl-ad-
renergic receptors results in complete abol-
ishment of IHYP specific binding. For ex-

ample, IHYP (40 pM) binding to 150 ,ig of
cat heart membranes was 18,474 ± 560 cpm
(n = 3). In the presence of 10 �LM l-propran-

olol, the binding averaged 9621 ± 514 cpm
(n = 3) yielding specific binding of 8853 ±

760 cpm or 17.2 fmol/mg protein. Preincu-
bation of membranes for 10 mm with 100
�M NHNP-NBE resulted in IHYP binding
of only 7380 ± 813 (n = 3 cpm), a level
below that obtained with propranolol. This
IHYP binding obtained in the presence of

NHNP-NBE was not displaceable by either
isoproterenol or propranolol, indicating
that NHNP-NBE displaced primarily fl-re-
ceptor specific IHYP binding.

In order to characterize the interaction

between NHNP-NBE and fl-receptors, a

series of washout experiments were per-
formed. l-isoproterenol (10 �tM), l-propran-
olol (1OMM) and NHNP-NBE (100 �LM) were
preincubated with cat heart membranes as
described in Table 1. Aliquots were re-
moved from each incubation and the extent
of receptor occupation by each ligand as-
certained with IHYP binding. The remain-
ing membrane ligand complexes were then

subjected to six 30 mm incubations at 30#{176}

Venter, J. C., Strauss, W. L., Triggle, D. and

Soiefer, A. Purification of the mammalian lung /3-

adrenergic receptor, submitted for publication.



Receptor recoveries subsequent to adrenergic ligand

treatment and extensive washing

Cat cardiac membranes (90 ig/assay) were incu-

bated with the indicated adrenergic ligand for 10 mm

at 30#{176}.Membranes were then centrifuged at 48,000 x

g for 20 mm at 0#{176}.Membranes were then resuspended

in 1 ml HEPES buffer and either assayed immediately
for IHYP binding (control) or incubated at 30#{176}for 30

mm, followed by centrifugation. This cycle of incuba-

tion and centrifugation was repeated five times over a

six hour period. Subsequent to the final wash, the

membranes were resuspended in 100 ftl assay buffer

and the IHYP specific binding determined using

180,000 cpm (73.5 pM) IHYP per assay. The experi-

ment was repeated three times in triplicate. Values

are reported as the IHYP specific binding ± standard

deviations (n = 9) for each point for no drug, propran-

olol and NHNP-NBE; n = 3 for isoproterenol.

Adrenergic hg- [‘25I]IHYP /3-receptor fl-re-
and specific binding ceptor

recov-
Control After 6 ery

washes

(fmol/mg protein) (%)

l-propranolol

(10 )LM)

NHNP-NBE

(l00�M)

l-isoproterenol

(10�tM)

None”

5.7 ± 1.7 11.5 ± 1.5

21.2 ± 1.3 12.95 ± 0.78

“The membrane incubation/washing procedure re-

duced the control IHYP specific binding by 39%. For

comparative purposes this value is considered 100%

receptor recovery.

each, followed by high speed centrifugation
to wash the membranes free of reversible
ligands. Subsequent to the sequential in-
cubation-centrifugation steps that con-
sumed a period of six hours, the degree of
specific IHYP binding again was assessed.

As summarized in Table 1, 95% of the fl-
receptors previously occupied by l-propran-
olol and 89% of the receptors previously
occupied by l-msoproterenol were recovered
by the incubation/washing process. In con-
trast fl-receptor specific IHYP binding was

not recoverable from membranes pre-
treated with NHNP-NBE (Table 1). These
experiments were repeated using mem-
branes isolated from cultured VA2 cells with
similar results. Propranolol and isoproter-

enol, competitive binders of the receptors
for NHNP-NBE, did not replace NHNP-
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TABLE 1 NBE. These data indicated that the

NHNP-NBE interaction with cardiac and
VA2 cell fl-receptors is irreversible and con-
sistent with a covalent attachment of the

ligand.
The covalent modification of fi-adrener-

gic receptors by NHNP-NBE should dis-

play a time, temperature and concentration

dependence. NHNP-NBE at a concentra-
tion of 100 �zM irreversibly inactivates 100%

of the membrane fl-receptors in less than
60 sec. At a concentration of one and 10
�LM the receptor inhibition is only 70 and
80% complete in 10 mm. After 10 mm, re-

ceptor inhibition proceeds at a much slower
rate with 90 and 95% of the receptors being
irreversibly inhibited after 60 mm. Exten-

sive washes had no effect on the data mdi-
cating that reversible binding of NHNP-

NBE to the receptors does not exist. These
data are illustrated in Figure 1.

Varying the reaction temperature from

2#{176}to 37#{176}had little apparent effect on the

receptor inhibition with 100 �iM NHNP-

0 12.3 ± 1.1 95 NBE. Complete (100%) receptor block oc-

0 0 0 curred at all temperatures within two mm-
utes. However, at lower concentrations fl-

89 receptor inactivation displayed tempera-
�n�y ture dependence. NHNP-NBE binding to

fl-receptors increased progressively as the
incubation temperature was increased from

10 to 37#{176}.
NHNP-NBE interacts with fl-adrenergic

receptors in a dose-dependent manner (Fig.
2). Consistent with the above findings, the
dose response curve was affected by the
duration of the incubation of the NHNP-

NBE with membranes (Fig. 2).
The time, temperature and dose-depend-

ence of NHNP-NBE association with fl-re-

ceptors together with the irreversibility of
the interaction is consistent with the cova-
lent modification of the fl-receptors by

NHNP-NBE.
Receptor protection. One of the assump-

tions involving the use of irreversible “affin-
ity” ligands is that the ligand covalently

modifies a chemical residue in or near the
“specific binding site.” One test of this as-
sumption involves the prevention of cova-
lent modification by prior occupation of the
specific site in question. In the case of the
fi-adrenergic receptor, the receptor occu-




