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FIG. 5. Concentration-[3HJCS transfer curves of

3-hydroxymorphinan

Ordinate: [‘H]CS, transferred (�). Abscissa: con-

centration of drug, M. Levorphanol, R = -CH:i: ago-

nist ( #{149}�-). Cyclorphan,R�_cH2-< :partial agonist

(-0-0-). Levallorphan, R = -CH2CH-CH2: partial

agonist (-�-L�-i�-).
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FIG. 4. Concentration-[3H/C’S transfer curves of tetrahydrooripavine

Ordinate: [‘H]CS, transferred (%). Abscissa: concentration of drug, M. Etorphine: H = CH2CH2CH., N-

methyl instead of N-cyclopropylmethyl, and double bond between C�-C�. Agonist (-0-0-). Buprenorphine, R

= -C(CH:i):,: partial agonist (--S-). Diprenorphine, R = -CH.,: pure antagonist (-�-L�-). The initial drug

concentration in aqueous phase was used.

reported to be a good method to determine
antagonist activities for partial agonists in

the isolated guinea pig ileum (14, 15). As

shown in Table 3 and Fig. 13, the K,. values
of antagonists were much lower than their
EC50 and correlated with their in vitro an-

tagonist activities observed in the isolated

guinea pig ileum as well as the in vivo
activities (16). The ratio of the EC50 for
partial agonists to the IC� values was parallel
with the efficacy of antagonist in the iso-
lated guinea pig ileum (Table 3). To see if
agonists could also antagonize the levor-
phanol-induced transfer, morphine, oxy-

morphone, and methadone were used at the
concentration (10� M) which did not sig-
nificantly induce their own transfer. None

of the agonists examined reversed the effect
of levorphanol. Figure 14 shows that the

[3H]CS transfer induced by opiate agonist
is antagonized by sodium ion as in the case
of opiate antagonist.

DISCUSSION

Molecular mechanism of the drug-CS
interaction. Both the relative EC-�,’s of opi-
ate agonists including partial agonists (Ta-
ble 1 and Fig. 11) and relative ICe values of
the antagonists (Table 3 and Fig. 13) cor-

related closely with their analgetic poten-
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FIG. 6. Concentration -[3HJCS transfer curves of N-substituted noroxymorphone

Ordinate: [H]CS, transferred (�). Abscissa: concentration of drug, M. Oxymorphone, H = -CH:: agonist

(-0-0-). Naltrexone, R: -CH2 -�:relatively pure antagonist (---). Nalbuphine, R: - CH2 -�partial agonist

(-�-�-). Nalmexone, R = -CH2-CHC(CH 1)2: partial agonist (-A-A-). Naloxone, R = -CH2-CHCH2:

pure antagonist (-0-0-).

FIG. 7. Concentration-[’H/c�S transfer curves of

N-substituted normorphine

Ordinate: [H]CS, transferred (7). Abscissa: con-

centration of drug, M. Morphine, R = -CR: agonist

(-0-0-). Nalorphine, R = -CH2-CHCH�: partial

agonist (----).

cies and inhibition of the effects, respec-

tively. Moreover, the ratio of EC�o to K,.
values was parallel with the antagonist ef-

ficacy. These suggest that the molecular
mechanisms of the opiate-CS interaction
may be similar to that of the opiate-recep-
tor interaction. Therefore, the mechanism
of the [‘H]CS transfer induced by agonists

and its inhibition by antagonists should be
a useful model to obtain insight into the
molecular mechanism of opiate agonist and
antagonist actions.

It seems clear that there are two types of
drug (or cation)-CS complexes: hydropho-

bic and hydrophilic complexes. The hydro-
phobic complexes were evident from the
induction [3H]CS transfer while the hydro-
philic complexes were manifested from the

antagonism of [‘H]CS transfer by the mon-
ovalent cations and antagonists. The fact

that at the low concentrations below those
required to transfer CS, partial agonists and
antagonists inhibit the CS transfer induced
by agonist indicates that these drugs pre-

dominantly form hydrophilic complexes
with CS at the low concentrations. How-

ever, at the higher concentrations required
to induce the transfer, both hydrophiic and
hydrophobic complexes are in equilibrium
and the ratio of the hydrophobic agonist-

CS complex to the hydrophilic one is also
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FIG. 8. Concentration-[’H/cS transfer curves of 2R,5,9-dimethyl-2’.hydroxv-6, 7-benzomorphan

Ordinate: [‘H]CS, transferred (�). Abscissa: concentration of drug, M. Metazocine, H = -CH : agonist

(-L--). Etazocine, R = -CH., 5,9-diethyl instead of dimethyl: agonist (-A-Li-). Cyclazocine, Rn - CH2 -4
partial agonist (-0-0-). Pentazocine, H = -CH2-CHC(CH)2: partial agonist (-A-A-). N-Allvlnormetazo-

cine, R = -CH2CHCH2: relatively pure antagonist (-0-0-).

FIG. 9. c’oncentration-[’H/cS transfer curves of

2R, 5-phenyl-9-methyl-2’-hydroxy-6.7-benzomorphan

Ordinate: [HICS, transferred (%). Abscissa: con-

centration of drug, M. GPA-1657, R = -CH:: agonist

(-0-0-). GPA-3154, Rn- CH2 -C>: partial agonist

(#{149}#{149}-).GPA-2443, R = -CH2--CHC(CH:,)2: par-

tial agonist (-i�-�-). GPA-2163, R = -CH2-CnsCH:

pure antagonist (-A-A-).

higher than that of the partial agonists or

that of antagonists in a homologue series,
since the maximum transfer of agonist is

t�H2- R1

i1O���CH3

CH3

FIG. 10. concentration-[3H/cS transfer curves of

2R,5,9-dimethyl-2’-hydroxyl-6, 7-benzomorphan

Ordinate: [3H]CS, transferred (%). Abscissa: con-

centration of drug, M. Mr-1353, H = 2’-(3’-

methyl)furyl: agonist (-0-0-). Mr-1268, H = 3’-(2’-

methyl)furyl: partial agonist (-S-#{149}-). Mr-1029, H =

2’-furyl: partial antagonist (-�-�-). Mr-1256, H = 3’-

furyl; relatively pure antagonist (-A-A-).

generally higher than that of the partial
agonist or that of antagonist (Figs. 4-10).

Based on the above discussion, the gen-

eral molecular mechanism of the drug-CS
interaction could be summarized as fol-
lows:

D �± D0� + CS DCS (hydrophilic)

DCS� hydrophobic)

The drug (D) in bulk solution is adsorbed
on the interface between heptane (or
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CODEINE-j

MEPERIDINE -I#{149}

#{149}--__NALMEXONE

� PRO�NE

PROFADOL-#{149} 1 �--PENTAZOClNE
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OXYC000NE j�i �- HYDROCODONE
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LEVALLORPHAN #{149}. EIisZOCINE

DEXTROMORAMIDE � #{149}__ NALBUPHINE

GPA

LEVORPHANOL-� #{149}� N� CYCLAZOCINE

HEROIN

CYCLORPHAN -#{149} OXYMORPHONE

iO-� I0_6 l0� ici4

[3H] CS Transfer (EC5O, M)
FIG. 11. Correlation between the agonist potencies of narcotic analgesics in man and in [‘H]CS transfer

The correlation was determined by the method of linear regression. The correlation coefficient (r) = 0.86 for

n = 29; r = 0.92 for n = 27 without codeine and meperidine.

aqueous micelles) and water and the ad-
sorbed form (Dai interacts with CS. P =

Da4/D’ KD = dissociation constant and k
= DCS*/DCS.

The molecular mechanisms for pure ag-
onists and antagonists simplify as follows:

D�D0� +CS
DCS� Agonist (k>> 1)

D�D0� +CS

DCS Antagonist (k = 0)

However, it should be mentioned that the
pure agonists and antagonists in this system
were not found as evident from the maxi-

mum transfer.
Relationship between efficacy and the

ionic nature of the complex. In a homolo-
gous series (Figs. 5-9), the substitution of
N-methyl group by ailyl, cyclopropyl-
methyl or dimethylallyl groups decreased
the maximum transfer. One would expect,

according to the Hansch analysis, that the
maximum transfer would be increased by
such substitution, since the lipophiicity
should be increased. Contrasted to this, the
maximum transfer was attenuated by the

substitution. The substituted groups are

larger in size and more polarizable than the
methyl group. Polarizabiity could contrib-

ute to hydration. For example, it is well
known that unsaturated gas anesthetic
such as ethylene and propylene are water
crystal forming agents (17, 18). Both in-
crease in size, and hydration increases the
effective size of the cation, resulting in the
decrease of the ion pair formation between
the positive charge of the drug and the

sulfate group of CS. On the other hand,
hydration of the allyl group could stabilize
the hydrophiic complex that can antago-
nize the [3H]CS transfer induced by ago-
nists.

A similar conclusion can be obtained
from the differences in pharmacological
properties between the N-methyl substitu-
ents of opiates and the N-allyl derivatives.
For example, in the pairs of morphine and
nalorphine, the two drugs had similar an-
algetic potencies (Table 1) when adminis-
tered intravenously but a smaller dose (2-5
mg) of nalorphine antagonized the effects
of morphine (19). Taking into account that
the nalorphine concentration in the brain is
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Codeine 267.98 0.1 60 0.17
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Levallorphan 23.03” 1.1 5 2.0

Cyclorphan 2.03’ 13.0 0.5 20.0

GPA-1657 10.1G�’ 2.6 2.5 4.0

GPA-3154 - - 13 0.77

GPA-2443 - - 40 0.25

Metazocine 37.34” 0.70 8 1.3

Etazocine 27.04” 0.97 12 0.83

Cyclazocine 9.75’ 2.7 3.5 2.9
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Neurotransmitters ECr,,

p.M

Norepinephrine 160

5-Hydroxytryptamine 100

Dopamine 160

Histamine 340

Acetylcholine 4500
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TABLE 1

Comparison of analgetic potencies of narcotic analgesics with their EC,,, ‘s

TABLE 2

ECu ‘s of neurotransmitters

10 times higher than that of morphine after
the equal dose of i.v. injection (4), the in-
teraction of morphine with the receptor is

considerably stronger than that of nalor-
phine to the receptor. Since the only struc-

tural difference between the two drugs is at
the nitrogen substitution, one can presume
that the N-allyl group of nalorphine pro-
duces more steric interference with the in-
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TABLE 1

comparison of analgetic potencies of narcotic analgesics with their ECu S

Analgesia (man)” [‘H]CS Transfer

p.mol/70 kg r” EC7,0

(pM)

r”

Etorphine 011” 239.6 0.04 250

Buprenorphine 0.79� 33.4 0.85 11.8

Fentanyl 0.13” 202.8 0.07 142

Dextromoramide
1166d

2.3 3.5 2.9

1-Methadone 14.45 1.8 5 2.0

/3-Endorphin - - 0.15 66.7

Oxymorphone 4.33 0.13 1.8 5.6

Nalmexone 199.56e 0.13 100 0.10

Nalbuphine 19.96� 1.3 25 0.4

Hydromorphone 10.88 2.4 6 1.7

Oxycodone 41.57 0.63 12 0.83

Hydrocodone 44.67 0.59 17 0.59

Meperidine 264.26 0.10 45 0.22

a-Prodine 167.89” 0.16 42 0.24

Anileridine 70.51” 0.37 35 0.29

Ketobemidone 35.24 0.75 9.6 1.0

Profadol 87.86” 0.30 19 0.53

BC-2605 - - 15 0.67

Morphine 26.36 1.0 10 1.0

Nalorphine 2875 0.92 12 0.83

Normorphine 81.20” 0.32 25 0.40

Heroin 9.86 2.7 3 3.3

Codeine 267.98 0.1 60 0.17

Levorphanol 6.12 4.3 2.4 4.2

Levallorphan 23.03” 1.1 5 2.0

Cyclorphan 2.03’ 13.0 0.5 20.0

GPA-1657 10.ltY 2.6 2.5 4.0

GPA-3154 - - 13 0.77

GPA-2443 - - 40 0.25

Metazocine 37.34” 0.70 8 1.3

Etazocine 27.04” 0.97 12 0.83

Cyclazocine 9.75’ 2.7 3.5 2.9

Pentazocine 93.2 0.28 30 0.33

Mr-1353 - - 5 2

Mr-1268 - - 15 0.67

Mr-1029 - - 40 0.25

Mr-1256 - - 70 0.14

The data were taken from the following references and converted mg into p.mole.

“(24), unless otherwise indicated; “(13); ‘(25); d (26); ‘ (27); �(28); “(29); h (30); ‘(31); (32); ‘r = relative

potency (morphine = 1).
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TABLE 2

ECu’s of neurotransmitters

Neurotransmitters ECr,j

p.M

Norepinephrine 160

5-Hydroxytryptamine 100

Dopamine 160

Histamine 340

Acetylcholine 4500

10 times higher than that of morphine after
the equal dose of i.v. injection (4), the in-
teraction of morphine with the receptor is
considerably stronger than that of nalor-
phine to the receptor. Since the only struc-

tural difference between the two drugs is at
the nitrogen substitution, one can presume

that the N-allyl group of nalorphine pro-
duces more steric interference with the in-
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FIG. 12. Antagonism of levorphanol-induced

/3H/CS transfer by opiate antagonists

The experimental methods are same as the method

described in Fig. 1.

EC,, and apparent dissociation constants (‘K,)of

relatively pure opiate antagonists and partial

agonists

Drugs EC�, K,. ECr,/K,.

(pM) (pM)

I)iprenorphine 20 0.18 111 R

Naltrexone >40 0.54 >74 H

BC-2605 15 0.72 21 P

Levallorphan 5 0.78 6.4 P

Naloxone >150 1.4 >107 H

Cyclazocine 3.5 1.0 3.5 P

Nalbuphine 25 3.8 6.6 P

Nalorphine 12 2.9 4.1 P

GPA-2163 >200 10.1 >20 R

Nalmexone 100 10.05 10 P

R = relatively pure antagonist.

P = partial agonist.

timate ion pair formation between the pos-
itive charge of the drug and the negative
charge of the receptor than the N-methyl
group of morphine; but at the lower dose
(2-5 mg), nalorphine, for the same reasons
mentioned above, would form a solvent sep-

arate ion pair which can antagonize the

analgetic effect of morphine. Several inves-
tigators have similarly suggested that the
nature of basic center is responsible for the
difference in pharmacological effects be-

tween agonists and antagonists (3, 4, 20).

The involvement of N-substituent hydra-
tion in the maximum transfer is further
supported by N-furylmethyl analogues in
Fig. 10, since hydration of the oxygen lone
pair electron in the furan ring of benzomor-
phins could account for the difference in
maximum transfer. The fact that MR-1029
is more lipophiic than MR-1256 (21) sug-

iO� -

#{149}NALMEXONE

#{149}GPA-2163

#{149} NALORPHINE

#{149}NALBUPHINE

IO�

[RH] cs

FIG. 13. Relationship between the dissociation

constants (K,) of narcotic antagonists in the guinea

pig ileum (16) and in the inhibition of 1’ HJCS transfer

(Table 3�

Correlation coefficient = 0.96 for n = 10.

100 -

80 -

FIG. 14. Antagonism of levorphanol- induced

[“H/CS transfer by sodium ion
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SUMMARY

BATZRI, SHMUEL, AND JERRY D. GARDNER: Action of histamine on cyclic AMP in
guinea pig gastric cells: Inhibition by H1- and H2-receptor antagonists. Mol. Phar-
macol. 16, 406-416 (1979).

In dispersed cells from guinea pig fundic mucosa cyclic AMP was increased 6- to 13-fold
by histamine as well as each of 3 chemically related analogues. The relative potencies of

these agonists were histamine > 4-methyihistamine > 2-methythistamine > 2-(2-pyri-
dyl)ethylamine and the relative efficacies of these agents were histamine = 4-methylhis-
tamine > 2-methylhistamine > 2-(2-pyridyl)ethylamine. The increase in cellular cyclic
AMP caused by maximally effective concentrations of two agonists in combination was
equal to the increase caused by the more effective agonist alone. The increase in cyclic
AMP caused by each agonist could be inhibited competitively by metiamide or cimetidine
as well as by promethazine or diphenhydramine. The inhibitory potencies of metiamide

and cimetidine were greater than those of promethazine and diphenhydramine. Suffi-
ciently high concentrations of each antagonist abolished the action of each agonist and
sufficiently high concentrations of each agonist could overcome the inhibition caused by

each antagonist. For a given antagonist the inhibitory potency calculated from results
with histamine was not significantly different from that calculated from results with each

of the other agonists. 2-(2-pyridyl)ethylamine was a partial agonist and its potency as an
agonist was equal to its potency as an inhibitor of the action of histamine. These results
indicate that in dispersed cells from guinea pig fundic mucosa the increase in cyclic AMP
caused by histamine or its 3 analogues can be inhibited competitively by metiamide or
cimetidine as well as by classical antihistamines.

INTRODUCTION

Actions of histamine are thought to re-
flect its interaction with one of two classes

of receptors. Those actions which are me-
diated by H1-receptors (e.g., contraction of
smooth muscle from intestine or bronchus)
can be inhibited competitively by low con-

centrations of classical antihistamines (1,
2). Those actions which are mediated by
H2-receptors (e.g., gastric acid secretion or
contraction of atrial or uterine smooth mus-
cle) can be inhibited competitively by rel-

406

atively low concentrations of so-called H2-
receptor antagonists such as burimamide,
metiamide and cimetidine (3-5). Further-

more, 2MW and PEA are more potent than
4MH in causing effects mediated by H1-
receptors while the reverse is true for ac-

tions mediated by H2-receptors (6, 7).
Histamine increases cyclic AMP in gas-

tric mucosa, and activates adenylate cy-

‘The abbreviations used are: 2MH, 2-methyihis-

tamine; PEA, 2-(2-pyridyl)ethylamine; 4MH, 4-meth-

ylhistamine; AMP, adenosine 3’:5’-monophosphate.

0026-895X/79/050406-11$02.00/0
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clase in broken cell preparations from sev-
eral tissues (8-16; for review see ref. 17, 18).
In dispersed gastric mucosal cells (8) and in
homogenates of brain, heart or gastric mu-
cosa (9-12, 16), the action of histamine can

be inhibited by classical antihistamines and
by bunmamide or metiamide. In dispersed

mucosal cells from guinea pig stomach, this
inhibition was specific for histamine in that

the increase in cyclic AMP caused by the-
ophylline or by PGE1 was not altered by
diphenhydramine or metiamide (8).

To examine further the abilities of his-
tamine antagonists to inhibit the actions of
histamine on dispersed gastric mucosal
cells we have measured the increase in cel-
lular cyclic AMP caused by histamine and
3 chemically related analogues as well as
the abilities of various H1- and H2-receptor
antagonists to inhibit these actions. Our

results indicate that in dispersed mucosal
cells from guinea pig stomach, the increase
in cyclic AMP caused by histamine or each

of 3 analogues can be inhibited competi-
tively by metiamide or cimetidine as well
as by classical antihistamines.

MATERIALS

Male Hartley albino guinea pigs (200-250
g) were obtained from the Small Animal

Section, Veterinary Resources Branch, Na-
tional Institutes of Health, Bethesda, Mar-
yland. [12511 succinyl cyclic AMP tyrosine
methyl ester (>150 Ci/mmole) and cyclic
AMP antiserum (prepared with a second
antibody) were from New England Nuclear,

Boston, Mass; bovine serum albumin from
Armour; Nylon mesh screen (No. 1 14T)
from Nytex; theophylline, crude collagen-

ase and cyclic AMP from Sigma Chemical
Co., St. Louis, Mo.; histamine from Calbi-
ochem, Los Angeles, Cal.; promethazine
from Wyeth Laboratories, Philadelphia,
Penn.; and diphenhydramine from Parke
Davis Co., Detroit, Mich. Metiamide, ci-

metidine, 2MH, 4MH and PEA were gifts
from Smith, Kline and French Laborato-

ries, Philadelphia, Penn. Hank’s buffer was
from GIBCO or was prepared in our labo-
ratory. The standard incubation solution
was a modification of Hank’s buffer and

contained: 137 mM NaCl, 5.37 mM KC1, 1.26
mM CaCl2, 0.47 mM MgCl2, 0.41 nmi MgSO4,

0.34 m�i Na2HPO4, 0.44 nmi KH2PO4, 5.55

mM glucose, 2.0 mM glutamine, 0.001% (w/
v) phenol red, BME vitamin solution

(GIBCO), 15 mM NaHCO3 and 15 m�i

Hepes (pH 7.4).

METHODS

Dispersed gastric cells from guinea pig
stomach were prepared as described previ-

ously (19). Dispersed cells were collected

by centrifugation, washed twice with iced,
standard incubation solution and then
washed once with and resuspended in stan-
dard incubation solution containing 5 m�
theophylline. The suspension of gastric
cells contained 70-80% parietal cells with
the remainder being mucous, chief and un-
differentiated cells that could not be iden-
tified. For ultrastructural analysis the cell
suspension was fixed with 2.5% (v/v) glu-

taraldehyde (in Hank’s buffer) for 1 hour at
4#{176}.The fixed cell suspension was washed 3

times with Hank’s buffer and postflxed by

incubation with 1% (w/v) osmium tetroxide

for 45 minutes at 4#{176}.The fixed cells were
dehydrated with a graded series of ethanol
solutions, embedded in Epon 812, sec-
tioned, stained with uranyl acetate and lead
citrate, and examined with a Siemens
model 101 electron microscope at 80 kV.
Six hundred cells were examined in electron

micrographs from a representative cell sus-

pension. From the morphologic character-
istics of these cells, 73% were pariet.al cells,
12% were mucous cells, 9% were chief cells
and 6% could not be identified. No cells
possessing the morphological characteris-
tics of mast cells or enterochromaffin cells
could be identified; however, the conditions

used to prepare the cell suspension for ex-
amination may not have been optimal for
preserving the ultrastructural characteris-
tics of mast cells or enterochromaffln cells.
When incubated with histamine (1 mM) or
carbachol (1 mM), the parietal cells showed
characteristic morphological changes in the

tubulovesicular system similar to those ob-
served in intact gastric mucosa (20).
Greater than 95% of the cells excluded try-
pan blue and incubating the cells for 60
minutes at 37#{176}with histamine as well as
various analogues or antagonists did not
alter the percentage of cells which excluded
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2 “Potency” is measured in terms of the concentra-

trypan blue. Furthermore, none of the
agents tested in the present studies altered

the cellular content of sodium or potassium
during a 2-hour incubation at 37#{176}(19).

Cellular cyclic AMP was determined by

radioimmunoassay as described previously
(8). As we have reported (8), theophylline
increases cyclic AMP in dispersed gastric

cells, augments the increase in cyclic AMP
caused by histamine or prostaglandin E1
but does not alter the time course of the
increase in cyclic AMP caused by a given
agent. Since with all agents tested cellular
cyclic AMP became constant after 15-20
minutes, all incubations contained 0.5 ml
cell suspension plus the appropriate agents
and were for 20 minutes at 37#{176}.In control
cells and in cells incubated with various
agents cyclic AMP was linear function of

cell concentration from 0.5 million to 10
million cells/mi. The following compounds
were tested at at least 10 pmol per assay

tube (an amount at least 20-times greater
than the maximal amount of cyclic AMP
measured under any incubation condition
in the present studies) and were found not
to interfere with the assay for cyclic AMP:
cyclic GMP, ATP, ADP, AMP, adenosine,
adenine, GTP, GDP, GMP, guanosine, gua-

nine, ITP, UTP, CTP and inositol phos-
phate. The immunoreactive cyclic AMP
was abolished by incubation with beef heart
cyclic nucleotide phosphodiesterase and co-
chromatographed with native cyclic AMP
(using the chromatographic system de-
scribed by Salomon et al. (21) and used
previously by us in other studies (22)). Re-
covery of added cyclic AMP was 97 ± 8%

(mean of 16 determinations ± 1 SD). None
of the agents tested in the present study
interfered with the radioimmunoassay of
cyclic AMP.

RESULTS

Experimental observations. Cyclic AMP
in dispersed mucosal cells from guinea pig
stomach was increased by histamine as well
as by each of 3 analogues - 4MH, 2MH and
PEA (Fig. 1). An increase in cellular cyclic
AMP could be detected with 2 �LM hista-
mine, was half-maximal at 30 �tM and was
maximal at 1 mi�i (Fig. 1). If the potency2 of

histamine is assigned a value of 100, the
relative potencies of the analogues were

4MH, 50; 2MH, 6; and PEA, 3. At maxi-
mally effective concentrations histamine
and 4MH each caused a 13-fold increase in

cellular cyclic AMP while the increase with
2MH was 10-fold and with PEA was 6-fold

(Fig. 1). To compare the response to two
agonists in combination with that to each
agonist alone, we measured cyclic AMP in

dispersed mucosal cells incubated with
maximally effective concentrations of each
agonist alone and in combination with an-
other agonist. The increase in cellular cyclic
AMP caused by maximally effective con-
centrations of two agents in combination
was the same as the increase caused by the

more effective agent alone (Table 1). For
example, the increase in cyclic AMP caused

by histamine plus one of the analogues was
the same as that caused by histamine alone

(Table 1).
Metiamide or promethazine did not alter

cellular cyclic AMP but each agent in-
hibited the increase in cyclic AMP caused
by histamine or its various analogues (Fig.
2). At relatively low concentrations of ago-

nist the increase in cyclic AMP could be
abolished by metiamide or by promethazine
(Fig. 2). With histamine or 4MH the inhi-

bition caused by metiamide as well as that
caused by promethazine was progressively
reduced and eventually abolished by in-
creasing the concentration of the agonist
(Fig. 2A and 2B). With 2MH or PEA the
inhibition caused by metiamide or pro-
methazine was reduced progressively but
not abolished by increasing the concentra-
tion of agonist (Fig. 2C and 2D). Since our
supplies were limited we were not able to
test 2MH and PEA at concentrations above

5 nmi and 10 m�i, respectively. Results sim-
ilar to those illustrated in Fig. 2 were ob-
tained using cimetidine or diphenhydra-
mine instead of metiamide or prometha-
zine.

The actions of metiamide and prometh-

azine were investigated further by examin-
ing the ability of various concentrations of
these antagonists to inhibit the increase in

tion of agonist required to produce a half-maximal

response. The lower this concentration the higher the

potency.
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CONCENTRATION (M)

TABLE 1

Effect of histamine and its analogs on cyclic AMP

in mucosal cells from guinea pig stomach

Cells were suspended in standard incubation solu-

tion containing the indicated agents and incubated for

20 mm at 370� Each value is the mean (±1 SD) of

triplicate determinations and this experiment is rep-

resentative of four others.
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FIG. 1. Effect of histamine and its analogues on cellular cyclic AMP in dispersed mucosal cells from guinea

pig stomach

Cells were suspended in standard incubation solution and incubated with histamine (HIS), 4-methylhistamine

(4MH), 2-methylhistamine (2MH) or 2-(2-pyridyl)ethylamine (PEA). Each point is the mean of triplicate

determinations and this experiment is representative of six others.

cellular cyclic AMP caused by two different
concentrations of histamine or one of its
analogues (Figs. 3 and 4). The increase in
cellular cyclic AMP caused by 40 �zM hista-
mine was reduced detectably with 0.3 �M

metiamide, by 50% with 3 �iM metiamide

and was abolished with 100 �iM metiamide
(Fig. 3A). With a higher concentration of
histamine (100 tiM) higher concentrations

of metiamide were required to cause inhi-
bition comparable in magnitude to that
seen with 40 �u’�.i histamine (Fig. 3A). A
similar pattern of action of metiamide was
seen using two different concentrations of
4MH (Fig. 3B), 2MH (Fig. 3C) or PEA (Fig.
3D). That is, increasing the concentration
of agonist increased the concentration of
metiamide required to produce 50% inhibi-
tion. Sufficiently high concentrations of
metiamide, however, were able to abolish
the action of both concentrations of agonist.
Results similar to those illustrated in Fig.
3 were obtained using promethazine instead

of metiamide (Fig. 4). With histamine (Fig.
4A), 4MH (Fig. 4B), 2MH (Fig. 4C) and
PEA (Fig. 4D) higher concentrations of ag-
onist resulted in higher concentrations of
promethazine being required to produce
50% inhibition. The action of each concen-
tration of each agonist tested could be abol-
ished by sufficiently high concentrations of
promethazine. Results similar to those il-

Agent Cellular cyclic
AMP

�pmol/lOh cells)

None 1.1 ± 0.2

Histamine (1 mM) 16 ± 2.0

4-Methylhistamine (1 mM) 15 ± 2.1

plus histamine 16 ± 2.2

2-Methylhistamine (5 mM) 10 ± 1.5

plus histamine 15 ± 1.6

plus 4-methylhistamine 14 ± 2.0

2-Pyridylethylamine (5 m�.i) 7.5 ± 1.5

plus histamine 17 ± 1.8
plus 4-methylhistamine 15 ± 1.9

plus 2-methylhistamine 11 ± 2.0

lustrated in Fig. 3 were obtained using ci-
metidine instead of metiamide and results
similar to those illustrated in Fig. 4 were

obtained using diphenhydrine instead of
promethazine (not shown).

If PEA is a partial agonist with respect
to histamine, PEA should behave as com-
petitive antagonist of the action of hista-
mine on cyclic AMP. When these two ago-
nists were tested in combination, PEA in-




